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1.1 INTRODUCTION

Measurement is essentially the act, or the result, of a
quantitative comparison between a given quantity and a
quantity of the same kind chosen as a standard or a unit.
The result of measurement is expressed by a number
representing the ratio of the unknown quantity to the
adopted unit of measurement. The physical embodiment
of the unit of measurement, as well as that of its sub-
multiple or multiple value s called a standard. The device
used for comparing the unknown quantity with the unit of
measurcment or a standard quantityis called a measuring
tnstrument.

One cannot stress too strongly the importance of
measurements to present-day science and technology.
Indeed. no physical experiment is conceivable without a
sufficiently accurate technique of measurement.

As for importance of measurements to engineering, it
will be suffice to recall that interchangeability of parts —

the fundamental principle of modern technology — would
he impossible without sophisticated and perfect measuring
facilities. It will be no exaggeration to say that the quality
of measuring tools andinstruments is a very accurate index
of technological progress in any industry.

True of any field of science and technology, this is
especially true of electrical engineering and electrical
physics which have now expanded to include many new
applications.

The trend towards electrification has affected — in a
straight forward manner and on a large scale — measuring
techniques and instruments themselves. Owing to their
perfection and convenience, ever wider use has of late been
made of electrical methods of measurement in which
unknown quantity is converted into an electrical quantity

It should be noted that the measuring elements used in automatic c

non-automated processes or plants.

functionally related to the former, and then the electrical
quantity is measured directly. Such electrical methods of
measuring nonelectrical quantities have got general
recognition.

What has been said would seem enough to show the
importance of electrical methods of measurement. Present-
day progressinscience and technology, however, especially
the ever greater emphasis placed on process automation,
underlines this importance still more.

We apparently know that any automatic control system
depends for its operation on reliable information about the
state of the controlled plant or process. This information is
obtained by sensing clements which are, in fact, measuring
instruments. Therefore, progress in autormatic control
involves the perfection of measuring elements.* In most
cases, these measuring elements arebased on an electrical
method of measurement. Thus the development and study
of measuring techniques in general and of electrical
methods of measurement in particular are obviously of
paramount importance.

Measurement provides us with a means of describing
a natural phenomena in quantitative terms. As a
fundamental principle of science, Lord Kelvin stated, “When
You can measure what you are speaking about and express
them as numbers, you know something aboul it and when
You cannot measure it or where you cannot express in
numbers, your knowledge is of a meagre and unsatisfactory
kind. It may be the beginning of knowledge, but you have
scarcely inyour thought advanced to the stage of science.”
'In order to make constructive use of the quantitative
information obtained from the experiment conducted, there
must be a means of measuring and controlling the relevant
properties precisely. The reliability of control is directly
related to the reliability of measurement.

ontrol systems may perform independent functions in



1.2 INSTRUMENTS AND MEASUREMENT SYSTEMS

Instramentation is a technaology of measurement which
serves not only scienee hut all hranches of engineering,
medicine, and almost every human endeavour. The
knowledge of any parameter largely depends on the
measurement. The in-depth knowledpe of any parameter
can be easily followed by the use of measurement. and
further modificntions can also be had. Measuring
instruments may he used to monitor a process or operation,
or as well as the contralling process. For example, thermo-
meters, harometers, anemometers are emploved to indicate
the environmental conditions, Similarly, water, gas, and
clectric metersare emploved to keep track of the gquantity
of the commaodity used. Special patient monitoring
cquipment is used in hospitials, and of course almost every
moving vehicle has a number of indicator dinls. Another
extremely important type of application for measuring
instrumentis is that in which instrument serves as a
component of an automatic control kystem. In fact to control
a quantity one must be able to measure it. A central
heating system depends on a temperature measuring
instrument, control of an industrial process needs many
measurements of temperature, (low, level ete., while control
of aircraft and missiles uses instruments such as
accelerometers, altimeters and gyroscopes. More specialized
instruments are employed in experimental scientific and
engineering work.

A measuring instrument exists to provide information
about the physical value of some variable being measured.
In simple cases, an instrument consists of a single unit
which provides an output reading or signal according to
the magnitude of the unknown variable applied to it.
However, in more complex measurement situations, a
measuring instrument may consist of several separate
elements as shown in Fig. 1.1. These elements may consist
of transducing elements for conversion of measurand to
an analogous form. The analogous signal is then processed
by some intermediate means and then fed to the end devices
which present the results of the measurement for the
purpose of display and or control. These components might
be contained within one or more boxes, and the boxes
holding individual measurement elements might be either
close together or physically separate. Because of the modular
nature of the elements within it, a measuring instrument
1s commonly referred to as a measurement system.

MEASURAND PRIMARY INTERMEDIATE END

TRANSDUCER MEANS DEVICE

y

Fig.1.1 A Simple Measurement System

4.3 METHODS OF MEASUREMENT

Basically, therearetwomethodsof measurements. Theyare:
({) Direct comparison methods and (ii) Indirect
comparison methods.
Indirect comparison methods, the unknown quantity
is determined by direct comparison with a standard ofthe
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case of measurement of mass by this method, the problem
hecomes maore intricate. It is just not possible for hym
heing to distinguish between wide margins of jpags.
Direct comparison methods of measurement are theugh
simple. but it is not nlways possible, feasible and practicabl,.
to use them. The involvernent ol a person in these methig
make them inaceurate and less sensitive. Hence direet
comparison methods are not preferred and are rarely used.
In engincering applications use of measurement systein.s,
which are indirect methods of measurement, is mads..
In indirectcomparison method, the transducing element
converts the measurand to an analogous form which is
processed by some intermediate means and then supplied
to the output device which presents the results of the
measurement for the purpose of display and/or control.
The signal processing means either one or combination
of the foXowing:
() Amplification of the weak signal before being fed to
the instrument.

(1) Telemetering the data for remote reading/recording
such as recording of the temperature of the surface
of the moon on ground.

(1) Extraction of the desired information from
extraneous input by means of filtering.

an

14 HISTORY OF DEVELOPMENT OF INSTRUMENTS

The science and the art of measurement of physical
quantities has along history. Initially, measurements were
mainly concerned with the basic and common quantities
such as length, mass, force and time, and meters were
developed for their measurement and direct indication
under steady-state conditions. Indicating systems S0
developed wereconsidered as instruments. With the passage
of time, instruments came to be understood as toolsin the
hands of man, which were useful in accomp]ishing}he
objectives of sensing, detecting, measuring, recording.
controlling, computing or communicating. Extensive modi-
ficationsin the design of instruments were incorpOI‘ﬂl‘e“.1 o
achicve these ohjectives, while at the same time L’l\”’”g
higher accuracy and precision where measurement “}‘1‘5
involved. Development of a variety of materials for the
electrical and mechanical elements and associated solid-
state electronic circuits resulted in the de§ig“ O_fi
fascinating array of instruments with multlfunCtl(:ls'
capability. Considerable improvements in the cha l"‘cwrlo
tics of instruments, with regard to reliability, sp¢¢ e
response, visual display of the measured quantity th:"‘:

noticeable in the present-day instruments. Sophisticate
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Measurements and Measurement Systems

instruments have considerably enhanced and vefined the
sensory perception of the measured datnnd its uselfulness.
Although a meteris also trented as o simple instrument, a
sophisticated instrument is really o complex system, in
which the primary signal obtained after sensing or
measurement, undergoes extensive processing hefore itis
presented for display or recording.

The first instruments used by mankind were mechani-
calin nature and the principles on which they worked are
oven used nowadays, The carliest scientific instruments
wsed the same three essential elements (i.e. a detector, an
intermedinte transfer deviee, and an indicator., recorder., or
nstorape deviee) as our modern instruments do.

The history of development of instruments encompasses
three phases of instruments as described below.

1. Mechanical Instruments. Such instrumentsare very
reliable (or static and stable conditions but they suffer from
the major drawback of inability of responding rapidly to
the measurements of dynamic aad transient conditions.
This is because such instruments have moving parts that
are rigid, heavy and bulky and consequenltly have a large
mass. Massresults in inertia problems and. therefore, such
instruments cannot faithfully follow the rapid changes
which are involved in dynamic measurements. Thus, it
wouldbe almost impossible to measure a 50 Hz voltage by
a mechanical instrument. However., it is comparatively
easy to measure aslowly varying pressure with mechanical
instruments. Another drawback of mechanical
instruments is that most of them are a potential source of
noise and hence cause noise pollution,

2. Electrical Instruments. Such instruments are more
rapid in indicating the output of detectors as compared to
mechanical instruments but unfortunately electrical
instruments are also dependent upon mechanical meter
movement as indicating device. Since the mechanical
movements have some inertia, they have limited time and
hence frequency response. For example. some electrical
recorders can provide full-scale response in 0.2 second, the
majority of industrial recorders have responses of 0.5-24
seconds. Some galvanometers can follow 50 Hz variations,
but even these are too slow for today requirements of fast
measurements.

3. Electronic Instriuments. The mechanical and electrical
instruments and systems cannot cope up with the very
fast response requirements of the scientific and industrial
measurements carried out nowadays. The necessity to step
upresponse time and also the detectionof dynamic changes
in certain parameters, which needs the monitoring time
ofthe order of milliseconds and quite often microseconds,
haveled to the development of electronic instruments and
their associated circury. Such instruments make use of
semiconductor devices. The response time of such instru-
Ments is extremely small as the movement involved in
clectronic devices is only that of electrons and electrons
have very small inertia. For example, a cathode-ray
oscilloscope (CRO) can follow dynamic and transient
changes of the order of a few nanoseconds.

3

Electronic instruments arc gradually becoming more
relinhle due to improvements in design and manufacturing
processes of semiconductor devices. Another advantage of
cleet ronie devices is that very weak signals can be detected
by employing preamplifiers and amplifiers. In fact hydrau-
lic and pneumatic systems could be employed for power
amplification of signals hut their use is limited to s}ow
acting control applications like servo systems, chemical
processes and powersystems.

Electronic instruments are light, compact and havea
high degree of reliability. Their power consumption is very
small. The most important use of electronic instruments
is in measurement of nonelectrical quantities. where the
nonelectrical quantity is converted into electrical form with
the use of transducers. Electronic instruments are widely
emploved in detection of electromagnetically produced
signals such as radio. video and microwave. The clectronic
instruments have higher sensitivity (due to power
amplification provided by electronic amplifier) and,
therefore. find wide application in the area of bioinstru-
mentation where bioelectric potentials are very weak
(smaller than 1 mV), Electronicinstruments also have the
advantage of obtaining indication at aremotelocation that
helps in monitoring inaccessible or hazardous locations.
Communication is a field that is entirely dependent upon
the electronic instruments and the associated circuitry.
Such instruments enable us to build analog and digital
computers which require very fast time response.

In brief it can be stated that, in general, electronic
instruments have a higher sensitivity, a faster response,
lower weight, a greater flexibility, a higher degree of relia-
bility, and low power consumption as compared to those in
case of their mechanical and purely electrical counterparts.

The new developments in electronic instruments are
by virtue of digital technology, by which any precision
quantity can be measured in the digital display form and
can also be possibly stored in the memory for storage
purposerequired in future. Thereis a dramatic revolution
in the field of medical science because of electronic
instruments.

1.5 CLASSIFICATION OF INSTRUMENTS'

Instruments can be subdivided into separate classes

accordingto different criteria. Such subclassifications are

useful in broadly establishing several attributes of
particular instruments such as accuracy, cost and general

applicability to different applications.

1.5.1. Absolute and Secondary Instruments. The

various instruments, in very broad sense, are classified
?nto two classes namely (i) absolute and secondary
inStruments.

1. Absolute Instruments. The instruments of this type
provide the magnitude of the quantity to be measuredin
Ferms of instrument constant and its deflection. Such
Instruments do not require any comparison with an y other
x.standard instrument. The example of this type of
Instrument is tangent galvanometer, which provides the
value of current to be measured in terms of tangent of the
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angle of deflection produced, the horizontal component nf
the carth’s magnetic field, the radius nnd the number of
turns of wire used. Rayleigh's current balanee and nhsolute
electrometer are other exnmples of nbsolute nstruments.

Such instruments are seldom used except in Hlun_d:_wd
laboratories and in similar institutions as standardising

instruments. This is because working wilh. ahsolute
instruments for routine work is time-consuming (evefy
time a measurement is made it takes a lot of time In

computation of the magnitude of the quantity under
measurement),

2. Secondary Instruments. These instruments are so
designed that the measurand can only be measured by
observing the output indicated by the instrument. These
instruments are required to be calibrated by comparison
with an absolute instrument or another secondary
instrument, which has already been calibrated against the
absolute instrument. Typical examples of secondary
instruments are ammeters, voltmeters, wattmeters, g]ass
thermometers, pressure gauges etc. Secondary instruments
are widely used in practice.

1.5.2. Direct Measuring and Comparison Instru-
ments. Depending upon the methods used for comparing
the unknown guantity with the unit of measurement,
electrical measuring instruments may be classified as
direct measuring and comparison instru-ments.

Direet measuring instruments convert the energy of
the unknown quantity directly into energy that deflects
the moving element of the instrument, the value of the
unknown quantity being measured by reading the
resulting deflection. Ammeters, voltmeters, wattmeters,
fall in this category. Comparison instruments measure
the unknown quantity by comparing it with a standard
that is often contained in the instrument case such as
resistance measuring bridges. Direct measuring
instruments are most widely used in engineering practice
since they are the most simple and inexpensive ones and
enable the measurements to be made in the shortest
possible time, Comparison instruments are used in cases
when a higher accuracy of measurement is needed.

1.5.3. Active and Passive Instruments. Instruments
are either active or passive according to whether the
instrument output is entirely produced by the quantity
under measurement or the quantity under measurement
simply modulates the magnitude of some external power
source. This can be illustrated by examples as below.

An example of a passive instrument is the pressure
gauge shown n Fig, 1.2 (a). The pressure of fluid is trans-
lated into movement of a pointer against a scale. The en ergy
expended in moving the pointer is derived entirely from
the change in pressure measured; there are no other energy
inputs to the system,

An example of an active instrument is a float type
petrol tank level indicator, as shown in Fig, 1,2 (b). Here,
the change in petrol level moves a potentiometer arm, and
the output signal consists of a proportion of the external
voltage source applied across the two ends of the potentio-
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meter, The energy in the output signal comes from th
external power source; the primary transducer float syt
is merely modulating the value of the voltage from thj
external power source. In active instruments, the externgl
power source is usually in electrical form, but in some
cases it can be in other forms of energy such as pneumatic
or hydraulic.

One very important difference between active and
passive instruments is the level of measurement resolution
which can be obtained. With the simple pressure gauge
shown, the amount of movement made by the pointerfora
particular pressure change is closely defined by the nature
of the instrument. Whilst it is possible to increase the
measurement resolution by making the pointer longer, s
that the pointer tip moves through a longer arc, the scope
for such improvement is clearly restricted by the practica
limit of how long the pointer can conveniently be. In&n
active instrument, however, adjustment of the magnitud®
of the external energy input allows much greater contrel
over measurement resolution. Whilst the scope fqr
improving this resolution is much greater incidentally !
is not infinite because of the limitations placed on
magnitude of the external energy input, in consider®
heating effects and for safety reasons.

In terms of cost, passive instruments are normal
a simpler construction than active ones and are, theré
cheaper to manufacture. The choice between active?"

passive instruments for a particular application, the‘]'e o i
u

ly of
fﬂm

mvol.ves carefully balancing the measurement res0
réquirements against cost.

L.5.4. Deflection and Null Type Instrumeztbsf
Another useful classification separates instrument_
their operation on a null or deflection principle: Ay

. Indeflection type instruments, the meaSUfa.nd {‘:‘ffﬁ':l
tity under measurement) produces some phy ste8
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which deflects or pro-
duces a mechanical
displacement of the
moving system of the

instrume 1.11;. Af’ C:ppgs. =
ing cffect1s built in the VY

CYLINDER

instrument which
tries to oppose the de-
flection or the me- Fig. 1.3  Deflection Type Instru-
chanical displacement ment (PMMC Type Instrument)
of the moving system. The opposing cffect is closely re-
lated to the deflection or mechanical displacement that
can be directly observed. The opposing effect increases until
a balance is achieved, at which point the ‘deflection’ is
measured and the value of measured quantity inferred from
this. For example in a permanent magnet moving coil
(PMMC) ammeter, the deflection of the movement is pro-
portional to current I (the quantity under measurement);
the torque acting on the moving coil, T ;being proportional
to current. The opposing force is produced by phosphor
hair springs whose torque T, is proportional to deflection
0. Thus the value of measurand (current I}, in this case
depends upon the value of deflection 0, because under
steady-state condition T, =T, or I <0, (for details refer to
Art 9.7) The instrument is made direct reading i.e. to give
indication of magnitude of current under measurement in
terms of deflection 8 by calibration.

In contrast to the deflection type instrument, a null

type instrument attempts to maintain deflection at zero
by suitable application of an effect opposing that generated
by the measurand. Necessary to guch an operation are a
detector of unbalance and a means (manual or automatic)
of restoring balance. Since deflection is kept at zero (ideally),
determination of numerical values requires accurate
knowledge of the magnitude of the opposing effect. The
detector should be capable of displaying unbalance ie.,a
condition when the effect provided by measurand is not
equal to the opposing effect.

For example a simple de potentiometer is a null type
instrument and is basically employed for measuring an
unknown emf. The slide wire of the potentiometer is
calibrated in terms of volts per unit length with the help of
a standard emf source. The null detector is a galvanometer
G whose deflection is proportional to the unbalance eml
i.e. difference hetween the voltage drop across portion Ad
of slide wire (Fig. 1.4) and unknown emf. When the two
(i.c. pd across slide wire and unknown emf) are equal, then
no current flows in mesh ASGJA and galvanometer will,
therefore, show zero deflection.

Upon comparing the deflection and nukl methods of
measurement examplified by the PMMC type ammeter
and a simple dc potentiometer described above, we note
that the accuracy attainable by the null method is of a
higher level than that by deflection method. This 1s because
the opposing effect is calibrated with the help of standards
having high degree of accuracy while accuracy of the
deflection type instruments depends upon their calibration
Which depends upon the instrument constants which are

F
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Fig. 1.4 Simple DC Potentiometer

normally not known to a high degree of accuracy. Another
advantage of null methods is the fact that, since the
measured quantity is balanced out, the detector of un-
balance can be made very sensitive because it need to cover
only a small range around the balance (null) point. Also
the detector need not be calibrated since it must detect
only the presence and direction of unbalance, but not the
magnitude of unbalance, On the other hand, a deflection
instrument must be larger, more rugged, and thus less
sensitive if it is to measure large magnitudes.

The drawback of null methods is that they are not
suitable for dynamic measurements wherein the measured
quantity changes with time and null type instruments
require many manipulations before null conditions are
obtained. On the other hand, deflection type instruments
can follow the variations of the measured quantity more
rapidly and are, therefore, more suitable for dynamic
measurements on account of their fast response. However,
by use of automatic control instruments (such as self-
balancing potentiometers), that maintains a continuous
null under rapidly changing conditions, the requirement
for manipulative operations is eliminated.

In terms of usage, the deflection type instruments are
obviously more convenient. They are far simpler to read
the position of a pointer against a seale. A deflection type
instrument is, therelore, the one that would normally be
used in the workplace. However, for calibration duties,
the null type instrument is preferable because of its superior
accuracy. The extra effort required to usc such an
instrument is perfectly acceptable in this case because of
the infrequent nature of calibration operations.

In brief, it can be said that null type instruments are
more accurate and highly sensitive as compared with
deflection type instruments and, therefore, are more
suitable for ealibration purposes. The deflection type
instruments are more convenient and are more suitable
for use in the workplaces and for dynamic measurements,

1.5.5. Monitoring and Control Instruments. An
important distinction between different instruments is
whether they are suitable only for monitoring functions or
whether their output is in a form that can be directly
included as part of an automatic control system.
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Instruments which only provide an audio or visual
indication of the magnitude of the quantity under
measurement, such as a liquid-in-glass thermomeler, are
only suitable for monitoring purposes. This class normally
includes all null type instruments and most passive

transducers.

For an instrument to be suitable for inclusion in an
automatic control system, its output must beina suitable
form for direct input to the controller. Usually, this means
that an instrument with an electrical output is required,
although other forms of output such as optical or pneumatic

signals are used in some systems.

.1.5.6. Analog and Digital Instruments. Secondary
instruments operate in two modes namely analog mode
and digital mode.

-Signals that vary in a continuous fashion and take on
an infinite number of values in any given range are known
as analog signals. The devices producing such signals are
known as analog devices. On the other hand, the signals
which vary in discrete steps and thus take up only [inite
different values in a given range are termed as digital
signals and the devices producing such signals are called
the digital devices.

An analog instrument provides an output which varies
continuously as the quantity under measurement changes.
The output can have an infinite number of values within
the range that the instrument is designed to measure.
The deflection type pressure gauge shown in Fig. 1.2 (a) 1s
a good example of an analog type instrument. As the
magnitude of the input changes, the pointer moves with a
smooth continuous motion. Whilst the pointer can,
therefore, be in an infinite number of positions within its

range of movement, the number of different positions which
an eye can discriminate between is strictly limited, this
diserimination being dependent upon how large the scale
is and how finely it is divided. A digital instrument has an
output which varies in discrete steps and so can only have
a finite number of values. :

For analog signals, the precise value of the quantity
(voltage, current, power, rotation angle) carrying the
information is significant, However, digital signals are
basically of a binary (on/off) nature, and va riations in
numerical value are associated with changes in the logical
state (True/False) of some combinations of “switches”. Ina
typical digital electronic system, any voltage in the range
of + 2.5 to + 5 V produces the on stale, while signals of 0 to
+1V correspond to off. Thus the magnitude of voltage
whether it is 2.5 V or 4 V is of no consequence. The output
is same, and so the system is quite tolerant of spurious
“noise” voltages which might contaminate the information
signal. In a digitally represented value of, say, 4,652, the
least significant digit (2) is carried by on/off signals of the
same (large) size as for the most significant digit (4). Thus
in an all-digital device such as a digital computer there 1S
no limit to the number of digits which can be accurately
carried; we use whatever can be justified by the particular
application. In case of use of combined analog/digital

|_ ol

A Course in Electrical and Electronic Measurements and Instrume,,
"My,
n

systems (often the case in measurement systemgy

digita) portions need not limil system m:curm;y.-'l‘,ht .
limitations generally are associaled with t'm'; “n'l;m:
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1. 1.6 Digital Revolution Counter

"hough majority of the present-day instruments arg
analog type but the importance of digital instrumentsi
increasing, perhaps mainly because of the widespread yge
of digital computers in both data proces sing and automatic
control systems. Since digital computer works only with
digital signals, any information supplied to it musthein
digital form. The computer’s output is also 1n digital form.
Thus any communication with the computer at either the
input or the output end must be in terms of digital signals,
Since most measurements and control apparatus are of
analog nature, it is necessary to have both analag-to-digital
converters (ADC) at the input to the computer and digital
to-analog converters (DAC) at the output of the computer.
Such devices* serve as “translators” that enable the
computer to communicate with the outside world, which
is largely of an analog nature.

Electrical measuring instruments may also be
classified according to the kind of quantity being measured
kind of current for which they are designed, the principlé
of operation of the moving system, their accuracy cla§5u
protection against the influence of external fields, servi®
conditions, stability against mechanical effects, field
application, method of installation and mounting, or shaf
and size of the instrument cases and the degree of enclosur®

they provide.

1.6 FUNCTIONS OF INSTRUMENTS AND
MEASUREMENT SYSTEMS

d tosen®

An instrument or measurement system is requir® e vall?
i
!

some variable quantity, and to indicate or reco”

. . gurefm
or to coritrol its value. So the instruments 0% meastr ot
divided!

systems, according to their functions, may be di

* Analog-to-digital converters and digital-to-analog converters will be discussed later on.
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three categories namely, indicating instruments, recording
instruments and controlling instruments.

1. Indicating Instruments. An tnstrument that supplies
the information in the form of deflection of n pointer is
known as an indieating instrument. In this way, the
instrument performs a function which iscommonly known
as indicating function. For exnmple, the deflection of
pointer of an ammeter indieates the current flowing through
the branch of an electrie circuit in which it is connected.
Pressure guuges, specdomelers, thermometers, ammeters,
voltmeters, wattmeters ete, faf under this category,
9. Recording Instruments. Recording instruments are
those which keep a continuous record of the variations of
the magnitude of an unknown quantity to be observed nver
a definite period of time, In such instruments the moving
system carries an inked pen which touches lightly a sheet
gi'palwr wrapped over a drum moving with uniform slow
motion m a direction perpendicular to that of the deflection
of the pointer. Thus a curve is traced which shows the
variations in the magnitude of the quantity under observa-
tion over a definite period of time. Thus the instrument
performs the recording function. For example, a potentio-
metric tvpe recorder, employed for monitoring temperature,
records the instantaneous values of temperature on a strip
chart recorder. Another example is a speed log, usually
provided with commercial vehicles, that draws a graph of
speed against time or distance. Temperature and pressure
recorders ete. fall under this category.
3. Controlling Instruments. Controlling function 1s one
of the most important functions, especially in the field of
industrial process control. In controlling instruments, the
information is used to control the original measured
quantity. For example, a carburettor or fuel injection
system, measures the fuel requirements of the engine for
different loads, speeds, and accelerator-pedal positions, and
supplies the necessary air and fuel to the engine.
Thermostats, float type level control, machine tool carriage-
position control ete. fall under this category.

Thus, according to functions, there are three main
groups of instruments. The largest group has the indicating
function. Next are the instruments which have both
indicating and/or recording functions. The last group
performs all the three functions namely, indicating,
recording and controlling.

1.7 ELEMENTS OF A GENERALISED
MEASUREMENT SYSTEM

The measurement is usualy undertaken to ascertain and
Present the state, condition or characteristic of a system

7

in gquantitative terms. It enables the experimenter to
understand the state of Lhe system under which it exists
or to distinguish the transition of the system from one
state to another. To reveal the performance of a physical
or chemical system, the first aperation carried out on it is
mensurement, Measurement means determination of
magnitude, extent, degree ete, ol the condition of a system
in terms of some standard. Measurement is the basic and
primary operation, the result of which is used only to
describe the system and hence treated as an independent
operation with no ulterior motive other than to understand
it.

Man has always extended his imaginative skills to
identifv physical phenomena and later developed and
utilised the means for confirmation of his understanding
of the phenomena. Thus the measuring techniques and
systems developed are based on the basic laws of nature
and the evolution of such techniques, in course of time, led
to the development of indicating systems for some of the
physical quantitics. These can be seen to consist of
mechanisms incorporated inside a housing so as to be
coupled to the system under study. Identification of
physical phenomena results in the development of
measuring systems that interact with the quantity under
measuremenl and develop output signals in the form of
linear or angular displacements that can be transmitted
to a pointer on a scale,

It is possible and desirable to describe both the operation
and performance (degree of approach to perfection) of
measuring instruments and associated equipment in a
generalised way without recourse to specific physical
hardware. The operation can be described in terms of the
functional elements of instrument systems, and the
performance is defined in terms of the static and dynamic
performance characteristics.

Figure 1.6 represents a possible arrangement of
functional elements in an instrument and includes all the
basic functions considered necessary for a deseription of
any instrument.

1. Primary Sensing Element. The primary sensing
element is that which makes contact with the physical
quantity under measurement, called the measurand,
receives energy from the measured medium and produces
an output depending in some way on the measurand.
Examples are thermocouple (output emf depends upon input
temperature), strain gauge (resistance depends on
mechanical strain), orifice plate (pressure drop depends on
flow rate). It is important to note that an instrument always
extracts some energy from the measured medium. Thus

INPUT___IPRIMARY SENSING[__| 1o\ ncrioeo | SIGNAL
MEASURAND ELEMENT CONDITIONER

DATA DATA VARIABLE VARIABLE
PRESENTATION |« TRANSMISSION |« MANIPULATION |« CONVERSION

ELEMENT ELEMENT ELEMENT ELEMENT

Fig. 1.6 Functional Elements of an Instrumentation System
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measurement, Wit
theoret ically [|11]}(!S.'-“}

to minimise this eflect, b

degree.

Primary sensing elements may -
input and output such as an nnf”!(fﬂ l?lﬂtf‘- a spring, a
manometer or may have an clectrical 1nput_nnd output
such as a rectifier. In case the primary sensing element
has a nonelectrical input and output, then it is converted
into an clectrical signal by means of a transducer. The
transducer is defined as a device which, when actuated by
one form of energy, is capable of converting it into another
form of energy.

Mauny a times certain operations are to be performed
on the signal before its further transmission so that
interfering sources are removed and the signal may not
get distorted, The process may he linear such as
amplification, attenuation, integration, differentialion,
addition and subtraction or nonlinear such as modulation,
detection, sampling, filtering, chopping and clipping ete.
The process is called the signal conditioning. So signal
conditioner follows the primary sensing element or
transducer, as the case may be. The examples of signal
conditioning element are deflection bridge which converts
an impedance change into a voltage change; amplifier
which amplifies millivolts to volts; oscillator which converts
an impedance change into a variable frequency voltage.

2. Variable Conversion Element. Now the output, which
is in the form of electrical signal (voltage, current,
frequency or some other electrical parameter), may or may
not suit to the system. For the instrument to perform the
desired function, it may be necessary to convert this output
to some other more suitable form while retaining the
information content of the original signal. An element that
performs such a function is called a variable conversion
element. For example, if output is in analog form and the
next stage of the system accepts the input only in digital
form, then analog-to-digital converter (ADC) will be
required. Many instruments do not require any variable
conversion element, while others require more than one
element.

have a nonelectrical
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3. Variable Manipulation Element. 'l‘he- ['ur-u'.tinn of
variable manipulation element, as thel name mtllcates._ is
to manipulate the signal I:’"U-“‘U"E“d to it while preserving
the original nature of the signal. For uxarr}]lle. “"_Qle‘:tr?nlﬂ
amplifier converts a small low vollage 1:1put_51gna1 into
high voltage output signal. Thus voltage amplilier acts ag
o variable manipulation clement. It 1s nol necessary that
Jows the variable conversion element, ag

this element fol ' .
[n many cases it may precede the variable

shown in Fig. 1.6.

conversion element. .
When the functional elements of an instrument are to

be physically separated out, it ?ccomes necessary to
transmit data from one to another, The element performing
this function is called the dala .!ran,m-mssmn element. Tt
may be as simple as a shaft and bearing asgerlnhly. or as
con;pl icated as a telemetry system for transmtting signals

from satellites to ground equipment by radio.

4. Data Presentation Element. The information

regarding measurand (quantity to be r'{leasured) is to be

conveyed to the personnel handling the Instrument or the

system for monitoring, controlling or analysis purpose, The

information conveyed must be in a form intelligible to the

personnel. Such devices (readout or display) may be in

analog or digital format. The simplest form of a display

device is the common panel meter with some kind of
calibrated scale and pointer. In case, the data is to be
recorded, recorders like magnetic tape may be used. For
control and analysis purpose computers may be used.

The final stage in a measuring system is called the
terminating stage. In case a control device is to be employed
for final measurement stage, then it becomes necessary to
apply some feedback to the input signal to accomplish the
control objectives.

As an example of a measurement system, consider the
rudimentary pressure gauge shown in Fig. 1.7(a). The
primary sensing element is the piston, which also serves
the function of a variable conversion element as it converts
the fluid pressure (force per unit area) to a resultant force
on the piston face. Force is transmitted by the piston rod
to the spring, which converts force to a proportional
displacement. This displacement of the piston is magnified
(manipulated) by the linkage to provide a larger pointer

PISTCN
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FLUID PRESSURE

hl

FORCE PISTONROD FORCE SPRING

CorTToLe

M
fl

MEASURED
MEDIUM

N
N
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MEASURAND

g;zi

"I
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(a) Rudimentary Pressure Ga uge

VARIABLE | DATA ] VARIABLE
ELEMENT + CONVERSION TRANSMISSION CONVERSION
ELEMENT ELEMENT ELEMENT
§
POINTER AND g
SCALE  MOTION  LINKAGE
DATA | VARIABLE
OBSERVER PRESENTATION [+—— MANIPULATION
ELEMENT ELEMENT

(b) Schematic Diagram of Pressure Measurement

Fig.1.7
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E PRESSURE  TUINg
WEASURED PRIMARY SENSING| [ VARIABLE DATA
ELEMENT CONVERSION TRANSMISSION
ELEMENT ELEMENT
MEASURAND g
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E
OBSERVER }«—| PRESENTATION |+l-| MaNIPULATION | CONVERSION
ELEMENT ELEMENT ELEMENT

(a) Pressure Type Thermometer

(b) Schematic Diagram of Temperaiure Measurement

I'ig. 1.8

displacement. The pointer and scale indicate the pressure,
thus serving as data presentation elements. If it were
necessary to locate the gauge at some distance from the
source of pressure, a small tube could serve as a data-
transmission clement. The schematic diagram of this
measurement system is depicted in Fig. 1.7(b).

Pressure type thermometer shown in Fig. 1.8 (a), is
another example. The liquid-filled bulb acts as a primary
sensing element and a variable conversion element since a
temperature change results in a pressure buildup within
the bulb, because of the constrained thermal expansion of
the filling fluid. This pressure is transmitted through the
tube to a Bourdon type pressure gauge, which converts
pressure to displacement. This displacement is manipu-
lated by the linkage and gearing to provide a larger pointer
motion. A scale and pointer again serve for data presenta-
tion.

18 ART OF MEASUREMENT

We cannot think of a measurement without error inspite
of the fact that very sophisticated measurement systems
are available. However, the error can be reduced if a proper
method of measurement is selected and some necessary
precautions are ohserved at the time of measurement.
Recording of the measured data is also very important.
A number of important steps are always involved ina
measurement. The method chosen should be such that
makes use of available instruments/apparatus toobtain the
desired result with required accuracy. It needs consideration
of the reliability of the instruments or apparatus to be
employed, the effects of various conditions which will be
encountered in the experiment, the time required for setting
up and operating the necessary equipment, and the
accuracy that may be desired or atlainable in the final
result. The method adopted should be as simple as possible,
consistent with the requirements ol the task. It is quite
_frequentIy desirable to avoid apparatus and methods whose
Inherent accuracy is higher than is required for the task at
hand, if their use and manipulation are so time consuming
orotherwise expensive that the choice is uneconomical. The
appropriate choice of apparatus and experimental method

becomes easier as the worker's experience becomes broader
In his field.

The method and apparatus having been chosen, it is
important that they be intelligently used. The function of
each piece of apparatus and its method of operation should
be thoroughly understood. The sketching of a preliminary
wiring diagram will usually save time in assembly and
may avoid blunders in connecting apparatus/instruments.
Measuring instruments and other apparatus intended to
be used should first be inspected to ensure that they are in
good working conditions, and the setup should be carefully
checked hefore supply is switched on. Skill in manipulation
of apparatus and in recording of data is acquired by actual
practice. Meticulous care and questioning attitude are
essential for obtaining reliable results.

Data forming the basis of a written report should be
carefully recorded. Records of data should not only be
complete as regards observations, but should include a
connection diagram of the circuit employed, with each
instrument or other piece of apparatus identified (preferably
with make, model and serial number), so that the setup
can be exactly duplicated at any time in future, and so
that, if any picce of apparatus proves to be defective or
incorrectly calibrated, its influence on the experimental
results can be determined.

While making numerical computations it is unneces-
sarily time consuming and fatiguing to use more digits
than are actually significant in the values entering the
computation. To avoid the necessity for manipulating
surplus digits in arithmetic operations and the added
opportunities for mistakes as a result of the extra manipula-
tions, numerical values should always be rounded off at
the point where they cease to have a real meaning in terms
of measurement conditicns.

Certain precautions are required to be observed for
the safe and efficient use of instruments, apparatus and
equipment. There are some considerations that apply in
general to the electrical circuit employed, regardless of the
instruments used and the type of measurement carried
out. While making electrical connections ensure that
contact surfaces are clean, nuts or binding posts are firmly
tightened, wires or cables have sufficient x-secj'l'i-:m for the
expected current, and insulation is appropriate for the
voltage in use. Sliding contacts are to be c!eaned
occasionally with a lint-free cloth, either dry or moistened
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be left hanging down over the edge of a table, or stretchec
between tables or across the (loor where they may be

accidently caught with a hand or foot and t.he in.strument
pulled to the floor. They should he twisted in pairs to each
instrument to reduce the effects from magnetic fields caused
by current in leads. For measurements of larger alterna-
t{ng currents (say above 25 A or 30 A) 5 A ammeter in
conjuction with a current transformer should be used
preferably to a high-range ammeter, both to avoid large
currents in the neighbourhood of measuring instruments
and to isolate the measuring instruments from the supply
circuit. Similarly for larger alternating voltage measure-
ment low-range voltmeter in conjuction with a potential
transformer should be used in preference to a high-range
voltmeter. Before putting the supply ON all components
should be checked to ensure that all the connections are
properly made and that the ranges of instruments and
apparatus are sufficient for the quantity under measure- *
ment. Protective resistors should be inserted as per
requirement. While opening a circuit connected to measur-
ing instruments and apparatus, it is advisable where
possible, to first reduce the supply voltage to a low value.
The conductors or leads to the apparatus should be removed
one by one, making the first break at the terminal nearest
to the power supply and afterward removing the terminal
connected to the equipment. While making connections,
the process should be reversed making the connection to
the power supply in last. Consistency in following this
procedure may prevent short circuits at exposed terminals.
Power circuits are usually protected by fuses or circuit
breakers, but these protective devices do not guarantee
that instruments and other equipment will not get damaged
in case the circuit is shorted due to careless handling of
leads or switches.

While using multirange instrument, the position of
the range switch should be checked bofore putting the switch
on, otherwise the pointer may bend or the coil may get
burn.et:i out. When a measurement is to be made under
conditions that will produce a high initial current and a
much smaller steady current it may be advisable to protect
tl'}e current coils of the instruments against the initial
21 Th current by a short—circuiting switch. ITn movement of
Grlvancmeters.those e e oo LS F pivoted
e rla:tn =) quired to be protected against

age, by shorting the terminals to provide

cein Electrical and Electronic Measurements and Instrumenmuon

heavy damping. Pivoted instruments :?houl_d never |,
placed where they may be exposed to vibration, SEVerE
shock, such as a hammer blow on a bench or table, Whep,
an instrument is lying, can damage its pivots or jﬂwe}a
punn:tnﬂntl}’-

Obstructions can often be detected by a “jumpingn of
the pointer as the operating current of the instmmentia
very slowly increased or reduced to cause 4 graduz ‘-‘hange
iy deflection. Tf, during such a test the pointer is set to
scale mark and the instrument is lightly tapped, Piveg
friction will be revealed by a slight change in the Positigy
of the pointer. Where pivol friction is present its effect gy,
instrument readings can be temporarily reduceq to
minimum by gently tapping the case. Hard tapping wj
defeat its purpose and may result in damage to the hearing‘
Errors due to friction and mechanical unbalance may b,
expected if the instrument is used in a position other thay
the one in which it was designed to operate. Where the
moving system vibrates in operation on account of
mechanical resonance at the operating frequency, errorg
may be expected. This condition is usually corrected by
changing the balancing weights on the moving system ang
rebalancing it. Inelastic yield in the springs, indicated by
a zero shift after the instrument has been deflected upscale
for a considerable Lime, constitutes a source of error for
which a correction cannot easily be applied. Such a spring
should be replaced by the manufacturer if the amount of
zero shift is significant.

As far as possible location of instruments in area of
*strong magnetic fields or near large masses of metal should

.- be avoided, particularly if the instrument is not magneti-

cally shielded. Strong fields from machinery, conductors,
and even other instruments may cause significant errors
Inindication; and the presence of neighbouring masses of
metal, for example a metal table top on which the instru-
ment is placed, may produce appreciable eddy current
errors in some types of instruments. Tron in the neighbour
hood of an unshielded permanent magnet instrument may
act as a magnetic shunt and change the instrument
indication by a considerable amount. Tt must be remem-
bered that some types of instruments require considerable
power for their operation and that significant changesin
cireuit conditions may result due to insertion of instr-
ments. In accurate measurements allowance must be made
f'or 51.1[:1"1 effects. Also, if the instrument or other apparatus
1srequired to dissipate an appreciable amount of power

}ts Fesultmg temperature rise may cause an error in the
indicated values.

1.3. INSTRUMENTATION SYSTEMS

Measurement of nonelectrical quantities by electricel
methods was given greater attention since the midd!e®
twentieth century and this marked the beginning of oné®
the most fruitful and vigorous areas of activity concerning
the scope of their applications. Simultancously: !

Note : Significant figures will be explained later on
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advances made in the field of electronics substantially
contributed to the birth of a new diseipline known as
instrumentation. Instrumentation deals with the science
and technology of measurement of a large number of
variables cn::ln'acing the disciplines of physical sciences
such as physics and chemistry and engineering disciplines
like mecha |1icz}l, Cll}?tl‘il‘:ﬂ], electronics, communication and
computer enginecring, Inslrumentation relers to the art.
and a.zciencc l}lf collection of several instruments and
auxiliary equipment and their utilization for conducting
successfully a test or an experiment on a system, process
or plant.

Anin sfr:r.mcn.tatfon system is a physical system, which
is a collection of physical objects connected in such a way
as to provide the desired output response. Examples of a
physical system may be cited from a laboratory such as an
electronic amplifier composed of many components from
an industrial plant such as a steam turbine or from utility
services such as a communications satellite orbiting the
earth. Thus an instrumentation system may be defined as
an assembly of various instruments and other components
interconnected to measure, analyse and control the
electrical, thermal, hydraulic and other nonelectrical
physical quantities.

No physical system can be represented in its full
intricacies and, therefore, idealising assumptions are
always made for the purpose of analysis and synthesis of
systems. An idealised physical system is known as physical
model. A physical system can be modelled in a number of
ways depending upon the specific problem to be dealt with
and the required accuracy. For example, an electronic
amplifier may be modelled as an interconnection of linear
lumped elements, or some of these may be pictured as
nonlinear elements in case the stress is on distortion
analysis. Once a physical model of a physical system is
obtained, the next step is to have a mathematical model
i.e. mathematical representation of the physical model by
making use of appropriate physical laws. Depending upon
the choice of variables and the coordinate system, a given
physical model may lead to different mathematical models.
For example, a network may be modelled as a set of nodal
equations employing IGirchhoff s first law (or current law)
or a set of mesh equations employing Kirchhoff’s second
law (or voltage law). Then the mathematical model is solved
for various types of inputs to have the dynamic response of
the system.

Instrumentation systems can be classified into two
main categories namely, analog systems and digital
systems.

Analog systems deal with measurement information
in analog form. An analog signal may be defined as a
continuation function, such as a plot of voltage against
time or displacement against force.

Digital systems handle measurement information in
digital form. A digital quantity may consist of a number of
discrete and discontinuous pulses whose time relationship
contains information regarding magnitude or the nature
of quantity.

11

1.10 INTELLIGENT INSTRUMENTATIO

N AND
DUMB INSTRUMENTATION f

It is no exaggeration to mention th
!ms made tremendous revolution in the field
Instrumentation and control. Microprocessor-based et
ﬁn_d wide use in industries for instrumentation andsystems.
I.vllm'o;_)rocussor-based systems may he classi‘f:?r:gml‘
intelligent instrumentation systems and d az
instrumentation systems. o

at the microprocessor

_1. Intelligent Instrumentation Systems. Intelligent
_1nstrumuntation system means the use of an
mstlrum entation system for the evaluation of a physical
variable by the use of a digital computer in performing all
or nearly all signal and information process. In this system
after the accomplishment of measure ment of the physical
variable, further processing (either in digital or in analog
form) is earried out to refine the data, for the purpose of
presentation to an observer or to other computers. Block
diagram of such a system is shown in Fig. 1.9,

et
—= ANALOG
] MULTIFLEXER

INFUT

SEN
MEASURAND SORIS)

AMPLIFIER

SAMPLE
AND HOLD
ASSEMELY

MICRO-
COMPUTER

—

OUTPUT =—j ADC

Fig. 1.9 Generalized Block Diagram of Intelligent
Instrumentation System

From the figure, it is observed that a microcomputer

has been included which gets its input through an analog-
to-digital converter (ADC) in digital format.
2. Dumb Instrumentation Systems. A dumb or
conventional instrumentation system is that in which the
input variable is measured and displayed, but the data is
required to be processed by the observer. For example,
speedometer is termed as a dumb instrument because it
can measure and display the vehicle speed, but the observer
has to judge whether the indicated speed is desired one,
high or low.

Intelligent instrumentation system has various
advantages over the dumb instrumentation system such
as higher accuracy, self-diagnosis, higher immunity to
external disturbances and noise, multi-user facility,
transmission over long distances etc.

111 INSTRUMENTATION IN AUTOMATION

The instrumentation system plays an important role in
automation. An automatic control system (or automation)
requires a comparator (or an error detector), w}lﬂch
measures the difference between the actual and desired
performance and actuates the control elemenl.;s. Generfﬂ
block diagram of an automatic control system is shownin
Fig. 1.10. An error detector (or a comparator) compares a

ohtained through feedback elements, which is a
nce input.

signal :
function of the output response, with the refere

Any difference between these two gignals constitutes an
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Fig. 1.10  General Block Diagram of an
Automatic Control Sysiem
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¥

Fig.1.11 Automatic Tank Level Control System
error or actuating signal, which actuates the control
elements. The control elements in turn alter the conditions
in the plant (controlled member) in such a manner that
the original difference or error is reduced.

There are numerous examples of this type of
application. A common one is the typical simple tank level
control system shown in Fig. 1.11. With this control system
liquid level (controlled output) in the tank can be
maintained within accurate tolerance of the desired level
of liquid even though the output flow rate through the
valve V| is varied. The float (feedback path element) senses
the liquid level and positions the slider arm B on a
potentiometer. The slider arm A of another potentiometer
is positioned corresponding to the desired liquid level h
(the reference input). When the liquid level rises or falls,
the potertiometers (error detector) give an error voltage
(error or actuating signal) proportional to the change in
liquid level. The error voltage actuates the motor thro ugh
a power amplifier (control elements) which in turn
conditions the plant (i.e. decreases or increases the opening
of the valve V,) in order to restore the desired liquid level,
Thus, the control system automatically attempts to correct
any deviation between the actual and desired liquid levels
in the tank.

rical and Electronic Measurements and Instrumcntmion

142 APPLICATIONS OF MEASUREMENT
INSTRUMENTATION

The ways the instruments and mcuf;urement systems are
used for different applications are given hfelow:

1. Monitoring of processes and npelmtmns.

9. Control of processes and operations.

3. Experimental engineering analysis.
1. Monitoring of Processes ai::d Qpcmtfons. There are
certain applications ol measuring instruments that have
essentially a monitoring function. For example, the
thermometers, barometers and anemo m.eters used by the
weather burcau serve in such a capacity. They simply
indicate the condition of the environment, and their
readings do not serve any control functions in tbe ordinary
sense. Likewise the energy meter installed in a houge,
keeps the track of the electrical energy consumed by the
consumer for billing purposes.
2. Control of Processes and Operations. This is another
extremely important type of application for measuring
instruments. There has been a very strong association
between measurement and control.

COMPARATOR OR
ERROR DETECTOR
INPUT . AMPLIFIER OUTPUT
o > > {FDRWARg —| ACTUATOR =
— ERROR OR |ELEMENTS) CONTROLLED
REFERENCEY  AcTUATING QUANTITY
(DESIRED SIGNAL
OUTPUT)
F CK
Es'fgﬁil_ MEASURING
INSTRUMENT |«
OR TRANSDUCER

Fig. 1.12 Block Diagram of a Simple Control System

In order to control the process variables like tempera-
ture, pressure, humidity, ¥quid flow etc., these quantities
are required to be measured at appropriate points in the
individual plant. Figure 1.12 illustrates a simple control
system. Let the output variable to be controlled be non-
electrical and the control system action through electrical
means. The input is reference that corresponds to the de-
sired value of output. The input and the output are com-
pared with the help of comparator or error detector and
the error or actuating signal is amplified to operate the
actuator in controlling the process. The actuator, in turf,
produces power to drive the controlled circuitry. Thelcﬂf'
rective action goes on till the output under the control is &t
the same level as the input which corresponds to the de-
sired output. At this stage, there is no error signal and,
thercfore, there is no input to the actuator and the actu®
tor stops working. Transducer is connected in the feed-
back loop in order to convert nonelectrical output into®
corresponding electrical form. -

Examples of such an application arc endless, A familie
application is the typical home-heating system emplﬂb’mg
some type of thermostatic control. A temp“’ratqu
measuring instrument (often a bimetallic element) sens
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the room temperature, and thus provides the information
required for proper functioning of the control system, Much
more sophisticated examples are found among the aircraft
and missile control systems. A single control system may
need information from many measuring instruments such

13

on simplifying assumptions; improvement of theory
based on measured behaviour. Frequency-response

?esting of mechanical linkage for resonant frequencies
1s an example of it.

as pitﬂt-static tubes, :mg]_e-of -attack sensors, thermo- 8 f‘: r;:}:ll::il;):sdfﬁzizﬂﬁseifgn P'Lficalﬁelationships
couples, ﬂccclerqmeters, altimelers and gyroscopes. Many Determination of friction factocllj;'g 2 thOr}’ emst‘s‘
jndustr.lﬂl machine and process controllers also make use a pipeis an example of such an a , l1tlr e
of muln-s'cnsor measuf‘emer.il'- systems. 3. Determination of material crom pol:u;ﬁstmn(.i
3, Expcn.meutal Engfneermg Analysis. Many engineer- parameters, variables al;.d elr]'formajnan _53:15}‘-311'1
ing problems are required to be analysed theoretically as Determination of yield ‘point [ﬁ' a certain cpilm ool
wellas experimentally. The relative amount of each depends speed-torque curves for an electric motoa 31}1' v
on the nature of problem. Problems on the frontiers of efficiency of a steam turbine etc. are exanr’ 1 i
knowledge often n.eed very extensive experimental studies 4. Solution of mathematical equzlitions bvlfnis' f
asadequate theories are not available yet. Thus the theory analogies. Solution of shaft torsion ;ohleiansl?
and experiment s_hould be thought of as complementing measurements on soap bubblesisan e:?am le o
each other. Experimental engineering analysis has many 5. Study of phenomena with hopes of developingpa t'heo ’
uses and some of these are listed below: Electron microscopy of metal fatigue cracks is z;
1. Testing the validity of theoretical predictions based example.
EXERCISES £/

1. What is measurement ? Explain its significance in various
fields of engineering.

9. What is measurement and measuring instrument? Explain.
Explain the direct measurement and indirect measure-
ment. Which one is most commonly used method and why ?

3. Describe various methods of measurements with the help
of suitable block diagram.

[G.B. Technical Univ. Electrical Measurements
and Measuring Instruments, 2011-12)
4. Distinguish between direct and indirect methods of

measurements giving suitable examples.
[U.P. Technical Univ. Electrieal Mensurements
and Measuring [nstruments 2013-14]

5. Brielly mention the development phases (historically) of
instrument [or measurement.

6. Compare the advantages and limitations of mechanical
and electrical systems.

7. Enlist the advantages of electronic instruments over
electrical and mechanical instruments.

|U.P. Technienl Univ. Elee. Mensurements nnd

Mensuring [nstruments 2005-D6]

8. How will you classify different instruments? Explain with

examples, [M.D. Univ. Eleetricul Measurements and

Mensuring Instruments, Decemher-2008)

9. What is an instrument? Classify various types of electrical

instruments. |G.B. Technicnl Univ. Electrienl Mensurements

and Meosuring [nstrumenls, 2012-2013)

10. What are absolute and secondary instruments? What are

the advantages of electronic instruments?
[W.H, Univ. of Technology Electricnl and
Electronics Measurements, 2009-2010]
11, Explain primary and secondary instruments.
|M.D. Univ. Electrien] Mensurements and
Measuring Instruments, May-2008]

12, Differentiate hetween primary and secondary instruments

with the help of examples.

[M.D. Univ. Electrical Mensurements and
Mensuring Instruments, May-2008]

13. E:fplnin what is meant by active and passive instruments.
Give examples of each and discuss the relative merits of
these two classes of instruments.

14, Describe difference between deflection and null type of

16

16.

17.

18.

19.

20

21

22,

23.

24,
25.

26.

instruments giving suitable examples. Discuss about their
accuracy and sensitivity.

[U.P. Technical Univ. Electrical Measurement
and Measuring Instruments, 2006-07)

Discuss the advantages and disadvantages of null and

deflection types of measuring instruments. What for are

null types instruments mainly used and why?

Describe the difference between deflection and null type of
instruments giving suitable examples. Discuss their
accuracy, sensitivity and suitability for dynamic
measurement.

Explain analog and digital modes of operation. Why the
digital instruments are becoming popular now? What is
meant by ADC and DAC?

Explain recording and integrating instruments.
[M.D. Univ. Electrienl Mensuremont and
Mensuring Instruments, December-2000]

Draw and explain the block diagram of generalized

instrumentnation. {ALD. Univ. Bleetrienl Meusurement and
Measuring Instruments, Decemhber-2010]

Draw the block diagram of a generalized instrument and
deseribe briefly the function of ench block.

[M.D. Univ. Fleetrical Mepsurement and
Mensuring [nstruments, Moy-2008]

What are the various elements of a measuring instrument
or system? Explain with a suitable block diagram. What is
variable manipulation unit?

What do you mean by instrumentation system? Also
explain the functional block diagram of a measurement.

|G.B. Techniceal Univ. Electronie Instrumentation
wnd Measurements, 2011-12|

Explain the term instrumentation system, its physical
model and mathematical model.

Differentiate between analog and digital systems.
Explain an automatic contral system giving a suitable
example.

Distinguish between “Intelligent Instrumentation System”

and “Dumb Instrumentation System”.

[U.P. Technical Univ. Electronie Mensurementa
and Instrumentation, 2007-08]
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xamples of measuring imstrument

1d of (i) experimental enginecring

97, Cite at least two ¢
1 (i)

jcations in the fie .
applications ' gine
ﬂr];]a!tlvch (i) control of processes and operations al

monitoring of processes and operalions.

[Madurai Unlv, April 1089]
28. Write short notes on the following:

(i) Methods of measurement.

(iiy History of dovelopment of instruments.

TR

b N -
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Q. 1. What is measurement?

Ans. Measurement is essentially the act, or the result, of a
quantitative comparison between a given quantity and
a quantity of the same kind chosen as a standard or a
unit.

Q. 2. What is meant hy the term “measurand”?

Ans. The quantity to be measured is known as the
measurand.

Q. 3. What is measuring instrument?

Ans. The device used for comparing the unknown quantity
with the unit of measurement or a standard quantity
is called a measuring instrument.

Q. 4. Why direct comparison methods of measurement are
rarely used?

Ans. It is not always possible, feasible and practicable to
use direct comparison methods of measurement. These
methods are inaccurate and less sensitive too. So direct
comparison methods of measurement are rarely used.

Q. 5. What are the three essential elements of an instru-
ment?

Ans. The three essential elements of an instrument are a
detector, an intermediate transfer device, and an
indicator or a storage device.

Q. 6. What are the drawbacks of mechanical instruments?

Ans. The drawbacks of mechanical instruments are (i) in-
ability of responding rapidly to the measurements of
dynamic and transient conditions and (ii) they are a

potential source of noise.

Q. 7. What are the advantages of electronic instruments
over their mechanical and purely electrical counter-
parts?

Ans. The electronic instruments have a higher sensitivity,
a faster response, lower weight, a greater flexibility, a
higher degree of reliabiity, and low power consumption
as compared to their mechanical and purely electrical
counterparts,

Q. 8. Absolute instruments are rarely used in practice, Why?
Ans. Absolute instruments are rarely used because working

with absolute instruments for routine work is time-
consuming.

Q. 9. Why are direct measuring instruments most widely
us_ed In engineering practice?

Ans, Dlre_ct measuring instruments are the most simple
and Inexpensive ones and enable measurements to be
made in the shortest possible time, and, therefore, are
most widely used in engineering practice, :

2. 10. W}?E}?t for are null type instruments mainly used and
why? )

SHORT ANSWER TYPE QUESTIONS WITH ANSWERS

ol ronic Measurements and Ir:sr.rumencq;fun

({ir) Clagsilication of instruments. '
(iv) Ananlog and digital modes of operation,
(1) Functions of instruments and measurement
systems. .
nts of n genernlised measurement system,

(vi) Eleme ) i
{ measurement 1nstrumentation,

(vii) Applications o

Ans. The null type instruments are more accurale ang
highly sensitive as compared with deflection type
instruments, and therefore, are more suitable for

calihration purposes. o
Q. 11. What is difference between analog and digital signals?

Ans. Signals that vary in a continuous fashl_on and take op
an infinite number of values in any given range are
known as analog signals while the digital signals vary
in discrete steps and thus take up only finite different
valucs in a given range.

Q. 12. The importance of digital instruments 1s increasing.
Why? _

Ans. The importance of digital instruments is increasing
mainly because of the widespread use of digital com-
puters in both data processing and automatic control
systems.

Q. 13. Giveclassification of instruments on the basis of their
functions.

Ans. The instruments, on the basis of their functions, are
classified as indicating, recording and controlling
instruments.

Q. 14. What is primary sensing element?

Ans. The primary sensing element is that which makes con-
tact with the physical quantity under measurement,
receives energy from the measured medium and pro-
duces an outpui depending in some way on the
measurand.

Q. 15. What is meant by transducer?

Ans. The transducer is defined as a device which, when
flc'tuated by one form of energy, is capable of converting
1t into another form of energy.

Q. 16. What is meant by instrumentation?

Ans. Instrumentation refers to the art and science of collec-
tion of several instruments and auxiliary equipment
and their utilisation for conducting successfutly a test
Or an experiment on a system, process or plant.

Q.17. Gi\fe classification of microprocessor-based instrumen-
tation systems,

Ans. Microprocessor-based instrumentation systems may
be classified into two categories viz, InteXigent instri-

mentation systems and Dumb instrumentation sys-
tems,

Q. 18. Enlist the applications of measurement instrumenta:
tion?

Ans. The applications of measurement instrumentation &%
(i) monitoring of processes and operations (if) contr®
of processes and operations and (iii) experiment?
engineering analysis.
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—(_INSIDE THIS CHAPTER }

2.1 Introduction 2.2 Static Characleristics 2.3 Nolse 2.4 Loading Effecl 2.5 Maximum Power Tran i i
uct 4 | . sfer and Impedance Matching 2,6 Dynamic
Characteristics of Measurement Systems 2.7 Standard Signals 2.8 Dynamics of Instrument Systems 2.9 Generalized Perfcrmangca of S;stems

2,10 Zero-order System 2.11 First-order
of Instruments

System 2.12 Second-order System 2.13 Higher-order Systems 2.14 Dead-time Element 2,15 Choice

2.1 INTRODUCTION

The performance characteristics of an instrumentation
system are judged by how faithfully the system measures
the desired input and how thoroughly it rejects the
undesirable inputs. Quantitatively, it relates to the degree
of approach to perfection. The system operation is defined
in terms of static and dynamic characteristics. The former
represents the nonlinear and statistical effects and the latter
generally represents the dynamic behaviour of the system.
The reasons for classification of performance charac-
teristics of instruments or measurement systems into
static and dynamic characteristics are several. First, some
applications involve the measurement of quantities that
are constant or vary only quite slowly. Under such condi-
tions, it is possible to define a set of performance criteria
that provide a meaningful description of the quality of
measurement without becoming concerned with dynamic
descriptions involving differential equations. These criteria
are called Lhe static characteristics. Many other measure-
ment problems involve rapidly varying guantities. Here
the dynamic relations between the instrument input and
output must he examined, generally by use of differential
equations. Performance criteria based on these dynamic
relations constitute the dynamic characterislics.
Actually, static characteristics also influence the
quality of measurement under dynamic conditions, but
the static characteristics generally show up as nonlinear
or statistical effects in the otherwise linear differential
equations giving the dynamic characteristics. These effects
would make the differential equations unmanageable, and
$0 the conventional approach is to treat the two aspeets of
problem separately. Thus the differential equations of
d}:namic performance generally neglect the effects of dry
fl“-ction, backlash, hysteresis, statistical scatter ete., even
though such effects affect the dynamic behaviour. These
Phenomena are more conveniently studied as static

15

characteristics, and the overall performance of an instru-
ment/measurement system is then judged by a semi-
quantitative superposition of the static and dynamic
characteristics, This approach is, of course, approximate
but a necessary expedient.

‘2.2 STATIC CHARACTERISTICS

The static characteristics of an instrument/transducer/
measuring system are established by the process of static
calibration. By static calibration, the relationship between
the output signal and the quantity under study is
experimentally determined.

In general, static calibration refers to a situation in
which all inputs (desired, interfering, modifying) except
one are kept at some constant values. Then the one input
under study is varied over some range ol constant values,
which causes the output(s) to vary over some range of
constant values. The input-output relations developed in
this way comprise a static calibration valid under the stated
constant conditions of all the other inputs. This procedure
may be repeated, by varying in turn each input considered
to be of interest and thus developing a family ol static input-
output relations. The overall instrument static behaviour
may be had by some suitable form of superposition of
individual effects or in some ¢ases by variation of several
inputs simultaneously. In practice there may he many
modifying and/or interfering inputs, each of which might
have quite small effects and which would be impractical to
control. Thus the statement “all other inputs are held
constant” refers to an ideal situation which can be only
approached, but never reached, in practice.

"The process of static calibration requires the presence
of a standard with which the output signal of the measuring
device is to be related, If it is an indicaling or recording
instrument that is under calibration, the indicated value
of the pointer on the calibrated scale is checked for its
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th n standard source of the
But, in the ense of mensur-
nal isinvariahly
wwas of

correctness by comparison wi
quantity under mensurement. '
ing devices and transducers, llul- oulput s
of different forms and dimensions and ])_\'.”I(' process
calibention, the relationship between Ihl.. input L|1HIIIIII.}'
and the output sipnal has to he ('.‘iltl]’]lt-'r}it'lll. unfl this
relntionship is troated as its static characteristic, It is I‘!].‘:ﬂ
known as calibration curoe, though in many cases, itisa

straight line. ) .
Whoen o measuring system requires to he ealibrated, a

proper standard* whose accuracy is greater than l]'f“t of
the measuring system should be selected. [t is hetter if the
working standard is variable in value for calibration at
several points of the seale or range. A convention often
followed is that the calibration standard should be al least
ten times more accurate than the system under calibration.
During the enlibration process, it is essential to see that
the standard is not. disturbed in its value due to the connec-
tion or coupling of the measuring system or device with
the working standard or due to the technique adopted for
comparison of the values of the standard and the measuring
device.
2.2.1. Calibration Process. Calibration is an essential
process to be undertaken for each instrument and measur-
ing system as frequently as is considered necessary. A
reference standard at least ten times more accurate than
the instrument being tested is normally used. The
calibration process is simple. It consists of reading the
standard and test instruments simultaneously when the
input quantity is held constant at several values over the
range of the test instrument. The calibration is better
carried out under the stipulated environmental conditions.
All industrial grade instruments can be checked for
accuracy in the laboratory by using the working standards.
All modern electronic instruments that are likely to drift
in sensitivity are provided with built-in calibration facility
by using suitable circuits along with zener diodes.

While calibrating, it is customary to take readings
both in the ascending and descending order. Calibration
thus reveals some of the inherent flaws in the electro-
mechanical instruments and other mechanical transducers
involving elastic elements. It is essential to check the
linearity between the input and output quantities of many
transducers and declare the extent of non-linearity likely
to exast for the range for which 1t is to be used.

The test instrument is calibrated under several
environmental conditions in order to ensure that the grade
of performance conforms to its stated specifications. While
calibration in laboratory may be a simple process,
statistical approach is necessary sometimes.

The process of static calibration enables the definition
of seve;ral characteristics of the measuring system. The
fGHOWH}g terms specily the static characteristics of the
measuring systems and devices and a better understanding
of the terms enable proper selection of the measuring
systems for actual applieation,

casurements and Instrumentatio,

1. Accuracy. This is a qualitative term used to relate thg
instrument output to the true value of mufm'utl'nnd with
declared probability limits. In measurement, it is l'nﬂl'el'med
by static error, dynamie error, drift, l‘l_’]ll'fltlll(EIhIIlt}_". nor.
nearity, hysteresig, temperature and vibration.
Ac(';n‘ml‘_r relers to the degree of closeness or conformity
to the aceepted standard value or the Lr}lt: value of the
quantity under measurement. 'I'lu.- (fl'll)’ time a measure.
ment can be exactly correct is when it is a1 count of a numbey
of separate items, €.g., a number of components or g
number ol electrical pulses. In all other cases there will he
a difference between the true value and t_he value the
instrument indicates, records or controlsto i.e., thereisa
measurement error. The extent of this_ermr, or thf! accu.
racy of the instrument may be speeified in several different

line

wAays.
(@ Point Accuracy. Here the accuracy oflan: instrumelm
is stated for only one or more points in its range ie,
the specification of such accuracy does not give any
information about the general accuracy of the instru.

ment. This is particularly applicable to temperature.
measuring devices, where points are obtained at the
melting and vapourising temperatures of pure solids

and liquids.
(b) Percentage of True Value. When the accuracy of an

instrument is expressed in this way, then the erroris
computed as below

_ Measured value — True value X100 _.(2.1)
True value
The percentage error stated is the maximum for
any point in the range of the instrument.
(¢) Percentage of Fuli-Scale Deflection. Here the error
is calculated on the basis of maximum value of the
scale, thus

Error

_ Measured value — True value
True scale value

(d) Complete Accuracy Statement. In some cases,
pyrometers for example, it may not be sufficient to
specify accuracy at a limited number of points, and
the accuracy at a larger number of points is specified
in tabulated or graphical form. As a further example,
the error of each individual gauge in a set of slip gauges
is specified, it would not be adequate to specify a
percentage error for the set based on the nominal gauge
sizes.

It will be seen that an accuracy specified as a
percentage of full-scale deflection implies a less accurate
instrument than one having the same accuracy percentage
of true valuc. For example, an error of +1% of full-scale
deflection on a thermometer having a range of 500 °C would
mean that a true temperature of 50 °C could read from
(50 — 1% of 500) to (50 + 1% of 500) i.c. 45—55 °C; as 8
percentage of true value it would read from 49.5-50.5 °C.
Thus specification of accuracy in this manner is highly
misleading.

x100 ...(2.2)

Error

* The standard may be absolute (or primary), secondary,

—

and working standard. For details reference may be made to Chapter B.
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9, Precision. Another characteristic that is often referred
to in measurement is the “precision” of the device. Itis a
term which describes an instrument’s degree of freedom
from random errors. If a large number of readings are
taken of the same quantity by a high-precision instrument,
then the spread of the readings will be very small.

Precision is a measure of the consistency or repeat-
ability of measurements i.e. successive readings do not
differ. (Precision is the consistency of the instrument out-

ut for a given value of input). It combines the uncertainty
due to both random differences in results in a number of
measurements and the smallest readable increment in scale
or chart (given as the deviation of mean value).

Precision is often, though incorrectly, confused with
accuracy. High precision does not imply anything about
accuracy. A high-precision instrument may have a low
accuracy. Low-accuracy measurements from a high-
precision instrument are normally caused by a bias in the
measurements, which is removable by recalibration.

3. Bias. Bias describes a constant error which exists over
the full range of measurement of an instrument. The error
. isnormally removable by calibration.

Bathroom scales are a common example of instruments
which are prone to bias. It is quite usual to find that there
is a reading of perhaps 1 kg with no one stood on the scales.
1f someone of known weight 80 kg were to get on the scales,
the reading would be 81 kg, and if someone of known weight
of 120 kg were to get on the scales, the reading would be
121 k. This constant bias of 1 kg can be removed by
calibration: in the case of bathroom scales this normally
means turning a thumbwheel with the gcales unloaded
until the reading is zero.

4. Repeatability and Reproducibility. The terms
repeatability and reproducibility mean approximately the
same but are applied in different contexts as given below.

Repeatability is the characteristic of precision
instruments. It describes the closeness of output readings
when the same input is applied repetitively overa short
period of time, with the same measurement conditions,
same instrument and observer, same location and same
conditions of use maintained throughout. It is affected by
internal noise and drift. 1t is expressed in percentage of
the true value. Measuring transducers are in continuous
use in process control operations and the repea Lability of
performance of the transducer is more important than the
accuracy of the transducer, from considerations of
consistency in product quality.

Reproducibility is the closeness with which the same
value of the input quantity is measured at different times,
and under different conditions of usage of the instrument
“and by different instruments. The output signals and
mdicatinns are checked for consistency over prolonged
periods and at different locations. Perfect reproducibility
ensures interchangeability of instruments and transducers.

Both terms thus describe the spread of the output
readings for the same input. The spread is referred to as
repeatability if the measurement conditions are con stant
and as reproducibility if the measurement conditions vary.
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5. Tolerance. Tolerance is a term which is closel related
to accuracy and defines the maximum error whici ist f;.
expect.ed n some value. Whilst it is not, strictly speak? :
a static characteristic of measuring instruments i: o
plentloned here because the accuracy of some instrul;xen;z
1s sometimes quoted as a tolerance figure.

Tolerance, when used correctly, deseribes the maxi-
mum deviation of a manufactured component from some
specified value. Electric circuit components such as resis-
tors, for instance, have tolerances of perhaps 5%.

6. Re!iqbi!ity and Maintainability. The reliability of a
sys!:em is defined as the probability that it will perform its
assigned functions for a specific period of time under given
cpndjtians. The maintainability of a system is the probabi-
lity that in the event of failure of the system, maintenance
action under given conditions will restore the system within
a specified time. Both the factors are extremely significant
for complex systems. Estimates of reliability and maintain-
ability must be included in the initial trade-off between
performance cost and schedule.

The reliability of a device or system is affected not
only by the choice of individual components in system but
also by manufacturing methods, quality of maintenance,
and the type of user.

7. Deviation. It is a departure from a desired or expected
value or pattern and may also be described as the difference
between measured value and true value for a particular
input value. The deviation is given a plus or minus sign,
depending on whether the measured values are above or
below the true value.

8. Scale Range and Scale Span. Span and range are
the two terms that convey the information about the lower
and upper calibration points. The range of indicating
instruments is normally from zero to some full-scale value
and the span is simply the difference between the fult-
seale and lower-seale value. But some instruments operate
under a bias so that they start reading, for example,
voltages from 5V t0 25 V only. The zero of these instruments
is suppressed from indication by means of a bias. In such
a case, the scale range is said to be from 5 Vto25Vand
the scale spanis 25 -5 i.e 20 V.

Any excess value of the input signal ahove its upper
range value or below its lower range value is called the
over-range of a system or element.

On multirange instruments it is often necessary to
distinguish between the limits to which the device can be
adjusted versus the Jimits to which the device is adjusted.
The following terms describe the limits in detail.

(t) Low-range Limit. The lowest value of quantity thata
device can be adjusted to measure is known as low-
range limit.

(i) Upper-range Limil. The highest value of the measurcld
variable that a device can be adjusted to measure 18
known as upper-range limit.

(i) Lower-range Value. The lowest value of the measured
variable a device is adjusted to measure is called the
lower-range value.

e ——————EEERETE T
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wr-range Value. The highest value of the measured

(@) Uppe asure is cnlled the

variable a device is adjusted to me
upper-range value. -
9. Live Zero. Live zero is a term applied to nu.-zasprm;f
svstems whose output signal is not zero for 'm.ll.r:.]'npu]
q'unmily, Some feedback transducer systems are ¢ th?’]l(’.(
to develop output signals of de current ranging from
4-20 mA when the input quantity ::hm}gt"ﬁ from zero to
the full-scale value, For bidirectional \'flrmtmn (?ftl‘m nput
quantity from zerve value, the output su{nui variation may
be affected from 12 mA in either direction over the range
of 4-20 mA.
10. Scale Readability. Since the majority of the
instruments that have analog (rather than digital) output
are read hy n human observer noting the position of a peinter
on a calibrated seale, usually it is desirable for data taker
to state their opinions as to how closely they believe they
canread this scale. This characteristic, which depends on
both the instrument and observer, is calied the scale
readability.

Scale readability varies with the design of the instru-
ment and is partly governed by the instrument sensitivity.
The term denotes the extent to which the reader is enabled
to read the indications. If it is a digital instrument, the
reader records the reading as obtained in all the digits,
but in the case of analog instruments, his judgement of
the reading decides the last digit of the indicated value.
The readability of the instrument conveys the degree to
which the reader can be precise in recording the reading,
but it does not always ensure that the reading is accurate
in its value up to the last digit.

11. Stability. Stability defines the ability of a measuring
system to maintain its standard of performance over
prolonged periods of time. Transducers and instruments
of high stability need not be calibrated frequently,

12, Zero Stability. It defines the ability of an instrument
to restore to zero reading after the input quantity has been
brought to zero, while other conditions remain the same,

13. Resolution (or Discrimination) and Threshold.

Ifthe input to an instrument is increased slowly from some

arbitrary nonzero value, it will be observed that the output
of the instrument does not change at all until there is a

|
g

OUTPUT —

ZERO
DRIFT|

certain minimum increment in the input. ’[‘his minimy,
inerement in input is called resolution of the Instrumey,
Thus, the resolution is defined as the smallesl:. mcmmehi
of the input gquantity to which Ithe _measuring Systey,
responds. Resolving power or discrimination powey ;
defined as the ability of the system to respond to S|
changes of the input quantity. .

One of the major factars influencing thg resolution
an instrument is how finely its output sca]u_ls suhdivided_
Using a car speedometer as an example, this has subdiy;,
sions of typically 10 km/h, This means that wheln the neeq,
is between the scale markings, we cannot estimate speqg
more accurately than to the nearest 5 km/h. The figure of 3
km/h thus represents the resolution of the. Instrument,

If the input to an instrument 1s increased very
gradually from zero value, there will be some minimyp,
value of input below which no output change can be ohseryeq
or detected. This minimum value of input defineg the
threshold of the instrument. The phenomenon is specifieg
by the first detectable output change which is noticeahj
or measurable,

As an illustration, a car speedometer typically hag,
threshold of about 15 km/h. It means that if the vehig
starts from rest and accelerates, no output reading is of,
served on the speedometer until the speed reaches 15 kmj

Both resolution and threshold may be expressed eithe
in absolute value or as a percentage of full-scale reading

14. Responsiveness. It is defined as the smallest chang
in the quantity under measurement, which results in ar
actuating effort required to cause motion of the indicating
part of the nstrument.”

15. Drift. Driftis a slow variation in the output signald
a transducer or measuring system which is not due to any
change in the input quantity, It is primarily due tochangs
in operating conditions of the components inside the
measuring system. The drift is noticeable as zero drift anl
sensitivity drift.

Zerodrift is the deviation observed in the instrumer

- output with time from the initial value, when all the othe

measurement conditions are constant. This may be causel
by a change in component values due to variation I
ambient conditions or due to ageing, Typical units by whic
zero drift is measured are volts per °C in the case of

OourPUT —»

INPUT —
(a) Zero Drift

(b) Sensitivity or Scale Factor Drift

INPUT ———»

(c) Zero Drift Plus Sensitivity Drif

Fig. 2.1 Input-Output Characteristics With Drift
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yoltmeter affected by changes in ambient temperature. This
is often called the zero drift coefficient related to
temperature changes. Ifthe characteristic of an instrument
s sensitive to several environmental parameters, then it
will have geveral zero drift coeflicients, one for each
envimnmer‘ltul parameter. The effect of zero drilt is to
impose a bias in the instrument output readings; this is
normally removable by recalibration in the usual way. The
input-output characteristics with zero drift are shown in
Fig. 2.1(a).

Sensitivity drift (also called the scale factor drift)
defines the amount by which an instrument’s sensitivity
of measurement varies as ambient conditions change. [t is
quantified by sensitivity drift coefficients which define how

much drift there is for a unit change in each environmental -

parameter that the instrument characteristics are sensitive
to. Many components within an instrument are affected
by environmental fluctuations, such as temperature
changes; for instance Lthe modulus of elasticily of a spring
is temperature dependent. Fig. 2.1 (b) shows the charac-
teristics with sensitivity or scale factor drift. If an
instrument suffers both zero drift and sensitivity drift at
the same time, then the typical modification of the output
characteristic is as illustrated in Fig. 2.1 (¢).

In case the drift occurs only over a portion of span of
an instrument, it is called the zonal drift.

There are many environmental factors such as stray
electric and magnetic fields, thermal emfs, mechanical
vibrations, wear and tear, changes in temperature and
high mechanical stresses developed in some parts of the
instruments and measurement systems.

Drift is an undesirable quality because it is rarely
apparent and cannot be easily compensated for. Thus it
must be carefully guarded against by continuous preven-
tion, inspection and maintenance. For instance, the effects
of stray electrostatic and magnetic fields on measurement,
can he avoided by proper shielding. Mechanical vibration
effect can be reduced to minimum hy having proper mount-
ings. Temperature changes during measurement process
should be preferably avoided or otherwise be properly
compensated for.

16. Uncertainty. Uncertainty is expressive of the range
of variation of the indicated value from the true value. It
indicates the probable limits of error which the indicated
value may have due to the influence of disturbing inputs.
It is bipolar whereas error may be positive or negative
depending on whether the indicated value is higher or lower
than the true value. Statement ol uncertainty signifies
the quality of the measuring instrument and hence its
accuracy, it is incumbent on the part of every instrumen-
tation engineer to express the uncertainty attendant on
each measured value.

17. Static Sensitivity. Sensitivity is defined as the ratio
of the change in output signal to the change i the input
quantity. It is often referred to as incremental sensitivity
Or gain as it relates to increments in the signals, From
F}g- 2.2 (a) it is seen that the incremental sensitivity 15
different for different values of input quantity. But if the
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static calibration curve is a straight line over the entire
range as depicted in Fig. 2.2 (b), the incremental sensitivity
is constant over the entire range, In such a case, the overall
sensitivity or the static sensitivity becomes the ratio of
total change in output signal to the total change in the
input quantity. For a meaningful definition ol sensitivity
the output quantity must be taken as the actual physical
output observed, not the meaning attached to the scale
numbers. For instance, the actual physical output of a
voltmeter is the angular deflection of the pointer and the
unit of sensitivity, therefore, will be radians per volts.
Sensitivity of a measuring system should be high enough
to develop a readable or detectable change in the output
signal for the smallest change in the input quantity. The
definition of sensitivity clearly points out that it can be
increased by increasing the slope but unfortunately, this
might adversely affect precision.

The reciprocal of sensitivity is called the deflection
factor or inverse sensitivity.
18. Instrument Efficiency. It is defined as the ratio of
the measured quantity and the power ahsorbed by the
instrument at full scale. Instrument efficiency is rarely
provided by the manufacturer. However, it can he
determined if the instrument impedance and the full-scale
voltage or current are known.
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In measurement applications, where the current and
power are small, high efficiency instrument is a must,
since otherwise the magnitude of quantity being measured
will be reduced by extraction of sufficient large power from
the input source by the instrument eausing significant
error in result.

19. Lin emfity. Linearity defines the proportionality
between input quantity and output signal. If the sensitivity
is constant for all values frem zero to full-secale value of the
measuring system, then the calibration characteristic is
linear and is a straight line passing through origin. Ifit is
an indicating or recording instrument the scale may be
made linear. In case there is a zero error the characteristic
assumes the form of equation given by y =mx + ¢ where y
is output, x the input, m the slope, and ¢ 1s the intercept,
Linearity is the closeness of the calibration curve of a
measuring system to a straight line. If an instrument’s
calibration curve for desired input is not a straight line,
the instrument may still be highly accurate, In many
applications, however, linear response is most desirable.
The conversion from a scale reading to the corresponding
measured value of input quantity is most convenient if

. one merely has to multiply by a fixed constant rather than

consult a nonlinear calibration curve or compute from a
nonlinear calibration equation. Also, when Lhe instrument

. 18 part of a larger data or control system, linear response

of the parts often simplifies design and analysis of the whole
system. Thus specifications relating to the degree of
conformity to straight-line response are comenon.

The linearity is expressed as a percentage of the
departure from the linear value, i.¢. maximum deviation
qf the output curve from the best-fit (idealized) straight
line during any calibration cycle. Absolute linearity relates
to the maximum error in calibration at any point on the
scale to the absolute measurement or theoretical straight
line. The value is given as percentage of full scale.

Tht? term linearity by itself means very little, and any
}ralue given is sometimes misleading, As su.ch, the linearity
is further categorised under the following classes,

Theoretical slope linearity is referred to a straight line
between the theoretical end points. The line is drawy
without referring to any measured values. Terminq]
linearity [Fig. 2.3 (@)] is a special case of t}‘leuretical slope
linearity for which the theoretical end points are exactly
0% and 100% of the full-scale output.

End point linearity is referred to a straight line between
the experimental end points. Such end points can be
specified as those obtained during any one calibration cycle
or as an average of readings during two or more consecutive
calibration cycles.

Independent linearity is referred to the best straight
line, a line midway between the closest possible two parallel
straight lines enclosing all the output values obtained
during one calibration cycle. This can be drawn only when
the curve is drawn with all the output readings including
the end point readings _

Least square fit linearity is referred to the straight

line [Fig. 2.3 (c)] for which the sum of the squares of the
residuals are minimized. The residuals refer to the deviation
of output readings from their corresponding points on the
best-fit straight line. A relative term is the scatter which
can be defined as the deviation of the mean value of repeated
measurements from the best fit line.
20. Instrument Hysteresis. Hysteresis is phenomenon
which depicts different output effects when loading and
unloading whether it is & mechanical system or any
electrical system or for that matter any system, Instrument
hysteresis is the difference in the readings of an instrument,
with fixed value of the input signal, which depends on
whether that input value is approached from increasing
or decreasing values of input. That is up-scale and down-
scale deflections do not coincide when the measurementis
made of the same value by method of symmetry. ,

The non-coincidence between the loading and unloading
curves is known as hysteresis. oo

The two quantities of maximum input hysteresis a7
maximum output hysteresis are defined as shown 1
Fig. 2.4. They are normally expressed as a percentagé®
the full-scale input or output reading respectively i.-
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Fig. 2.4 Instrument Characteristic With Hysteresis

Maximum input hysteresis

t hysteresis =
Input hyster Full-scale input * 100
-(2.3)
and Output hysteresis = Maximum output hysteresis % 100
Full-scale output
-{2.4)

Hysteresis error may be caused by backlash, friction
or the characteristics of magnetic materials. Hysteresis
error is reduced by proper design and selection of the
mechanical components, introducing greater flexibility and
providing suitable heat treatment to the materials.

21, Dead Time. It is defined as the time required by a
measurement system to begin to respond to a change in
the measurand. Thus dead time is the time before the
instrument begins to respond after the measurand has
been changed. In Fig. 2.5 dead time is shown by AB.

c D
100 —
MEASURAND
DYNAMIC ERROR
80 F | INSTRUMENT READING
H
9 o+ MEASURING LAG
% J K
v
8 40—
= DEAD ZONE
A
20 — B
. DEAD
TIME
vs T T T T T
1 2 3 4 5
TIME -

Fig.2.5 Dead Time and Dead Zone of The Instrument

22. Dead Zone. It is the largest change of input quantity
for which there is no output of the instrument. In Fig. 2.5
dead zone is shown by BFA. For instance, the input applied
to the instrument may not be sufficient to overcome the

friction and will, in that case not move at all.

Itis due to either static friction (stiction), backlash or

hysteresis. Dead zone is also known as dead band or dead

=74
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space. All elastic mechanical elements used as primary
transducers exhibit effects of hyste resis, creep and elastic
_aftereffect to some extent. Pivoted type indicating
Instruments and recording instruments have the drawback
of small zero error due to stiction, backlash and hysteresis

23. Friction. Static friction (or stiction) is the force or
torque that is necessary just to initiate motion from rest.
Coulomb friction (or dynamic friction) is the friction force
or torque which opposes motion of the output, it is
independent of velocity and is normally less than the
corresponding stiction. Viscous friction varies as a function
of the velocity of a mechanism, it produces damping and
x'affects the response of the output because it introduces lag
1n motion.

24, Backlash. The maximum distance or angle through
which any part of mechanical system may be moved in
one direction without applying appreciable force or motion
tothe next part in a mechanical sequence.

25. Overshoot. If measurand is applied all of a sudden to
the indicating analog instrument then owing to the finite
mass of pointer and the moving coil, the momentum de-
veloped by deflecting torque would cause the pointer to
move beyond (or cross) the equilibrium position. This is
called overshoot and is

shown in Fig. 2.6. It is the o OaT FINAL STERDY
maximum amount in
per cent of the step magni-
tude by which the response
exceeds the required
change. In fact little over-
shoot is desirable to bring
the pointer to rest in mini-
mum time.

— MEASURAND —+

TME—

Fig. 2.6

Example 2.1, A set of independent current measurements
were recorded as 10.03, 10.10,10.11 and 10.08 A. Calculate
the average current and the range of error,

|Banaras Hindu Univ. 1989
Solution: Average current,

L+, +Ig+1, _10.03+10.10 +10,11+10.08

IGU 4 B 4
= 10,08 A Ans.

Maximum value of current, :

Iy = 1011 A -
Minimum value of current,

1. =10.03A
Lpng— Loy = 10.11 - 10.08 = 0.03 A
T~ Ipin = 10.08 - 10.03 = 0.06 A

Average range of error
~ Upax = Taw) + (Igw = Tmin) _ 0.03+0.05
= 5 ——
= 0.04 A Ans.

Example 2.2. A Wheatstone bridge requires a change of
60 in the unknown arm of the bridge to produce a change
in deflection of 2.4 mm of the galvanometer. Calculate
the static sensitivity and deflection factor.
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Solution: Magnitude of output response =2.4 mm

Magnitude of input = 60
Magnitude of output response
Magnitude of input

Static sensitivity =

i 2.4mm

= = (0.4 mm/Q Ans.
60

Deflection factor = Reciprocal of sensitivity

= 60 =25 QYmm Ans,

2.4mm

Example 2.3. A 0-5 A ammeter has a resistance 0f 0.01 Q.
Determine the efficiency of the instrument.

Solution: Full-scale reading of instrument, I’ =5.0A
Ammeter resistance, R, = 0.01 Q
Power consumption for full-scale deflection,
P =17R,=5.0°x0.01=025W

I
Instrument efficiency, n = P_f = =20 A per watt Ans.

f

Example 2.4. A milliammeter has 100 divisions on its index

scale and is provided with range multiplier switches of 1,

10 and 100. Find the range of the instrument and scale

range.

Solution: Highest multiplier switch = 100 times

Range of instrument = 100 x 100 mA
=10,000mA =104 Ans.
Scale range = 0 — 100 Ans.

Example 2.5. The following resistance values of a platinum
resistance thermometer were recorded at a range of
temperature. Determine the measurement sensitivity of
the instrument.

0.25

Temperature in °C Resistance in ohms

200 305
225 310
250 315
300 325

Solution: If these values are plotted on a graph, the straight
line relationship between resistance change (Ar) and
temperature change (Af) is obvious.

Measurement sensitivity = Ar _ 310-305
At 225-200

=0.2 Q per °C Ans.
Example 2.6. A platinum resistance thermometer is used
to' measure the temperature between 0°C and 200 °C,
Given that resistance at t°C as R, = Ry(1+ at + ﬁtz),
R,=100.0 Q, R, =138.60 Qand Ryg0=175.83 Q, calculate
the non-linearity at 100°C as a per cent of full-scale
deflection. [U.P. Technical Univ. Measurements

and Instrumentation 2003-0
Solution: &

. BC 200
LengthDE= —xAD=—_2%0
B 175.83-100 X (138.50 - 100)
= 101.543°C
i.e. point D represents a temperature

_ : of 101.543°C
corresponding to resistance of 138.50 Q.

Measuremends and In.-;tru.memuuoﬂ

So deviation = 101.543°C - 100°C = 1.543°C

1t full-seale deflection non-linearity

Per cer
- L5643 L 100=0.7715% Ans.
200
™
2004
STRAIGHT
I LINE
¢
z
& UAL
& ACT!
% 101.543C_§ CHARACTERISTIC
100 f—— p
t ‘ﬁ_
& DEVIATION
E
0 ol . B .
A100 138.50 150 175830 200
RESISTANCE IN OHMS ———
Fig. 2.7

Example. 2.7. A spring balance is calibrated in an
environment at a temperature of 20°C and has the
following deflection/load characteristic

Load in kg 0 1 2 3
Deflection in mm 0 10 20 30

Itisthen used in an environment at a temperature of
40 °C and the following deflection load characteristicis
measured.
Load in kg 0 1 2 3
Deflection in mm 4 16 | 28 | 40
Determine the zero drift and sensitivity drift per°C
change in ambient temperature.

Solution: At 20 °C, deflection/load characteristic is a straight
line.

Sensitivity = 10 mm per kg
At 40 °C, deflection/load characteristic is a straight line.
Sensitivity = 12 mm per kg
Bias or zero drift = No-load deflection = 4 mm
Sensitivity drift = 12 - 10 =2 mm per kg
4mm

Zero drift/ °C = —— = 0.2 mm/°C Ans.
20°C

Sensitivity drift/°C = %“% —0.1 mm per kg per “CAnS
Example 2.8. A 20 kQ variable resistance has a linearity
0f0.2% and the movement of contact arm is 300°. Find t!’e
maximum position deviation in degrees and the res!¥
tance deviation in ohms. For using this device as e
potentiometer with a linear scale of 0 to 2.0 V, determi?
the maximum voltage error.

Solution: Per cent linearity = 0.2
Full-scale reading = 300°
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gjnce per cent linearity
Maximum deviation of output
_ from the idealised straight line

= — * 100
Full-seale deflection
Maximum displacement deviation
_ Percent linearity x full-seale reading
- 100
0.2 x 300 ”
= —W— =().6" Ans.

maximum resistance displacement
_ 0.2x 20k
100

A displacement of 300" corresponds to 2 V and, therefore,

Similarly,

=0.04 kQor40Q Ans.

6
0.6° corresponds to a voltage of 300 2=4x107V

Maximum vollage error =4 X 107 V or 4 mV Ans.
Example 2.9. The dead space in a certain pyrometer is
0.12 per cent of span. The calibration is 500 "C to 1,250 °C.
Determine the temperature change that might occur
pefore it is detected.

Solution: Span = The algebraic difference between the upper
and lower range values
= 1,250 - 500 =750 °C
0.12 o
Dead space = 0.12% of span = 100 x 750=0.9°C
Thus a change of 0.9 °C must occur before it is detected.

Example 2.10. An ammeter reads 6.7 A and the true value
of the current is 6.5 A. Determine the error and the

correction for this instrument.
[U.P. Technical Univ, Electronics Instrumentation

and Measurements, 2010-11]
Solution: True value of current, A = 6.5 A
Measured value of current, A, = 6.7 A
Error of the instrument = A — A
=67-65=02A Ans,
Correction for the instrument = — Error of measurement
=—-02A Ans.

23 NOISE

Noise is any kind of unwanted signal that is not related to
the input. It may be defined as any signal that does not
convey any useful information but is superimposed on the
desired input. It may also be defined as all types of distur-
bances which generate unwanted input signals and may
originate at any of the three stages of the instrumentation
system. Thus noise may originate at the primary sensing
d_evice ina communieation channel or other intermediate
links, The noise may also be caused by indicating elements
of the measurement system,

The common sources of noise are as follows:

1. Noise are picked up by atmospheric interferences
during data transmission, by earth currents from electric
appliances and machines.

' 2. Stray electrical and magnetic fields present in the
feighbourhood of the instruments generate extraneous

23

signals which tend to distort the original signal. The effect
of these stray fields canhe minimized by adequate shielding
or relocation of the components of the instruments.

3. Mechanical shoeks and vibrations are other sources,
Their effeet can be minimized by proper mounting.

4. Thermal or Johnson Noise. The motion of (ree
electrons drifting around within the materia constitutes
a flow of many tiny random eleetric eurrents. Such currents
cause minute voltage drops. which appear across the
terminals of the material. The amplitude of the penerated
voltage increases lincarly with the rise in temperature,
This is because the number of free electrons available and
the random motion of the electrons are increased with the
increase in temperature. This undesired. randomly varying
voltage is termed thermal noise. Thermal noise is
generated within resistors,

Thermal noise is an alternating quantity and the rms
value of the thermal resistance noise voltage v, isgiven by
expression

v, = 2JkTBR .(2.5)
where k' is Boltzmann's constant (1.374 x 10722 joules per
Kelvin), T'is absalute temperature of resistor in Kelvin, R is
the resistance of the resistor in ohms and B is the circuit
bandwidth in Hz over which
measurements are carried out. _Wh

The noise voltageisshown  Fig.2.8 Thermal Noise
in Tig. 2.8. The varying size Appearance
and shape of the noise voltage indicates that it has compo-
nents of many different frequencies. The noise is uniformly
distributed throughout the entire bandwidth. The noise
depends on bandwidth, temperature and the resistance.

5. Noise From Vacuum Tubes and Transistors.
Noise also originates from vacuum tubes and transistors
often referred as tube noise and transistor noise. There
are several types of noise as explained below:

Shot Noise. Among the various possible sources of
noise in a tube, one of the most important is the shot ef-
fect. It appears that the current in a tube under dc condi-
tions (with no input signal) is constant at every instant.
Actually, however, the cur- -
rent from the cathode to the 7/ 1

anode consists of a stream R / N /
of individual electrons, and ~ / I\-
it is only the time average -

flow which is constant. Such
fluctuations in the number
of electrons emitted causes
the shot noise. Shot noise in-
creases with the increase In _
operating current and the
rms value of noise current
I, in a diode is given by the
expression

AR
R GI;II
117!

Fig-2.9 Thermal Agitation
of Electrons Causing Varying
Potential

I, = 2el, B (26),

where ¢ s electronic charge in coulomb,_l .18 Fhe emission
current in amperes and B is the bandwidth in Hz.
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1 ) ] :.“
[n addition to thermal and snot noise, the other source

ise in o tube are:
hat cause notse mn a y
t () flicker noise caused by the spontancols emission

of particles from an oxide-conted cathade, an f-‘fft‘ct'i
particularly not il‘l'-‘llih.“ at low frequencies _“r"
decronsing with increasing value of f"‘-'f?“"”.cm""'
(i) Partition noise caused due to [Tuctuations n the
division of charge carriers between various
electrodes.
(i) Induced grid noise caused due to random nature
of the electron stream near the grid.
(iv) Secondary emission noise caused due to variations
in secondary emission from plate and grid.
() Gas noise caused by the random ionization of the
few molecules remaining in the tube.
In addition to thermal noise in a transistor, noise is
also caused due to random motion of the charge carriers
(majority as well as minority carriers) crossing the emitter
and colector junetions and due to random recombination
of electrons and holes in the base. There is also a partition
effect developed due to random fluctuation in the division
of current between collector and the base. The amount of
noise produced depends upon the quiescent conditions and
the source resistance R_. Low operating currents and use
of higher than normal input resistance reduce the
transistor noise.

The main sources of noise in FETs are the thermal
noise of the conducting channel, the shot noise caused by
gate leakage current. One advantage of a FET over a BJT
is that the FET usually has much lower thermal noise.
This is because, unlike the bipolar transistor, there are
very few charge carriers crossing a junction in the FET.
This is the reason that FETs are employed near the front
end of electronic equipment as the subsequent stages
amplify the noise at front end along with the signal and if
a FET amplifier is used at the front end, less amplified
noise is obtained at the output. Thus FETs are useful for
input circuits operating at low signal levels.

2.3.1. Noise Figure. A noise figure (NF) has been intro-
duced in order to enable to specify quantitatively how noisy
a circuit is. It is defined as the ratio of the noise power
output of the circuit under consideration to the noise power
output that would be obtained in the same frequency range
if the only source of noise were the thermal noise in the
internal resistance R, of the signal source. Thus the noise
figure is a quantity which compares the noise in an actual
amplifier with that in an ideal (noiseless) amplifier. To
arrive at this figure, the transistor noise output is mea-
sured under specified biased conditions and with a speci-
fied source resistance, temperature, and notse handwidth,

Ime- 1s the signal power input to an amplifier, N .is
the noise power input due to source resistance R.,S lis
the signal power output and N _ is the noise powersouf;ut
to source resistance R, and due to other sources of noise in
the device, noise figure NF is given as

Total noise power output

NF =10log —
01se power output due to R,

in Electrical and Electronic Measurements and I"-““”“”L’"‘Q!fnn

N0

AN

=101log
pi

S -
where A, = _ﬂ“_ = Power gain Ufamphﬁlir
~pi

N .S, S,i/N

. po—pt _ 1 P pL
Thus NF = 10 log ———— = 10log (2
" SpuNw’ Spﬂ’Npo @)

5, . . )
The quotient ﬁ”— is called the signal-to-noise Powe,
P

ratio, . : : .
The noise figure NT is proportional to the input s

to noise-power ratio divided by the output signal to noig,,
power ratio. _ _

Ttis advisable to keep the signal-to-noise power rat;j,

as high as possible soas to accurately }'neasure thg wante(
signal. In an amplifying system, the mgnal-ta—nmse Power
ratio sets an upper limit to amplification.
Example 2.11. One active and other dummy strain gaugeg
form the opposite arms of a Wheatstone bridge. The othe;
two arms are of equal resistances of 120 Q each at 300 g,
When a pressure of 7,000 kN/m? is applied the outpyt
voltage is 0.12 mV. Find the S/N ratio generated by the
resistors. Assume bandwidth 1,000 kHz and Boltzmany
constant as 1.38 X 1072 J/k.

Solution: Noise voltage,
v, = 24k'TRB
= 2JKTRAf

= 2\f1.38 %1073 x 300 x 120 x 1,000 x 10°

Refer to Eq...(235)

= 0.446 pV
S/N ratio = Qutput voltage _ 012mV _ 969 Ans.
Va 0.446 pVv

2.4 LOADING EFFECT

The ideal situation in a measurement system is that when
onintroducing an element, used for any purpose (maybe
for signal sensing, conditioning, transmission or detection),
into the system, the original signal remains undisturbed
1.e., introduction of any element in a measurement system
should not distort the original signal in any form. However,
in practical conditions it has been found that when an
element is introduced in a measurement system, it ext_racli
some energy from the system and, therefore, original si§
1s distorted. Such distortion may take the form of
attenuation (reduction in magnitude), waveform distortio?
phase shift and many a time all these undesirable featuré
put together. Thus ideal measurement is not practicﬂble'
The incapability of the system to faithfully measure, rec?”
or control the input signal (measurand) in undistorted for®
is known as the loading effect. ;
A measurement system consists of three distinct-‘ﬁlﬁlge
viz. (i) detector-transducer stage, (ii) signal condition”
stage including original transmission stage, and ({ii) sign?
presentation stage. The loading effect not only nccufs:m
the first stage but also may occur in any of the t
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gubsequent SLEes. While the first stage detector-transducer
Joads the input signal, the second stage loads the {irst stage
and finally the third stage loads the second one. In fact,
the loading problem may be earried right-down to the basic
olements themselves,

In measurement systems, we deal both electrical and
mechanical quantities and elements and so the loading
effect may occur on account of both electrical and
mechanicnl elements. The loading effects are due to
impedances of various elements connected in a system.

2.4.1. Loading Effects Due To Shunt Connected
Instruments. In measurement systems, voltage
measuring, displaying, and recording instruments like
voltmeters, oscilloscopes and strip-chart recorders are
connected across the circuiti.e., in parallel (or shunt) with
the circuit.

Any network can be considered equivalent to a
Thevenin's voltage source E; in series with an output
impedance Z,, as illustrated in Fig. 2.10 (a). Let the load
in the present case be a voltmeter of input impedance Z; .

When the load (or any other measuring or recording
device), which is a voltmeter in this case, is not connected
to its terminals, the voltage across terminals AB will be
equal to E;.

. i INPUT
THEVENIN'S
@, VOLTAGE B |4 3‘;53::5 RING
i SOURCE l DEVICE
(@ B

EL
B
)]

Fig. 2.10 Voltage Source and Shunt Connected
Instrument as o Load

Ideally when the load (voltmeter in this case) 1s
connected across the terminals A and B, the output \.rolt&g.e
should remain the same. However, the load impedapce 15
not infinite and, thercfore, when a voltmeter with an input
impedance Z1s connected across terminals A and B, alls
illustrated in Fig. 2.10 (b), it draws some current, Say 7,
amperes, This causes a voltage drop of I; Z, across the
output impedance of the source. Thus output voltage under
loaded condition (i.e. voltage across terminals AB when
load is connected across them),

or E =1, (Zy+Zy)
Ratio of actual voltage appearing across the Toad (when
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t}.m irlmtrumnr!t‘in connected) to the voltage under open-
circuited conditions (ideal in this case) is given as
B WA
By 1(7, %) 1+ Zy S
Z,
oractual voltage measured,
__Ey
E, = 7 ..(2.9)
1+—
Z

Thus the voltage, which is measured, is modified both
in phase and magnitude. This means that the original
voltage signal is distorted due to connection of measuring
device across it.

[t is obvious from above Eq. (2.9) that in order to keep
original signal E; undistorted, the value of the instrument
input impedanee Z; should be infinite or the value of output
impedance of the source, Z, should be equal to zero which
cannot be attained in practice. So to have distortion, as
small as possible, the input impedance of the instrument

(Z, ) should be very large in comparison with source output
impedance (Z).

MEASURED VALUE
OF VOLTAGE ——»

-

TIME, t
(a) Effect of Frequency on Magnitude

Ey E,
l - TIME, 1+ -TIME, t+
I_/ —
(b) Waveform Distortion
Fig.2.11

Since Z, and Zj, depend upon the frequency, the
indicated voltage value will dep end upon the frequency of
operation. Due to input capacitance effects of the
instrument, the value of input impedance ZL be comes lo'_.v
at high frequencies with the result that 1:he input signal ;s
substantially distorted at high frequencies. Thus not ,lc;n y
the magnitude of input signa‘] is af‘lfectec:.l but also 1:1:3 {) 223
at high frequencies. The nonsu'lusmdal signalsare [115 0 -
in waveforms also. The magmj;u de of the mea‘sufre mgr::
becomes substantially sma)ll with the increase in frequency,

i in Fig. 2.11 (a).
" d%li:ztsega]i;ﬂygchanging nonsin_usoi_dal wavefml-lms aer;
rounded off because of the finite time it takes tocharg

capacitor.
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To Series Conncected

is of the form of current
helpful touse the

2.4.2. Loading Effect I).m-
Instruments. When (he signal .
ries input devices are used, 1018

Ly 'IH{I I I
et we 11 ST CHReS,

B admittinm ' .
concept ol input i : ) ot
'\:w nelwork enn e considered equivalent to Norton

_ ; b7
ent source 1y in parallel with admittance Y,

onstant curl V : T
Consit 9 12(). Lot the load in the present case

as shown i Fig. - v
ol tHanee .
be an oommeter ol input adm - ' |
Tl.u- value of current flowing between terminals Aand
o idenl conditions is I, which is the current that
B under i o rend
flows when terminals A and B are short circuited, as

ilustrated in Fig. 2.12(a).

A
Iy Y
NORTON'S |, INPUT
I..C) CONSTANT §Yn ADMITTANCE
CURRENT OF MEASURING
SOURCE DEVICE
(a) 8
A
I
>
]u Yﬂ Yh
(b) B

Fig.2.12 Current Source and Series Connected
Instrument as a Load

When we actually measure the current, an ammeter
1s to be connected between terminals A and B. The current
flowing through the instrument is given as

Iy x Y, Iy
IL = = Y
Y, + Y, P20
Y,
i.e. actual current measured,
I
- 0
I = Y, ..(2.10)
1+_2
Y

n

The above equation shows that the input admittance
of the series element should be very large as compared
with the output admittance of the current source so as to
reduce the loading effect,

Example 2.12. Amultimeter having an input resistance of
25 kQ is used to measure the voltage across a circuit
having an output resistance of 1.0 kQ and an open-circuit
voltage of 12V, Find the error in measurement.

Solution: Measured value of voltage,

E 12
E, =—%— =— =11538V
1+=2 14—
Error in measurement

-= Measured value — trye value
=11.538 -12=-0.462 V Ans,

Jectronic Measurements and Instrumen:qurm

11.h38-12 » 100
0

Percontnge cerror =
12

= 3846 "% or 3.846% low Ans,

Example 2.13. A de circuit can be r'l.‘lll'l'H(?I‘tll:d- by an
internal voltnge source of 50 V with an output resistance
of 100 kQ. In order to nchieve accuracy I).cttt:r than 999,
for voltage measurement neross its terminals, c:nlu:u[m._e

the resistance of voltnge measu ri ng (.]IEVI(.'G.
[P, Technival Univ. Elee. Measurements gpy

Measuring Instruments 20&5.05-1

Solution: Mensured value of voltage,

E, _ 50
E.rrl = Ru = ———-—-——-l ; 100 kO wi)
R, R,

where R, is the resistance of the voltage measuring device,
Measured value with 99% accuracy,
99 99

=F x — =50% =495V .
E, B, x T b0 100 (ii)
Equating expressions (i) and (if) we have
50
—_— = b
15 100 kQ a8
R,
P+ 100kQ _ 50
R, 49.5
r 100](0.:__5_{)_“_ :E:i
R, 495 49.5 99

or R = 9,900 kQ Ans.

Example 2.14. What is difference between accuracy and
precision of a measuring instrument? Define sensitivity
of a voltmeter.
When a voltmeter is connected

across either of the two 100kQ
resistors in Fig. 2.13, it shows a 200V
reading of 90 V when it should have
shown 100 V. Explain clearly why
this is happening. Also calculate
the internal resistance of the Fig. 2.13
vuli;meter being used. [U.P.S8.C. 1.E.S. Electronics and

< Communication Engineering-1, 2007)
Solution: A voltmeter when connected across either of the two
100 kQ resistors (say, upper one),
acts as a shunt for that portion of
the circuit. The voltmeter will then v
indicate a lower voltage dropthan 200V
actually existed before the voltme- |
ter was connected. This happens
because of loading effect and
fnainly oceurs with low sensitivity
Imstruments,

Let the internal resistance of the voltmeter be Ry k2.
Equivalent resistance of the upper portion of the circuit,

100K

100k

100kQ Ry

100kQ

Fig. 2.14

R =100(| Ry = 0 xRy
100+ Ry

Equivalent resistance of whole circuit,
Ry =R, + 100) kQ

li)
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BﬂLx\f

R,
— %200

100+ R,,,

]

Now 90 by voltage divide rule

90 = 100 900
or R, = - =

¢ 00— 90 BT -1

Comparing expressions (i and (if) we have

100 x Ry _ 900

100 + R\- 11
or 11 Ry —9Ry =900
200

or Ry = & =450 kQ Ans.

Example 2.15. A voltmeter hav-
ing a sensitivity of 15 kQUV reads ZmA
80 Vona 100V scale, whencon-  sov R
pected across an unknown re-
sistor. The current through the
resistoris 2 mA. Calculate the %
of error due to loading effect.
[J.N. Teehnological Univ. Hyderabad, May-2011]

Solution: Resistance of voltmeter,

Ry = Sensitivily of voltmeter in kQ/V
x range of voltmeter

= 15 x 100 = 1,600 kQ
Voltage across unknown resistor,

1,500k

Fig.2.16

V = Reading of voltmeter connected across
the circuit

=80V
True value of unknown resistance, .
Voltage across resistor

T~ Current through resistor .
0 -4000000r 40k L
2x10™

Apparent value of unknown resistance,
R,, = Equivalent resistance of the circuit
40kQ|| 1,500 kQ

_ 40x1,500 _ g0 gp1 k0
40 + 1,500

% error due to loading effect,

= _Rm_'_Eng]_oo

Ry

27

Calculate (i) the reading of each meter and (ii) the error
in ench reading, expressed as a percentage of true value.

(U.PS.C. [LE.S. Electrical Engineering-1, 2010
Solution: Resislance of voltmeter 1,

Ry, =5V = 1000 x 500 = 50 ko
Resistance of voltmeter 2,

sz = 5,V = 20,000 = 50 Q = 1,000 kQ
True value of voltage across 50 k€1 resistor,

50

Vo= 105580 %1560 =50 V by voltage division rule

.Equiv.ralent resistance of parallel combination of 50 kQ
resistance and voltmeter 1,

- 50 = 50
1 B0 +50

Equivalent resistance of parallel combination of 50 kQ
resistance and valtmeter 2,

_ 50 = 1,000
td2  50+1,000
(i) Reading of voltmeter 1,

=25kQ

=47.62kQ

R
V= ——x150 by voltage division rule

R, +100
25
= ———x150=30V .
Z5.100 % 100 = 30V ‘Ans
Similarly reading of voltmeter 2,
V,= —k82 150 =48.39V Ans.
47.62 +100
(i) Percentage error in reading of voltmeter 1
= Vi-Vn 100=30-50 100 =—40% Ans.
Vp 60 ;

(i) Percentage error in reading of voltmeter 2,

=Y Vr 0024839200 100 =—3.22% Ans,
~ 50

Thus, we note that loading effect is reduced with the use of
high sensitivity instrument.

Example 2.17.It is required to measure the voltage across
10 kQ resistor of the circuit shown in figure below
(Fig. 2.17). Two voltmeters are available. Voltmeter Aisa
1 mA movement and voltmeter B is 50 pA movement. Both
"use their 50 V scales. Calculate (i) the reading of each

voltmeter (ii) the error from true reading.
[U.PS.C. LES. Electrical Engineering-I, 2013)

Solution: Resistance of voltmeter 1,

38.961-40 -
= =-92.56% Ans.
40 x100 =2 Ry = 50 o =50k0
E 17 1x107°
[’:ample 2'.".5' .Ex]ﬂam briefly e Resistance of voltmeter 2,
about sensitivity and loading
: effect of a voltmeter. The voltage + Ry = 60 - O =1,000kQ
I across the 50 kQ resistor in the 180V 50k 2 50x10
E zlrrcu]t shown l?elow in Fig. 2.16 Equivalent resistance of parallel combination of 10 kQ
[ s v measured with two vol tmeters . resistance and voltmeter V,,
eparately. Voltmeter 1 has a Fig.2.16

_10x50 _ 50

= kQ
eqp  10+60 - 6

;EHSitivity of 1,000 Q/V, Voltmeter 2 has a sensitivity of
0,000 V. Both the meters are used on their 50 V Range.

e

ST
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Ry =20k

Equivalent resistance of par-
allel combination of 10 kQ resis-
tance and voltmeter Vs,

10 x 1,000
Reay = 041,000
1,000
101
Reading of voltmeter 1,

R
V, = _ﬂ_sz
1 Ry, +20

+
Vy= 100V Re=10k02

P~

Fig. 2.17

50

=—6  x100=29.412V Ans.
50
?1*20

Reading of voltmeter 2,
1,000
,= 101
1,000 +90
101
True value of voltage across 10 k€ resistor,
_ VexR, _100%10
Ry+R; 20+10
Error in reading of voltmeter 1
= ViVp g0 - 29412-33.333
A 33.333
=-11.763%
Error in reading of voltmeter 2

x100 =33.113V Ans,

Vo =33.333V

Ans.

= Yo=Vp 00 = 33.113-33.333
Vr 33.333
=-0.66% Ans.
The above results indicate that the voltmeter of higher
sensitivity provides more reliable results.

Example 2.18. It is
desired to measure the
value of current in

x 100

10000 5000 A

500 Q resistor as shown 10\?: 1,000Q gE
in Fig. 2.18 by connect- .( "g
ing a 100 Q ammeter. —0

Find (i) actual value of 8

current (ii) measured Fig.2.18

value of current (jii) the percentage errorin measurement
and accuracy. (RG.PYV, June-2007)
Solution: Let us reduce the actual circuit to an equivalent
Thevenin's source,
10 x 1,000
Te——— =§V
1,000+1,000

Output impe : - :
A B‘pu impedance of source as looking back into terminalg

Open-circuit voltage, E,=10-

_ L00Dx1,000
ot = 1000+ 1.000 =1,000Q

The Thevenin's equivalent circuit ig shown in Fig, 2.19 (@)
(1) So actual value of current flowing through 500 g resistor

5
=1 = -
o 1,ODDA 5mA Ansg,

by voltage division rule

Measurements and Ins;mm'-’nfﬂli.,
)

1,00002 10000

1,0000 A A
ko [
'_I: Th L g8
5V . e

_'[ \-§

<

(@ B (b (C}
Fig.2.19

; meter is connected to terminals A &
as S}f;?v?u}:%?gth QP: fgnzc), current through ammeteri.e, meﬁ:jrfj
value of current,
E, -
L R Rammewr  1L000+100

A= 4.5455 m4

(iif) Percentage error In measurement

=h-b 00 = 100

(i)

=-9.09% Ans.

Accuracy of measurement
=100 | percentage error |
=100-9.09=90.91% Ans.

25 MAXIMUM POWER TRANSFER AND
""" IMPEDANCE MATCHING B

ek

In measurement system many a times we are concerned
with the problem of maximum power transfer from the
source to the input device. Maximum power is transferred
from one network to another one connected to it at g
terminals, when the impedance of one is the complex
conjugate of the impedance of the other. This means that
for maximum power transfer from source to load, the load
resistance should be equer! to the source resistance and the
load reactance should be equal to '
the source reactance in ma gnitude
but opposite in sign, i.e. if the
source is inductive the load should
be capacitive and vice versa.
Consider an ac source with an
internal impedance Z = (R‘i +sz) '
and voltage V., supplying to a load
with impedance Z,=(R, +jX;)
Total impedance,

L=Z,+ 7 =R, +Rp) +j(X, +X,)
Current delivered to load,

Fig. 2.20

VH Vs
(Ry +Ry) + j(X, +X1,)
The magnitude of load current,

1 Vs

L, —_
\[(R,, +Rp )%+ (X, + XL)2
Power delivered to load,

Vﬁ xR

(R, +Rp)? + (X, + X1’

— 12
L=ILR; =
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An inspection of above equation shows that as far as
yariation in the value of X is concerned, the power
delivered to load Py, will be maximum when X_+ X, =0or .
x, =X, and power delivered will be in this condition,

L
_ VR
L= L
(R, +Rp)°
Asfarasvariationof Ry isconcerned, the power transfer

(2.11)

dP,
dR,,

Differentiating the Eq. (2.11) with respect to R; and
equating it to zero, we have

dBy, _ ViR, +Ry)’ - 2Ry (R, + R)Vy _

will be maximum when is zero.

dRy, (R, + Rp)* 0
or ®,+R)?-2R;, R,+Ry)=0

or R? +R? + 2R R —2R? 2R R, =0
or RZ-R%I=0

or R,=R; .(2.12)

1t means that maximum power can be transferred from
a source to a load if the internal resistance of the source or
the output resistance of the preceding stage of an
instrumentation system is equal to the load resistance or
the input resistance of the succeeding source.
Substituting R, =R; in Eq. (2.11) we have maximum
power transferred and is given as
p) 2
Lmax VS ! 2 = b -(2.18)
(R +Ry)

4R,

In practice, the network or generator (source) may not
be capable of supplying the maximum possible power to
the conjugate impedance as specified above without
overheating of the source. Thus it is not always physically
possible to make use of the ideal conjugate load, a higher
impedance load is required to avoid burnout or damage.

In many applications it is desirable to match the
impedance of input device to the output impedance of the
signal source instead of making the impedance of the input
device either too low or too high.

Typical cases of impedance matching are those
involving applications of waveform generators like pulse
generators and radio-frequency (RF) generators which
utilise a transmission line to audio amplifiers feeding loud
speakers and other electromechanical transducers.

The condition for impedance matching is not critical.
Figure 2.21 depicts the relative amount of power transferred
from one system to another for different ratios of Rj/R,.
Fora 10% deviation from the correct value of impedance

matching (i.e. Ry - 0.9 or 1.1), the power transfer is

Practically 100%. For a 20 per cent change, the power
transfer reduces to 99%. Even for a 100% change (ratio

R,
R =05 or 2), the power transferred is 89% of the

&
Maximum allowable power.

29
100
TN
80
\
§ 60 [ \
x / \
E w / \\
20 ,/ : \\
f N\
<
5 M

0.01 01 1.0 10 100
RL ! RE _—
Fig.2.21 Maximum Power Transfer ;

Example 2.19. Measurement on a human nerve cell indi-
cates an open-circuit voltage of 80 mV, and a current of
5 nA through a 6 MQ2 load. What is the maximum power
available from the cell?
Solution: Load current,I; =bnA=5x 10°%A
Open-circuit voltage, E, = 80 mV =0.08 V
Load resistance, R, =6 MQ =6 x 10°Q
It R, is the output resistance of the cell, then
0.08
R, = & -R, =
9 IL & bx 10_9
=10x 10° Q=10MQ
Maximum power available from cell,

(0.08)
4x10x10°
=160 x107'2 W = 0.16 nW Ans.

—6x108

max "~ RD

Example 2.20. The output voltage of an audio amplifier is
12V and 4 V when delivering a power of 28.8 Wand 16 W
respectively. Determine load resistances in the two cases,
amplifier's output voltage and output resistance.
Determine also the magnitude of maximum power
available from the amplifier.
Solution: Voltage across load,
Vi, =12V and VL2=4V
Power delivered to load,
P,=288W and P,=16W
Load resistance in the first case,

=
5]
Load resistance in the second case,

Vi, 4

RL2 = P_z, =18
Voltage across load is given as
_ EyxRy
L™ Ry +Ry,

=1Q Ans.

So, 12=20x5 D)
Ru +b

onl
Ry +1

and 4= .(if) inthe second case
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Solving Eqgs. () and (1), we hoave

wait voltage of nmplifier, =24 V Ans.

Open-cir ! - : :
Output resistanee of amplifier, Ry =5H0 Ans.

Maximum pawer available from the amplifier,

s BT
; 24

P = |";i = = 28.8 W Ans,
mx T YR, {1 %0

2.6 DYNAMIC CHARACTERISTICS OF
MEASUREMENT SYSTE__MS

On application of an input to an instrument or nwnmgr?nﬂ
system. it cannot attain its final steady-state position
instantancously. The fact is that the measurement system
passes through a fransient state before it reaches its final
steady-state position. Some measurements are carried out
in such conditions that allow sufficient time for the
instrument or measurement system to settle to its final
steady-state position. Under such circumstances the study
of behaviour of the system under transient state, known
as transient response, is nol of much importance: only
steady-state response is to be considered. On the other
hand, in many measurement systems it becomes imperative
to study the system response under both transient as well
as steadyv-state conditions. In many cases the transient
response of the system is more important than its steady-
state response. As we know that the instruments and
measurement systems do not respond to the input imme-
diately due to the presence of energy storage elements (such
as electrical inductance and capacitance, mass fluid and
thermal capacitance ete.) in the system. The system exhi-
bits a characteristic sluggishness due to the presence of
these elements.

In measurement systems having inputs dynamic in
nature, the input varies from instant to instant, so does
the output. The behaviour of the system under such condi-
tions is dealt by the dynamic response of the system, and
its characteristics are given below in brief.

1. Dynamic Error, It is the difference of true value of the
quantity changing with time and the value indicated by the
instrument provided static error is zero. In Fig. 2.5, it is
indicated by CH. Total dynamic error is the phase difference
between input and output of the measurement system,

2. Fidelity. Tt is the ability of the system to reproduce the
output in the same form as the input. In the definition of
fidelity any time lag or phase difference is not included.
Ideally a system should have 100% fidelity and the output
should appear in the same form as the input and there is
no distortion produced by the system.

I_?idelity needs are different for different applications.
Mcm.ng iron type instruments providing rms readings are
I'l':.!qU.]l'D(l to have the same sensitivity for dc signals and ac
signals of frequencies over a small range around 50 Hz
Wavgﬁ}rm recorders and cathode-ray oscillographs aré
required to have exceflent fidelity with no amplitude or
phase distortion for signals of frequencies over a wide range

prE—

Jronie Measurements and Instrum entyy;
. "

hut not necessarily extending to zero. In al] _unh chs,
where nceurate measurement 18 the UbJQCLwe' th
amplitude-frequency {!I'll'l'l'i.l.t.'l.l;'l'lf-;[lf:-Shﬂll[d remain
within t 2% with no appreciable _ph:u-;e error.
While specifying the |1urlo.rmun_cc of Elvctfhni
amplifiers and such other electronic cquipment meapy oy
entertainment, fidulity S]'}('ttlﬁcﬂl‘ll)n is rclnxctl_ A Brcate
degree of distortion is tolerated in ]u:rfnrm:mc[,.'“(',(__ause
the human sensory systems cn!molt dctgrxt the dlsturtiun
at the output end. Hence fidelity s claimed for 5 widg
range of frequencies even though I;}u".y are q}"?t?da-‘i'hi.ﬁ'
(high fidelity) systems. The (]}'I:Im'ﬂlt: sensitivity at 2,
frequency (or a mid frequency) 15_1-_1110wcd to fall dowy to
70.7% over the frequency range of its performance.

3. Bandwidth. Bandwidth of a system is the range
frequencies for which its dynamic ss{nsitivi_tyj i:l: satiSfacthF_
For measuring systems, the dynamic sensitivity 18 requireg
to be within 2% of its static sensitivity. Thus ty,
amplitude-frequency characteristic is almost flat g4
depicted in Fig. 2.22 right up to a certain frequency frop,
de, and this range of frequencies is specified as thy
bandwidth of the measuring system.

ﬂEIt

1 R I, < o

s =

[

=

o

=

=

= |

% - BANDWIOTH

[=]

| 1

o F
FREQUENCY,{ ———» c

Fig. 2.22 Amplitude-Frequency Characteristic of
a Typical System

For other physical systems, electrical filters and
electronic amplifiers, the above criterion is relaxed with -
the result that their bandwidth specification extend to
frequencies at which the dynamic sensitivity is 70.7% of
that at zero or the mid frequency.

4. Speed of response. Speed of response of a physical
system refers to its ability to respond to sudden changesof
amplitude of input signal.

It is usually specified as the time taken by the system
to come close to steady-state conditions, for a step input
function. Hence the speed of response is evaluated from
the knowledge of the system performance under transient
conditions and terms such as time constant, measurement
lag, settling time and dead time dynamic range are use
to convey the response of the variety of system®
encountered in practice,

5. Time Constant. It is associated with the behaviour
first-order system and is defined as the time taken by th¢
system to reach 0.632 times its final output sign®
amplitude. A system having smaller time constant attai™
its final output amplitude earlier than the one with Jargef
time constant and therefore, has higher speed of respons®
It is related to the system parameters.

-nf i
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6. Measuring Lag. 1t is defined as the delay in the
response of an instrument to a change in the mensurand.
This lag 18 usually quite small but it becomes quite
significant where high speed measurements are required.
In Fig. 2.5, JIK ts the measuring Lo,

Measurement lng is ol two types. In retardation type
the response of the instrument begins immedintely nf{ernl
change in the measurand has occurred. In time delay type,
the response of the system begins after a delay time after
the application of the input, as illustrated in Fig. 2.23.

1.0
g[ 08 l——DELAYTIME
EE 0.6
s |
£z
28 ou-
7
Z| 02
—
[l T 1 T 1
1 2 3 4
TIME
Fig. 2.23 Delay Time in Instruments

7. Settling or Response Time. It is the time required by
the instrument or measurement system to settle down to
its final steady-state position after the application of the
input. For portable instruments, it is the time taken by
the pointer to come to rest within= 0.3% of its final scale
length while for panel type instruments, it is the time
taken by the pointer to come torest within = 1% of its final
sealelength.

A smaller settling time indicates higher speed of
response. Settling time is also dependent on the system
parameters and varies with the condition under which the
system operates. The settling time of second-order
instruments is affected by the degree of damping provided
for the instrument. The effect of damping on the settling

time is shown in Fig. 2.24.
) e L
2
b
=
£ SETTLING
5 TIMES
| J«l

TIME(I —*

Fig.2.24 Effect of Damping on the Settling Time of
Indicating Instruments

Dynamic Range. Dynamicrange is the range of sig-
nals which the measuring system is likely to respond faith-
fully under dynamic conditions, Thisis generally expressed

31
2.7 STANDARD SIGNALS

l) f P . .
Jynamie response of i measuring system, when subjected

to dynamic inputs which are functions of time, d d
very much on its own parameters, apart from tim[rslpetn .
and complexity of the function. Thus the dynamie r{-qanure
of the measuring system may he considered Lra;:n‘r;gis?ii
two components: one due to its own characteristic p;'n'nm—
eters and the other due to the nature of the input function
‘Thnugh the likelihood of measuring systems heing.
suijcted to a variety of measurands of varying description
exists, .il' is customary to specify the performance of
measuring systems for some standard inputs, These inputs
individually or together, are believed to he representativé
of the commonly known simple process conditions. Besides
mathematical representations of these inputs or signa]s’

are adequately known. The most common input signals
are shown in Fig. 2.25,

a —1i{)—>
— )=

L d
o —Iitl—

4
m 0 —TIME, 1—» TIME, 1
(a) Step Input (b) Ramp Input (¢) Sinusoidal Input

Fig.2.25 Standard Signals

Step input function with the amplitude, given a step
change,

f( =Afort20
- _ =0fort<0

Ramp input function with the amplitude changing

linearly with time.
f@)=ktfort>0 ...(2.15)

Sinusoidal input function where the amplitude varies
sinusoidally with time,

f() = A sin 2nft, fort >0
where fis the frequency in Hz.

Even the above specific functions are very difficult to
stimulate for all types of instruments. However,
mathematical modelling of the instruments can be made
and the measurement system with the prescribed input
can be analytically studied for deriving the dynamic (or
the transient) characteristics.

..(2.14)

.(2.16)

2.8 DYNAMICS OF INSTRUMENT SYSTEMS

An instrument system is invariably a combination of some
physical elements connected together to accomplis‘_n a
desired objective. A variety of mechanical and electrical
components are used in making up the trangducey and
instrumentation systems for indication and recording of

+
m

as the ratio of the amplitudes of the largest (maximum)
signal to the smallest (minimum) signal to which the sys-
tem is subjected and the system can handle satisfactorily.
The ratio is usually expressed in dB, A dynamic range of
40 dB indicates that the measuring system can handle a
range of input signals of amplitudes of 100 to 1. 3

physical variables. It is important to realize the perfo}'-
mance of these systems under static an.d dynamic
conditions from the knowledge of the behaviour of each

component of the system. _ .
For purpose of analysis certain assumptions are usually
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: hehaviour 0 ;
made concerning the p . ' y physical
iﬂl::ﬂ[‘r T sthematical made] is develop ¢, The ph
sim

. 1 element are utilized
laws governing lh;- Iln-];:!.}';':mlr uft'fl]l] |::l: lr“:-lt_l":‘]}::-. el vy
i eloping model o 4 : "

:::(,-{;i:,t‘;:'l;l:|l:-;:- :umluls u:-'.u::]_ly 1'u.L=lItIls n Ehi.- I“I{;:.l;;',t:ﬁ:]?f
standard different inl equations “;::ﬁ,?.‘,}::fﬂ:,fl : n]n(iclq
mee Lhese cquitions are considae : arn 8.

'[ll‘:lj:l }::::]1:;1;:]:;10( []III_\'Hil!:ll system is then churaulcr:lznd ?s
linear time — invarian and 18 11:=|11'cs_v.?nlfr(| by means of &
relntionship between its input (mcan}mn} and output
(response) variables. For the common simple ll'iansducer
and instrument systems, it is customary to relate_lts output
variable with a single input variable and study its perfor-
mance when excited by input f unctions, treated as standard

input signals.
9 8.1. Transfer Function Representation. The
transfer function approach is usually adopted for the study
of physical systems and the transfer function of a linear
time-invariant system is defined as the ratio of the Laplace
transform of the output quantity (variable) to the Laplace
transform of the input quantity (variable), under the
assumption that the initial values of both variables are
zero and the system wakes up to respond to the excita tion
function from the instant of its application. The transfer
function (TF) is denoted by G(s) Qg (s)
and is written in the form "
G(s) = Q,(s) (2.17) Fig. 2.26 Tmnsfer_
Q;(s) Funciion Representation
where Q_(s) and Q;(s) represent the output (response) and
input (excitation) variables respectively. G(s) is also defined
as the system function. The highest power of s (= the
complex frequency) in the denominator of the transfer
function determines the order of the physical system. Most
of the transducer and instrument systems belong to either
first or second order and the evaluation of their response
in time domain for standard input signals is very much
desired for classifying their response as satisfactory or
unsatisfactory.

The transfer function is used to estimate the transient
and steady-state response of the system when subjected to
input signals of varying descriptions. However, the response
of the instrument systems for step input and sinusoidal
input functions is what is mostly desired. Performance
criteria are usually specified for the system response for
both the static and dynamic inputs and any lack of
conformity with the specifications is revealed by actual
testing of the systems. Those systems that may be found
to make up the resonance or found to belong to third order
anc_l above, have to be dynamically compensated for
satisfactory performance as a stable system, or are limited
for use on such input functions having a frequency content
far removed from the region, leading to undesirable
operation.

physice

Qs
— o Gis)

29 GENERALIZED PERFORMANCE OF SYSTEMS.
The most Wid(?]}' used mathematical model for the dynamic
response studies is the ordinary linear differential equation

petrical ana LICCLTRIRERSEREEmm gy

with constant coefficients. The relationship can be Teprege,

ted in general as

=1
d"qn(i) +a,_) M]— + ...+ ‘diﬂ_(t_) + aﬂ‘?ﬂ{!’)
ﬂ" d!" n= ﬂ,!!’t-‘l dt
dg; ()

m-1
Py 00, O

A nt =1 n-1
where r;ir(!) is the output (]Llilt‘itity (variable) and g (t) i the
input quantity anda’s zmd. b's are constants represeng;,
the physical para meters ol the system. B(.;Lh q,(1) anq ol
are functions of time. The value {Jlf' n defines the ordgy g
the system. The above representation t.‘elatcs ‘fn@ and g
in time domain. The solution of equations of this type ¢y

he method of D operators or

be obtained by either t .
Laplace transform method. The latter method wi| be

followed here. _ .
The transfer function 18 defined as the ratio of the

Laplace transform of the output quantit.y to the Laplage
transform of the input quantity, when all initial conditiong

are zero. _
The operational transfer function of Eq. (2.18) cante

= hm

written as

m-1
Qu(8) _ bus" + by 1S +.. s+ by
Q) aps” +a, 8" et as g

where Q,(s) is the Laplace transform of the output, Q,(s)is
the Laplace transform of the input, and s is the Laplace

operator.
The time response g,(t) can be obtained by taking

inverse Laplace transform of the right-hand side of equation

Q,(s)=G(s) Qyfs) -(2.20)

The time response g (f) has two components. One
component decays with time to zero and is independent of
the type of input. It only depends on the dynamics of the
system, This component is called the transient response
of the system. Second component is the response which
exists after the transient response is died out. This compo-
nent is called the steady-static response of the system.

Sinusoidal Transfer Function. Of the various
1:nputs prescribed, the sinusoidal input is specially
important as any periodic input can be written in the form
of a series representing fundamental and harmonic
sinusoidal waveforms. The solution can be performed for
each individual frequency input and superposed as longas
the system is linear, Thus, the frequency response of 2
system, defined as that consisting in finding amplitudes
and phase shifts as functions of frequency is quite
important. This, however, is easily found if in transfer
function, the complex varizble of Laplace transform is
replaced by jo (by writing jo for s), as shown below:

Qulj) _ bn G)" + by ()" +... by () + by
Qi) ay(j0)" +a,_y(jo)"™ +...qy(jo) + ag

G(s) = -(2.19)

(220

For any given frequency , the term M is 8
Q;(jo)

complex number. This can also be represented in the polar
form as
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— AMPUITUDE —»

|
TRANSIENT -—-rb:
DECAYING STATE ™ STEADY

W — ANGULAR FREQUENCY, o —»
' —TIME—>

< ANGULAR FREQUENCY, b - ‘

| —o—= 4+

STATE
) Input Output Waveforms ' I
(a) Inp - _ .rb)Amphmde Ratio (c) Phase Shift
Fig. 2.27 Sinusoidal Response Characteristics
Q. (o) Here it is nssumed that the resistance valu i
) _ ‘ it is eR,is
-“Q,-Um) M_/¢ ..(2.22) linearly distributed along the length. If the measur:';ng

where M represents the amplitude ratio of the output to
the input, and the angle ¢ represents the phase angle by
which the output Q, leads the input Q,

The frequency response of the system will consist of
curves sharing amplitude ratio and phase shift as a function
of frequency. often represented as in Fig, 2.27.

210 ZERO-ORDER SYSTEM

The zero-order system has no dynamic error and no time
lag of measurement. It is represented by

aq, = boqi
b

or qu = ._Uql. = Kq' .(2'23)
aﬂ

where K is a proportionality constant and may be identified
with the static sensitivity defined earlier.

From Eq. (2.23) it is clear that, no matter how g; might
vary with time, the system output g, follows it perfectly
with no distortion or time lag of any sort. Thus, the zero-
order system represents ideal or perfect dynamic perfor-
mance.

A practical example of a zero-order system is the
displacement measuring potentiometer, asifustrated in
Fig. 2.28.

IE
+ wep-——--—====x |
@ i
. =
]
E R - '
R1 e :
b4 "
-~ _ [
' |-———R1—*'1

¢———— Ry——#

RESISTANCE ——*

Fig.2.28 Potentiometric Device Represeniing
Zera-Order System

When the potentiometer of resistance R, is excited with
the voltage E, the output voltage e is given as

Ry
= —LE=KE (2.24)
‘TR

2
W_here R, is the part of potentiometer, as depicted 1n
Fig. 2.28,

device is er-saminm] more critically, it may be found that
the potentiometer is not exactly a zero-order system,
because the potentiometer resistance element will consist,
of some inductance and capacitance, depending upon the
winding features. Besides this, the impedance of the
measuring device offers a loading effect on the circuit.
Further, if R, is varied fast, the dynamic errors become
dominant owing to parasitic inductance and capacitance
effects. The reasons why a potentiometer is normally called
a zero-order instrument are as follows:
1. The parasitic inductance and capacitance can be
made very small by design.
2. The speeds (frequencies) of motion to be measured
are not high enough to make the inductive or
capacitive eflects noticeable.

211 FIRST-ORDER SYSTEM

Ifin Eq. (2.18) all coefficients a's, b's other than a,,a, and
b, are taken to be zero, we have

d 0
a % +a,q, =b,q; ...(2.25)
Any system following above equation is termed as a

first-order system. Eq. (2.25) may be rewritten as

9 dqu
L ..l..q -_— _Q¢
@, dt. ° g,

By substituting b - K (static sensitivity) and 4 -
a a

7 (time constant) andaby taking the Laplace transform
with zero initial conditions, the transfer function of the

first-order system becomes

Qo _ K s
Q(s) 1t
The thermocouple 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
emf does not rise instantancously to a level indicating
100 °C. but instead approaches a reading indicating 100 °C
in a manner similar to that shown in Fig. 2.29.
A large number of other instruments also belong to
this first-order class. This is of particular importance in
control systems where it is necessary to take account of
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Fig. 2.29 First-Order Instrument Characteristic
2.11.1. Step Response of First-Order System, Consider
a first-order system which is initially in equilibrium. On
the application of a step input, let the input quantity be
increased instantaneously by an amount Q. Then Eq. (2.26)
becomes

KQ
— £
(1+19Q,= —= (2.27)
S
STEP INPUT

[ KO, r

., 0.865KQ,

o OUTPUT|

g CURVE
5 0632 KQ;
-
3
i
=
<

0 1 2 3 4
th >

Fig.2.80 Step Responseofa i irst-Order System

A typical example of this caseis a thermocouple in air
suddenly immersed in boiling water, resulting in a step
input change in junction temperature.

The step input can be represented mathematically by
the relationship in time domain as,

Q=0 fort<0
and Q; =Q, fort>0
In Laplace transform notation,
Qi(s) = %’
Hence Eq. (2.27) becomes,

Q (s) = K _% =K .1_ — L

’ (1+1s) s % 5 g4 1

Taking inverse Laplace transform, we have '
g, () =KQ, (1-¢") ..(2.28)

Above Eq. (2.28) reveals the fa
- - ctthatq_(f) ass
final value K Q, slowly with time. The fastness witl;J\Tl?iScE

| _annnll

ctronic Measurements and Instmmcmuﬁo
n

om responds or inather words, the speed of reSPong,

he value of time constant T. The smay
higher the speed of response. Thus, &)rr
nimizing the magnitude of time
ing the dynamic response,

KQ, is plotted Againg

the syst
is dopendent on't
the value of T the :
first-order system, mi
constant T helps inimprov

The normalized value q,)/
t/t a response of the form {le]}ic'tctll in l:‘ig. 2.301s obtaingg
One of the important characteristics of such an exponentjy
response is that at t=1.q,=0.632 KQ,. It means that
first-order system when t =1, the response reaches 63 9y,

of its steady-state limit.

2.11.2. Ramp Response of First—Ord(.:r System,
Consider the case whenaramp input is applied to a firs,
order system which is initially in equilibrium. Let the inpy
changé with a slope m with respect to time ¢, then,

Q) =£ (m)= 5 (2.29)
S

Substituting Q; (s) = i;' from BEq. (2.29) in Eq. (2.26)
5

we have
K
5= Q: ( S) '
Q, ()= Qi) T
' OUTPUT
)
)
= 5_‘.1 STEADY-STATE
& a TIME LAG, ©
3 STEAD-STATE
E ERROR, e = Kmt
(v
=
=

TRANSIENT
ERROR

TIME, t >

Fig.2.31 Response of First Order System to a Ramp Inpul

K m 1
_1+1:s‘_2:Km?+ tl :
8 5 S+ 5
1

Taking inverse Laplace transform of above equatio®

we have ;
g, () =Km (t—t+1e ") fort 20 (230
- The response of the system for ramp input is shownl
Fig. 2.3, If the system is ideal, it should result in an
ou_tput signal g, (t) = Km¢, but there is a deviation fro®
this value due to its time constant. Hence the dynam®

error is given by

e,O)=Kmt—q () =Kmr(@-et) G

The second term of the net dynamic error i.e. KmT ¢
dies with time and hence it constitutes transient err®"
whereas the first term Kmt becomes the steady-state error

Under steadv-state conditions. the amplitude of outpW!

(2.0
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attains the true value after T second only i.e. steady-state

time Ingis T seconds only.

9.11.8. Impulse Response of First-Order System. An
impulse [unction is o l't't‘l=}llullllll' pulse of infinitesimally
<hort duration. infinitely high magnitude, and a finite areq
If the area of the pulse is taken as unity, the value ik;
termed a8 unil tmpulse function u(t). Such an input plays
an important role in the dynamic analysis of a system I

The Laplaee transform of an impulse function is l.hu
area under the impulse. Hence for a unit-impulse input
the Laplace transform of the input is unity

Lc. Ql‘(s} =1.0 ...(2.33)
Substituting Q; (s) = 1.0 from Eq. (2.33) in Eq. (2.26)
we have |

Q) = Q) —— = K
1+1s 1+1s

Taking inverse Laplace transform of above equation
we have

..(2.34)

...(2.35)

If the strength of the impulse is A units, the response
becomes A times the one given by Eq. (2.35). The response
depicted in Fig. 2.32 (a) is for an impulse of strength of A
units but of duration T seconds and that in Fig. 2.32 (b) is
for an ideal pulse.

K i/
q,)=—¢
T

T 8 T T—0

gd T FINITE = KA

r g Th

s | A%

= A = Qo ()

g |\ % z 4

= / \".\/— % ~

T .!{ “"-4... l - ~
© T qnver— 0 ——TIME,t—
(a) For a Prolonged (b) For an Ideal Impulise

Impuise Input Input

Fig.2.32 Responseof First-Order System

2.11.4. Frequency Response of First-Order System.
For sinusoidal input functions, the frequency response 18
determined from the relation
Qo) . K _ K /tan'(od)
1+

Q;(jw) 1+ jor
=M /%

...(2.36)

The above equation is obtained by substituting s =j®

in Eq. (2.30) for a sinusoidal input g; = 4; sin (©0).
At zero frequency i.e., under dc excitation,
M becomes equal to K with ¢ = 0. Treating

frequency of the system, ®,, as givenb

. ® _
response curves relating M and Z.d_] with ;3_ T onar

n

shown in Fig. 2.33.

the value of
the natural

y 1 ‘the frequency
-

35
10
! r
M]
05 M)
I | 05
0__5 4 8 & 0
il ——A i 01 1 1 ‘iII)D

(a) For Amplitude

—— T —
0,

! T T il

o ——pe
T

47T

T

{b) For Phase

Fig.2.33 Characleristics Frequency Response of a
First-Oreler System.

A first-order system approaches the ideal condition
when time constant 1 tends to zero. For any other value of
T, the measurements will be accurate below a particular
value of m only.

For a pure sinusoidal input, the amplitude and phase
shift can be determined by simple calculations. If the input
is complex i.e. a combination of several sinusoidal waves
of different frequencies, the transfer function at each
frequency is to be determined and then interpreted.
Example 2.21.In a permanent magnet moving coil spring-
controlled voltmeter, the pointer moves through an angle
of 60° when voltage under measurement is changed by 40
mV. Determine the instrument sensitivity.

Change in input quantity, & g; (¢} = 40 mV
Change in output quantity, Ag, () = 60°
-+ In a spring-controlled PMMC instrument the relation
between the deflection and voltage is linear,
60

Sensitivity, 8;= ——— = T =1.5° per mV Ans.

Example 2.22. Calculate the time lag of an instrument
with step input on a 95% response basis.

Solution: From Eq. (2.28)

Solution:

%G = (1 -t =095
8 »
Let the time lag be Ty, seconds. Then
¢ Tt =1-0.95=0.05 .
1
or T, =tlog, 0.05 = 2,996 1 seconds Ans.
amic error and lagina

time constant T of 10
sure aninputx=10

Example 2.23. Calculate thl.: dyn
first-order instrument W-lth a
millisecond, whenitis reqmredtc_me? "
sin 100 ¢. Assume an unit conversiontactor.
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Selution: Dynamic error,

' 1
=K 1- T o
e (0 I\Q,[ WJ

conditions of the system. Itepresent.i.ng the atio g h

damping coefficient under any c_lﬂ.mpmg Cqmlllion -
cocfficient that would result in critical damping conditi, e
by a dimensionless fnct.ur 5_, commonly known a5 dﬂmm ‘
factor (or damping ratio), it can be shown that g

e

—

Forwr=1 5= a o
1 _ ; a e IEQ‘
Dynamicerror = 10[1 - 71—:?] = 2.93 units Ans. 2\a,a; J
and 2% - a (2
B -1 —_— = = -l2.4
and Time lag, Ty, = Tan~' 2L = %i =7.854 ms Ans. O % 4 "
o o ! ion (2.38) can be rewritten as
This example shows that the error, for m T =_1 ' i? 39%- P;or Equation ( Q ()s} K
o menningful measurement, i.e., for the error to lie within 10%, 2ot = “_(2.4“
w i< 0.48. Q‘-(S) %_!_ 26s +1
Example 2.24. An instrument is represented by a first- w0
1 ond-Order Sys
order transfer function G (s) = e 2.12.1.. Step ?Espoﬁfﬁ]zgs%z 2.41) ystem. p,,
n (2.
If the response to n unit step function attains D..632 a step input ol mag 8 .
times ofits final value in 2.5 seconds, determine the time Q,(s) _ w, ,
constant 1 of the instrument. E = 5(32 + 2850, + mi) (249

-+ the Laplace transform of step input is |
§

While solving above equation, three practical s tuation
must be identified, depending upon the magnitude of , Ty
roots of the second term in the denominator of the above
equation become real and different if the damping ratj,
exceeds unity (i.e. overdamped system); critically dampeq
system (i.e. when & = unity) gives rise to real and equa
roots, and the underdamped system (i.e., when §< 1) gives

Substituting e; = 1.58 and t = 7 in above equation, we have & complex con.jugate pair of roots. A }
The solution of above Eq. (2.42) yields q,, (¢) for different

58 =Kt (1-¢Y")=0.632 ; "
lLE=ka-e™)=0 Kr damping conditions as follows:
(?) For overdamped system i.e, when §> 1

the response attains 0.632 times of its final value when t = 1.
Hence time constant is 2.5 seconds Ans.

Example 2.25. Determine the steady-state error in a first-
order system when excited by a unit ramp input. The
dynamic error is 1.58 for ¢ = time constant t of the system.
Solution: The dynamic error in a first-order system excited by
unit ramp input is given by equation

g =Ki(1-e)
where 1 is a time constant of the system

Solution: By definition of time constant—in a first order system [

or K1 = ———=2.5 seconds
0.632 o 5 J‘?—
_ _ _ q L _ + -1 9
Steady-state error, e, = KT = 2.5 seconds Ans. P;Q = > exp[—- O+4/8° -1 ]mnt
8 248% -1
212 SECOND-ORDER SYSTEM 5—+J82 -1 -
) ) . + exp| — 8 —+/6% -1 |o,t +1
Ifin Eq. (2.18) all coefficients a's, b’s other than ay, @y, G, ; ] 2./8% -1
and b, are taken to be zero, we have :
g =1-&xp (- w,8)
d 95 dqo — B 2
Qy dfz +a _dz‘,_ tQ,q, = o ...(2.37) 0 -1
Taking the Laplace transform of the above equation, X sinh [mm/(ﬁz - l)t +sinh ™! y5? —1}
we have
(249
Gs) = g“és)) =— by (i) For critically damped systems i.e. when §=1
i\S 38" + a5+ ay
qG (t) -1 _ —u,d 44
The above equation can be rewritten as KQ 1-(1+w,t)e (24
G@=— K (238 () Forunderdamped systemi.e. when5<1
2| & a ~dwy,t
Sl==ts|—|+1 M _,_e 49)
Fore K e comee _[%J (”’“] kg, g Sm( oo w"!m] &
wm;ere Kclls static sensitivity and is equal to b /a . The 5
undamped natural frequency o, of the second-order system where ¢ = Sin™ 1-9

becomes , /a,,fag and the ratio @,/a, signifies the damping
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output responses of a second-order system for

ferent values of 8 are shown in Fig, 2,34, For case A
i .5 =0, there is no damping and the instrument output
“vhl‘-I]";u l-u;wmnl amplitude oseillntions when disturhed
l‘x.h:,-’,l\-.rllnlllﬂ' in the physienl quantity mensured, For
tt::;ll ;iill'ﬂl‘i"k’ of & = U.'.!._ :'l.']ll‘l‘.*it"l‘l!l'r‘l hy cnse I3, the
response to a step change ininput is still n.ner:.llnlnr_v hl:Il
the oseillations urmh_mlly‘cln- down, A further increase in
value of 8 reduces oscillations and overshoot still more, as
showtt by curves C and D, and finally the response becomes
;1-r\' overdamped as shown by curve E where output reading
rn';‘Ph' up slowly towards the true reading. Obviously the
extreme response curves A and E are grossly unsuitable
for any measuring system/instrument,

The

OUTPUT READING ——————=

TIME
Fig.2.34 Responses of Second-Order System To a Step Input

Physical systems that are likely to be subjected to step
input functions are thus required to be critically damped
and all the second-order type indicating instruments are
designed to work under damping factors near unity. When
working at & of 0.7 or 0.8 the settling time may become
larger than that of critical damping, but the oscillatory
response, with q,(t)/KQ, overshooting the final value,
ensures positive response of the system without being stuck
anywhere in its movement. At a damping factor of 0.68,
the indicated value will be within + 5% of the final value
within the time of about 0.28/a,,.

The first peak value of q,(t)/K Q, for slightly under-
damped conditions is obtained from Eq. (2.45) and is used
to determine the first overshoot.

Differentiating Eq. (2.45) w.r.t. time and equatingit
to zero to obtain the time corresponding to maximum
overshoot of the response from the final value, we have

da. (i _ —Ba,!
L) _ —Buye ™ sin (ot + ¢)

KQ,dt /1 _5?
—Ot, !
o - mn1l1-—62 cos (ot + &)
1-8
=0 £=20 ...(2.46)

Where

(] =(Dn1’1_52

37

¢ = Sin"'y1 - 8% = Cog! (- 8)

From Eqs. (2.46) and (2.47), we have

-(2.47)

.
m,e “nf

——-\/h_‘—qr-ﬂiﬂflln 1-52£ =0
1-4"

The ahove equation provides two values of ¢ i.e.

t20

="

and 0,1 -6t =nx wheren=0,1,2,...

Since the first peak of the output response occurs at
n =1, hence

...(2.48)

For this value of time the maximum value of response
obtained from Eq. (2.45) is

-1t b
9o (lmax) =1+ e;l'sz

KQ,

Hence maximum overshoot,

-nd
M = 9o tmax) -1 = e;l-ﬁz
P KQ,

MP is usually expressed as a percentage of final value.
Experimental determination of the percentage overshoot
enables the estimation of the damping ratio of the system
at which it is working.

2.12.2. Ramp Response of Second-Order System. Just
as in the case of a first-order system, the response of a
second-order system to a ramp of slope m with respect to

.(2.49)

‘time can be obtained. The solution in this case will be (@)

for overdamped case (6> 1)

g, (1) _ [[Km.!_ﬁ]JrEfje-wne
Kg; © ©

n n

26% -1

2 sinh o,tV8° -1
25,8% -1 ]]

.(2.50)

[cosh w, i 8% -1+

(b) For critically damped case (§=1)

() _ 28) . 28 —wuf, . Ont
Iﬁi_[(Kmthm_n]+a:'e%[l+ 2):|

...(2.51)
(¢) For an underdamped case (8 <1)
g0 (?)
Iqu- = [(Kmt - %E]
——e-sm—":—usin[m tyf1 - 8% +¢)
o, (1 _ 82) " ...(2.52)
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...(2.53)

L 2841 -8
28% -1

The response of a second-order system to a unit ramp
input is shown in Fig. 2.35. \

where ¢ = Tan

1 5
& W e
% 2 _zo¥
& o ‘.-%'lfﬁa
w it
= .—r— 2Bk
= -~ i
i o~
z o

J' -

F

o,

'/

TIME, | ————»

Fig. 2.35 Response of Second-Order System
To a Unit Ramp Input

2.12.3. Frequency Response of Second-Order System.
The frequency response of the second-order system is, as
already seen, obtained from its transfer function and is
givenby

i K

QU(.{U}) = 5 “.(2'54)
Q;(jo) (m) 25j0
-1—1 + +1
mﬂ. mﬂ
Writing -2 =1, the ratio of the frequénc-y of the forcing
0y

function to its natural frequency, the response is given by

j K
QU _ % (2.55)

Qo) ‘/[(1 - n2)2 + 452n2]

urse in Electrical and Electronic Measurements and Instryp, entgyg
ok I

1 28
where ¢ = Tan 1———"—2 =MLY
l1-7m
The frequency response characteristics of g g
order system are shown in FMig. 2.36.

Cl}nd_

2.12.4. Impulse Response of Second-Order Syste
It is equally important to u[_1dcrstand }.mw second.opg,,
systems respond to impulse mpL!L functions. The impulgb
response in time domain reflects its naturgl behavigyy 5,
is used to relate the impulse response wnih the imp\-ﬂse
strength, while making measurements of signals thgt iy
bhe treated as impulses or pulses of such duratiop asy
activate the system far response after the pulse dies, |4 :
essential to assume that:the system is provided with certgy,
energy within the duration of the pulse t[‘, andits respong,
begins only after the pulse ceases to exist.

Thus it is necessary to evaluate the initial conditiong

such as g, () and g, (1) at = 0% s0 as to be incorporategs,

the solution obtained for its natural behaviour, As g,
impulse is no more present, the system attains its fing
value which is the same as that with which it starts, T,
basic Eq. (2.18) may be integrated to give

; x\ T |
ap d)f;r(t) + ayg,(t) + ag Iqa(t)d‘ = b, Jaidt .25
0 0

As the pulse duration is very short, it is assumed that
q, (t) at t = T is zero and that the system has an initial
rate of change given by %9®)  On application of thes
conditions, Eq. (2.57) gives ﬁt]e initial velocity as

dg, (1)

dt

b T
=t |a(hdt = KAe? .25
t=T 20 '

where A is strength of the input pulse.

L]

Lt -

Fig.2.36 (g) For Amplitude
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Fig. 2.36 Frequency Response Characteristics of a Second-Order System.
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Fig.2.37 Non-Dimensional Impulse Response of Second-
Order System

-0

ot —

_ The response of the system for unit impulse input is
given by :

1
Qo (s) = —_———
8 2385
— * +1
o, Op
From which the value of q, () is obtained in a usual
Way ag .
WE 1 _ger . -
K;\mn - W"? “’ sin (m,,\ll -8 t] ..(2.59)

for underdamped system i.e. whend<1

for critically damped system i.e. when §=1

1 =11, hf
a1 _ R (mn\}ﬁz-—“) .(2.61)

KAw, 321
for overdamped system i.e. when 8> 1

The response curves are shown in Fig. 2.37.

213 HIGHER-ORDER SYSTEMS

Higher-order physical systems may be studied for their
performance when they are subjected to standard input
signals and the response becomes further complicated.
Unless they are properly damped, they may become
unstable in performance. Usually, instrument systems are
designed to operate under conditions that keep the system
stable and dynamic compensation is adopted in order to
have the desired performance and limit its operation at
frequencies far removed from the region of resonance or
unstable operation.

214 DEAD-TIME ELEMENT

A dead-time element or transport lag is defined as a system
in which the output is exactly of the same form as that of
the input, but the event occurs after a time delay T
Mathematically.
q, ) =Kg; (t—1p fortz1, ..{2.62)

Such cases can be observed in pneumatic signal
transmission systems. A pressure input at one end of a
length of pneumatic tubing will be observed at the other
end after the time required for propagation through the
distance between two ends. Assuming the speed as equal
to the speed of sound, the dead time for a 300 m length of
tubing is of the order of 1 second. )

This phenomenon is important in hydraulic and
pneumatic instrumentation systems.
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. sLI 1¢1 81 resen d h‘ i sec ﬂ"(l'
t 1. ep {c s¢
Ia?‘“"l'][(' 2.‘!5 A“ inﬂ Ui 1 I o

order transfer function

G = st N
i ins it 18
Determinge the pereentage overshoot ifthe |n.~.l]runlund‘
! i ‘mine, nls » steady-
excited by nunit step input. Deter mine, also the
rori itr response. ‘ .
state errorin unit ramp i "
aﬂlminn: Comparing the given {ransfer function with

- 1 _
Eq. (2.11) we have w, = l1and b= 0. =0.5

="n

From Eq. (2.49)
-nh

m % 100
~-0.6n
= 0% 4100 = 16.3% Ans.
Steady-state error in unity ramp response,
=286 _ -2x0.5
o, 1

Percentage overshoot = e

e = =-1Ans.

2.15 CHOICE OF INSTRUMENTS

The main consideration in choosing the most suitable
instrument for use in measurement of a particular quantity
(variable ) in a manufacturing plant or other system is the
specification of the instrument characteristics required,
especially parameters such as the desired measurement
accuracy, resolution and sensitivity. It is also essential to
know the environmental conditions that the instrument
will be subjected to, as certain conditions will immediately
eliminate the possibility of using some types of instruments.
Provision of this type of information usually needs the
expert knowledge of personnel who are intimately
acquainted with the operation of the manufacturing plant
or system in question. Then a skilled instrument engineer,
having knowledge of all the instruments available for
measuring the quantity in question, will be able to evaluate
the possible list of instruments in terms of their accuracy,
cost and suitability for the environmental conditions and
thus to choose the most appropriate instrument. As far as
possible, measurement systems and instruments should
be chosen which are as insensitive as possible to the
working environment, although this requirement is often

difficult to meet because of cost and other performance

considerations,

Published literature is of considerable help in the choice
of a suitable instrument for a particular measurement
situation. However, new techniques and instruments are
being developed all the time, and therefore, a good instru-
mentation engineer must keep abreast of the latest

1. What is the importance of static characteristics of
measurement system?
2. Define various static characteristics of instruments

Q;E.D. U!ﬁv. Eleetrical Measurements and
Measuring Instruments, December-ﬂﬂ'ﬂs]

EXERCISES |

srical and Fh-c!m.frir:1'*’&'“5”'-"'”1”""5 and hrsrrruncmmiﬁ
Ic -+ n

dovelopments by
regularly.
The instrun

. hanter are those
this chapteral . . + relativ ,
basis for a comparison hetween the relative merigg 5

[LEnELY -

different instruments. Generally, tlw.bImELerI.}.w Fh’”'“l'teris‘
ties. the higher the cost. ]-lr}\vg.\itsr'. in %DIT:I]J:J.rmH the g,
and relative suitability ol f!l“&'l'l”flﬂ ]]]Stlll.]‘ﬂ[!ntg‘ for 5
pnrliculnr mcnmn-eme.n{ situation, cnnstderatmn o
durability, maint ainability and ronstgncy of [}erformanq_
are also very important hecause the !nstr-umentchmen
will often have to be capable uf‘gpuratmg for ](.Jng Periog
without performance degradation anda requirement g,
costly maintenance. As a consequence, t_he nitial cost o
the instrument often has a low weightage in the evaluatjg,

rending the appropriate technical juumlls,

Lent characteristics discussed carliey ;

features which form the lechnica

exercise. )

Cost is very strongly correlated w1th_the performane
of an instrument, as measured by its_ static ch&tracteristics.
Increasing the accuracy or resolution of an Instrumen,
for example, can only be done at a penalty of increasingtg
manufacturing cost. Instrument choice, t}?crefore, proceeds
by specifying the minimum characteristics, required byz
measurement situation and then searching manufacturer’
catalogues to find an instrument whose characteristics
match those required. Selection of an instrument with
characteristics superior to those required would only mean
paying more than necessary for a level of performance
greater than that required.

As well as purchase cost, other important factors in
the assessment exercise are instrument durability and the
maintenance requirements. The projected life of an
instrument often depends on the conditions in which the
instrument will have to operate. Maintenance requirements
must also be considered, as they also have cost
implications.

As a general rule, a good assessment criterion is
obtained if the total purchase cost and estimated mainte-
nance costs of an instrument over its life are divided by

the period of its expected life. The figure obtained is thus

an annual cost. However, this rule is modified where
Instruments are being installed on a process whose life is
expected to be limited. Then, the total costs can only be
divided by the period of time an instrument is expected 0
be used, unless an alternative use for the instrument is

envisaged at the end of this period.

Theas, instrument choice is a compromise betwee”

performance characteristics, ruggedness and durability:
maintenance requirements and purchase cost.

3. Exp]ain briefly the following terms as applied to chara®
tfansation of measurement systems. ok
(1) Accuracy (ii) Precision (iii) Resolution (iv) Sensitivit
and (v) Linearity.

. g
[U.P.5.C. LES. Electronics & Communication Engineeringlt 2008
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Ch aracleristics of Instruments and Measurement Systems
4. Define the following with suitable examples:
" (i) Precision (i) Accurney (i) Repeatability (iv) Drift relnted
o the mstruments,

[Rajnsthan Teehnieal Univ, Electronie Mensurements
& Instrumentation, Februnry-2011]

§. Dehine the following:
() Accuracy (1) Precision (Gi) Sensitivity (iv) Linearity
(0 Resolution (riY Hysteresis,
JIL6, Teehnieal Univ. Electronie Instrumentntion, February-2010]
6. Expluinthe following Lerms:
(i) Stalic sensitivity (1) Range (i1§) Instrument efficiency
(iv) Resolution and (v) Lincarity.
JU.P' Technlenl Univ. Elee. Measurements and
Mensuring Instruments 2004.05]
7. Define and explain (7) Precision (i) Accuraey (iif) Resolution
(Ei') Threshold. [M.D. Univ. Electrical Measurements and
Measuring Instruments. Mav-2011]
8. Explain the phenomenon of hysteresis in measurement
system. Alongside explain the terms “Threshold”, *Dead
Zone” and “Backlash™, Draw neat diagrams to explain your
answer. IM.I. Univ, FElectrienl Measurements and
Mensuring Instruments, December-2006]
9, Explain how the non-linearity of measuring system is
defined and estimated.,
Define the terms ‘drift’, “threshold value' and ‘dead
band’ of 2 measuring system. Give an example for each.
10. Explain hysteresis and loading effect.
[R.G. Technical Univ. Electronic Instrumentntion, December-2010]
11. What is loading effect and how can it be reduced?
|M.G. Univ. Kerala, November-2012]
12. What are the effects of using a voltmeter of low resistivity?
Explain with an example.
[1.N. Technological Univ. Hydernbad, February/March-2012]

13. Explain about ammeter loading effect.
[J.N. Technological Univ. Hyderabad Electronic Measurements
and Instrumentation, May-2011]

14. Explain the dynamic characteristics of instruments.
[U.P. Technical Univ. Electronics Measurements
and Instrumentation, 2006-07]

15. What is meant by steady-state response and dynamic
response of a measuring system
Explain the following terms:
(i) Dynamic error (ii) Fidelity, (it) Speed response, {iv)
Response time, and (v) Measuring lag.

Q. 1. How are judged the performance characteristics of an
instrumentation system ? :
Ans, The performance characteristics of an ingtrumentation
system are judged by how faithfully the system
measures the desived input and how thoroughly it
rejects the undesirable inputs.
Q. 2. Distinguish between Reliability and Repeatability.
[B.P. Univ. of Technology, Orissal
Ans, The reliability of a system is defined as the probabll_lty
that it will perform its assigned functions for a specific
period of time under given conditions. L
Repeatability is the characteristic of precision
instruments. It describes the closeness of n.u.tput.
readings when the same inpul 1s applied repetitively
over a short period of time, with the same measurement
conditions, same instrument and ubser‘vgr. same
location and same conditions of use maintained

-

41

16, .!)nﬁm- the terms ‘time constant’ and ‘settling time', of an
mstrument and indiente the fuctors responsible !‘ur'lhem

D('rll'lll' l!u' term ‘handwideh’, Whnt doos this term convey
when it is quoted (or 0 mensuring instrument?

Explain the types of test signals used for determination of
dynamic characteristies,

Define ‘dynamic error’ and show haw it differs with the
type of input signal applied to the measuring system.
19. What is meant hy order of a system and what does it
signify ? Give the characteristics of n zero.order system.

17

18.

20. Derive the transfer function of a first-order system and
identify the constants by which il is characterized.
Define time constant ol a (irst-order system and
explain how its dynamic performance is affected when it is
subjected to a ramp input function.

21. Explain step response of a first-order system.
IM.D. Univ. Measurements ond Instrumentation, 2010]
22. Define the damping ratio of a second-order system and
show how its response varies with time when subjected to
a step input under different damping conditions.
23

Discuss the performance of a second-order system when
subjected to a (i) step input (if) ramp Input and (fif)
sinusoitlal input function. Suggest suitable values for the
damping lactor at which the system 1s preferable to operate
in each case.

24. What is meant by critical damping condition of a measuring

system ? Explain why certain physical systems are
operated undex, critical damping conditions.

Define the settling time of physical systems and show how
does it vary with damping factor for second-order systems.

25. Write short notes on the following:
(f) Instrument hysteresis.
(ii} Dead Time and dead zone.
(iif) Noise and noise figure,
(iv) Loading effect.
() Dynamic characteristics of measuring systems.
(vi) Standard signals.
(vif) Generalized performance of systems.

throughout. It is affected by internal noise and drift. It
is expressed in percentage of the true value.

Q. 3. Define accuracy and precision related to measuring
instruments. [P.T.U. May 2008]

Ans. Accuracy is defined as the degree of exactness
(closeness) of a measurement compared to the expected
(desired) value, whereas precision is a measure of t.he
consistency or repeatability of measurements, i.e.
successive readings do not differ. {Precis:wn is the
consistency of the instrument output for a given value
of input).
In brief, accuracy ean be defined as conforming to truth
and precision can be defined as sharply or closely
defined.

. . P,
Q. 4. Whatis the difference between accuracy and premslor:
{Anna Univ. Chennai (TN), May/June-201 |
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Ans, Aceuracy refersto the degree of clos

Fa VR LLL L

CNess or conformity
to the avcepted sta nednrd valueor th'(:}l rure v;“.].";..;‘l‘ll;:.h:l
gquantity under measurement. | w.m.]i'. e
measurement cun be exnetly It'lll'l'l'l'l 15 when |I v L
count of 1 number uf separnte items, cp l.nl‘mlu rn”
companents or i numbier tlll‘_l'll'l'll'lt'll.l pulses. In :
other cases there will hen lIlHI'J'l'Ill‘l'.lll'f.\\'!'i‘n the lrm‘
value nnd the value the instrument indicates, records
, there 150 mensurement error,

or controls to e, .
nt menns conformity to

Thus necurpey of nmeasureme

truth. ‘ . . ‘
Precision is aterm which describes an instru ment's

degree of [reedom from random errors. IMalarge nun]hor
of readings nre taken of the same quantity by a h.mh-
precision instrument, then the spread of the readings
will be very small.

Precision is n measure of the consistency or repeata-
bility of measurements i.c. Successive readings do not
differ. (P'recision is the consistency of the instrument
output fora given value of input). It combines the uncer-
tainty due to both random differences in results in a
number of measurements and the smallest readable
inerement in scale or chart (given as the deviation of
mean value).

Precision is often, though incorreetly, confused with
accuracy. High precision does not imply anything about
accuracy. A high-precision instrument may have a low
accuracy. Low-accuracy measurements from a high-
precision instrument are normally caused by a bias in
the measurements, which is removable by recalibra-
tion.

Q. 5. Enumerate the factors that influence the accuracy ofa

system.

Ans. In measurement, accuracy is influenced by static error,

dynamic error, drift, reproducibility, non-linearity,
hysteresis, temperatures and vibration.

Q. 6. Explain the terms: (i) Static error (i} Static correction

Ans

and (ii1) Relative error, [U.P. Technical Univ., 2009-10]
. (i) Static error is defined as the algebraic difference
between the value indicated or conveyed by the
output of the measuring system or transducer and
the true value of the quantity presented to the
input.
i.e. Static error = Measured valued — true value,
Error is positive quantity if measured or
indicated value is higher than true value and is
expressed as a percentage of the full-scale value of
the measuring system.

(ii) Static correction is the opposite of error i.e. the
algebraic difference between the true value and
the indicated or measured value of the quantity.
So, Correctinn = True value — indicated value
Correction is a quantity which is added algebra-

ically to the indicated value so as to have true
value.

(iii) Relative error is defined as the ratio of static
error to the true value of the quantity under mea-
surement.

1.e. Relative error = Static error

True value

- Measured value - true value
True value

The relative error may be quoted asa f"ﬂctiqn .
A parts in 1,000 or may be expressed as g Derné :
toge. n.
Q. 7. Define the term resolution. [TV, Decembe, "
Ans. The resolution of any inﬁtrumept is the sy
chnnge in the input gipnal {t|uant1}y under meﬁﬂurﬁ
ment) which ean he deteeted by the instrument, e
ssed ns an actunl value or as a fraey,
ale value.

ﬂneal

he expre .
percentage of the full-se

Q. 8. What is meant hy drift?
|P.T.U. December-2000; ”ocpmb"'":uu

Ans. Driltis undesired change in the output-input relatigy,
ship over a period of time.

Drift is a slow variation in the output signal o,
transducer or moeasuring system w_hich 1s not dug |,
any change in the input quantity. It is primarily dy "
ch:‘mgvs in operating conditions of the COmponeny
inside the measuring system.

Q. 9. What is meant by bias?
Ans. Bias describes a constant error vlu'hlch exists over th,
full range of measurement of an instrument.

o

Q. 10. What is tolerance? Is it a static characteristic of meg.
suring instrument?

Ans. Tolerance is a term which is closely related to accy.
racy and defines the maximum error which is to b
expected in some value, Strictly speaking it is nota
static characteristic of measuring instrument.

Q. 11. What is meant by overshoot?

Ans. If measurand is applied all of a sudden to the indicating
analog instrument then owing to the finite mass of
pointer and the moving coil, the momentum developed
by deflecting torque would cause the pointer to move
beyond (or cross) the equilibrium position. This is called
overshoot and is shown in Fig. 2.6, It is the maximum
amount in per cent of the step magnitude by which the
response exceeds the required change. In fact little
overshoot is desirable to bring the pointer to restin
minimum time.

Q. 12. What is meant by bandwidth of a system?

Ans. BarlldwidLh of a system is the range of frequencies for
which its dynamic sensitivity is satisfactory.

Q. 13. What is meant by loading effect?

Ans. The incapability of the system to faithfully measure,
record or control the input signal (measurand) it
undistorted form is known as loading effect.

Q. 14. What is settling time? [P.T.U, May 20061

Ans. It is the time required by the instrument or measure
ment system to settle down to its final steady-stat®
position after the application of the input. For po”
table instruments, it is the time taken by the pointef
to come to rest within + 0.3% of its final scale length
while for panel type instruments, it is the time take”
by the pointer to come to rest within + 1% of its fin
scale length.

A smaller settling time indicates higher speed o
response. Settling time is also dependent 0P :
system parameters and varies with the condition U" ‘
which the system operates. The settling time of secon™
order instruments is affected by the degree of damP!
provided for the instrument.
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Q. 15. Explain briefly about sensitivity and loading effect of
a voltmeter. [U.P.5.C. LE.S. E.C.E,, 2010]
Ans. The sensitivity of a voltmeter is defined as

1
S\.’: ._:_I_Q[V

]fs m
where T, is the current required for full-seale deflection,
A valtmeter when connected across two pointsin a
highly resislive circuit, acts as a shunt for that portion
of the circuit. The meter will then provide a lower
voltage drop than actually existed before the meter
was connected. This effect is called the loading effect.

1. Aset ofindependent voltage measurements were recorded
as 20.05, 20.10, 20.12, and 20.09 volts. Determine the
average voltage and the range of error.

[Ans. 20.09; 0.035 V]

2. A diaphragm type pressure measuring instrument is

calibrated for absolute pressure of 6 to 760 mm of mercury,

It has an accuracy of = 1%. Calculate the scale range, scale
span and maximum static error,

[Ans, 6-760 mm: 754 mm: & 7.54 mm)]

3. Determine the linearity of a potentiometer to obtain an

error not to exceed 5 parts in 10,000, [Ans. 0.05%)

4. A 10.0 V voltmeter has a resistance of 1,000 Q. Determine
the efficiency of the instrument. [Ans. 100 V per volt]

5. A thermocouple has an output emf as shown below when
its hot (measuring) junction is at the temperatures shown.
Determine the sensitivity of measurement for the thermo-
couple in mV/°C.

mV 2.35 4.70 7.05 9.4

400 600 800

[Ans. 0.01175 mV per °C]

6. (a) An instrument is calibrated in an cnvironment _at a
temperature of 25 °C and the following output readings
v are ohtained for various input values x:

°C 200

X 5 10 156 20 25
14.1 18.8 23.6

y 4.7 9.4

Determine the measurement sensitivity, expressed as

the ratio 2.
X

(b) When the instrument is subsequently used in an

o, -

environment at a temperature of 50 C, .the output
input characteristic changes to the following:

16 20 20
29.5

X 5 10
11.8

:'l 5_9 177 23'6

Determine the new measurement sensiti"i_t"r' H({ncel;
determine the sensitivity drift due to change 1n flml”‘“;
temperature of 30 "C. [Ans. (a) 0.94, (b) 1.18: 0.2 ]
7. Aload cell is calibrated in an environment at a tetl'llf'f'ra:tltl're
of 25 °C and has the fnllowinH deﬂ(:['t.i[njﬂﬂﬂd characteristic.

| PROBLEMS |

43

Loading effect of the
S e 1nstrument is ¢ o
by low sensitivity instrument, § caused principally

Q. 16. Give a practical example

p of zero-order
Ans. Displacement measuring syege,

: potentiometer.
Q. 17. Give an example of first-order system ?

Ans. A good example of first-order system is a thermocouple
Q. 18. The dynamic error of first-order system is given as
ey=Kmt - Kmte™

Separate out stead i
y-state error and transient error
Ans. Steady-state error, ¢, = Kmt -

Transient error, e, =Kmie "

Load in kg 0 50 100 200

Deflection in mm 00| 15 3.0 4.5 6.0

When used in an environment at 40 °C, its characteristic
hanges to the following:

(2]

Load in kg 0 | 50 | 100 | 150 | 200

Deflection in mm 03] 1.9 a5 5.1 6.7

(@) Determine the sensitivity at 25 °C and 40 °C.
(b) Calc:éﬂate the total zero drift and sensitivity drift at
40 °C.
(c) Hence determine the zero drift and sensitivity drift
coefficients in units of pm/°C and pm/kglC.
[Ans, (a) 30 pm/kg; 32 pmikg, () 0.3 mm; 2 pr/kg
(c) 20.0 pm/ °C, 0.133 pm/kgPC)
8. The dead zone of a certain pyrometer is 0,125% of the span.
The calibration is 800°C to 1,800 °C. What temperature
change must occur before it is detected [Ans. 1.25°C]

9. An ammeter reads 6.7 A and the true value of current is
6.54 A. Determine the error and the correction of the

instrument.
[U.P. Technieal Univ, Electronic Measurements
& Instrumentotion, 2006-07)

[Ans. 0.16 A; —0.16 A]

10. A multimeter having a sensitivity of 3,000 /V is used to
measure the voltage across circuit having an output
resistance of 10 k<. The open-eircuit voltage of the circuit
is 6 V. Iind the reading of the multimeter when it is set to
jts 10-V scale, Find the percentage error.

[Ans, 4.6 V, 2.5% low]

11. A voltmeter with an internal resistnnce of 4,750 0 1s used
to measure the voltage across a resistance of 600 0
connected in series with a resistance of 100 €. What is the
error in measurement? [U.P.S.C LES. Electranics &

Telecommunication Fngineering-1, 1995]
[Ans. —4.8333%)

12. A multimeter having a sensitivity of 4,000 QfV is used to
measure the voltage across circuit having an uutpu.t
resistance of 20 k€. The open-circuit voltage of the ci_rc uit
is 7.5 V. Find the reading of the multimeter when it 15 set

to its 10-V scale. Also find the percentage error-
JU.P. Technicul Univ. Eloc, Measurements and
Measuring Instruments 2004-05]

|Ans. 5V, 33.3%)
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Errors in Measurement
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3.1 INTRODUCTION

Measurement is the process of comparing an unknown
quantity with an accepted standard quantity and a
measuring instrument is a device used for comparing the
unknown quantity with the standard quantity or a unit of
measurement. No measurement can be made with the
complete accuracy, therefore, a study of errors is necessary
in the study of measuring processes. The fact that we are
studying the subject of errors does not mean that all
measurements can be made with an extreme degree of
accuracy. Measurements cannot be called good or bad
merely on the basis of the degree of accuracy, but rather
on their adequacy under the given conditions. In general,
closer results can be achieved by time, care and expense;
whether the improvement is justified in a particular case
is, of course another question. In any event, we must know
what the accuracy of our results really is, whether high or
low, otherwise we are in the dark, and have figures which
we do not know how to evaluate. We cannot study the
matter of accuracy without knowing something of the
different types of errors that may enter, and what we can
doabout them.

3.1.1. Absolute Error. The value of the unknown quantity
obtained on making measurements with standards and
measuring instruments is considered to be its true value,
though practically it is never. There is always some
difference, smaX or large, between the measured value and
the true or exact value of the unknown quantity. The
difference between the measured value A, and the true
value A of the unknown quantity is known as the absolute
error of measurement, SA*
ie,8A =4 -A
3.1.2. Relative Error and Percentage Error. The absolute
value of error 8A does not indicate precisely the accuracy

(3.1

* N b n - " i
Note: 54 is also called the reading correction or simply correction:

of measurements. For example, an absolute error of one
cm is infinitesimal in determining the circumference of
earth, negligible in setting out a cricket pitech, but
intolerable in a metre stick. The quality of measurement
is, therefore, indicated preferably in terms of relative error.
The relative error is the ratio of absolute error to the true
value of the quantity to be measured.

8A _ Eo _ Absolute error
A A True value
When the absolute error e, = 8A is negligible, i.e., when
the difference between measured value A, and true value
A is negligible then relative error may be expressed as

Y
X .(3.3)

m

The relative error may be quoted as a fractione.g., b
parts in 1,000 or may be expressed as a percentage.

.(3.2)

ie, Relative error, g, =

. (3.4)

The amount of relative error is often an indication of
the class of use to which a piece of apparatus may be put.
For example, a resistor which is within 5% of its nominal
value may be quite satisfactory in a shunt field regulator
or in a radio set but useless as a standard or in a decade
resistance box. A resistor within 1% of its nominal value
can be quite useful for general measurements but not for
very precise measurements. In order to assure the
purchaser of the quality of the circuit components or
measuring instruments, the manulacturers guarantee a
certain accuracy. Circuit components such ns resistors,
inductors and capacitors are guaranteed to be within a
certain percentage of the rated value whereas in indic:?tirfg
instruments the accuracy is mostly wuaranteed to be within
a certain percentage of full-scale reading.

3.1.3. Limiting or Guarantee Errors. Manufacturers
ment/apparatus give guarantec about the accuracy

E
i.e., Percentage error =g, % 100 = TS— x100

of equip

being of the same magnitude as the error,

but of opposite sign.

45
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s with some limiting deviations

order to enable the purchaser

of the equipment,’apparatu
ment. As

e specified value in . ? ]
{:;On]:xll]f:: prijper selection accordipg to his req}:ul.c S ating
mentioned above in Art. 4.1.2, in most of the 1n 'ti-l'n £
instruments the accuracy is guarante?d to h'.e w1.. 1 2
certain percentage of full-sc&_le reading while circul
components such as resistors, mdu;tors and capnmto}:‘s
are guaranteed to be within a certain percentage of:t e
rated value. The limits of these deviations from the spectfied
values are known as limiling errors. )
For example, if a certain ammeter of 0-25 Arange1s
guaranteed to be accurate within + 2 per cent offull-lscale
reading by the manufacturer, it means that the magnitude

X 25
100

of limiting error will be 2 per cent of 25 A i.e.

0.5A.
If the resistance of a resistor is given as 800+ 5% the

manufacturer guarantees that resistance falls between the
limits of (800 + 40) Q i.e., between 760 Q and 840 Q. Here
the maker is not specifying a standard deviation® or a
probable error* but assures that the error is not more than

the limits set.
The magnitude of a given quantity having a measured

value A, and a maximum or a limiting error + A must
have a magnitude between the limits A, —8A and A +8A

or A=A £0A ..(3.5)

For example, the measured value of a capacitor is

100 pF with a limiting error of + 5 uF. The true value of

the capacitor will be between the limits 100+ 51.e. between
95 and 105 pF,

Example 3.1. The measured value of a resistance is
10.25 2, whereas its value is 10.22 ). Determine the

absolute error of measurement,
Solution: Measured value, A, = 10.25
True value, A = 10.22

Absolute error, 6A = A, — A
=10.26-10.22 =003 Q Ans.
Example 3.2. A wattmeter reads 25.34 watts. The nbsolute
error in the measurement is - 0,11 watt. Determine the
true value of power,
Solution: Measured value,
A, =26.34 watts
Absolute error, 6A =-0.11 watt
True value, A = Measured value - absolute error
=A, -8A=2531~ (-0.11)
2540 watls Ans.

]

Example 3.3. The measured value of capacitor is

205.3 uF, whereas its true value is 201.4 pF. Determine
the relative error.

[B.P Univ. of Technology Orissa Flectronics Measurements

and Measuring Instruments, 2007)

Solution: Measured value,

A, =205.3x10°%F

Example
measured is 150 V and 2
Calculate (i) Relative accuracy (ii) Absolute error,

—_—

cal and Electronic Measurements and Instrumey, atiy
n

]
True value, A = 501.4 x 10" F
- -
m— A= 205.3 x 10 _201-4‘(1

Absolute error, g = A (
=39x10°8%F

g _ 3.9x107°
Relative error, € = 4"~ 91 4 x 107
=0.0194 or 1.94% Ans,

3.4, The expected value of the voltage to 1,
the measured value ig 148\:‘

[U.P. Technical Univ. Electronic In.s!mmpmq“-ﬂ
and Measurements, 2009-15;

Solution: Measured value of voltage, A, = 148V
Expected (or true) value of voltage, A = 1560V
Absolute error, e, = A, — A=148-150=-2V Ay,

Eg

2
=1— -2 =0.98686
A T Ang

Relative accuracy = 1 — 150

Example 3.5. The expected value of the voltage across,
resistor is 80 V. However, the measurement gives a valys

of 79 V. Calculate:
(i) absolute error (ii) % error (iii) relative accuracy
(iv) % of accuracy.
[M.D. Univ. Electrical Measurement and Measuring
Instruments, December-201(]

Measured value of voltage, A, =79V
Expected value of voltage, A = 80V
(i) Absolute error, e, = A, ~A=T79-80=-1V Ans.

Ap=A 0o= 79-80
A

Solution:

(i) % error =

=1- L =09875 Ans
80

£y
A
(iv) % of nccuracy = 100 x relative accuracy
100 % 0.9875 = 98.75%

(¢f) Relative accuracy = 1 -

Ans,

Example 3.6. A resistor of value 4.7 kQ is read ns 4.65 k0
in a measurement, Caleulate (i) absolute error, (ii) % error
and (iii) accurncy. (U.1S.C. LES. Electronics and
Telecommunication Engineering-1, 2009
Solution:  Mensured value of voltage, A, = 165k
True value of resistar, A = 4.7 k€2
(1) Absolute error,e, = A, ~ A
=4.60 - 4.7
=-0.06kf2or -H0£ Ans.

(if) % error = Ay -A « 100 = 4.65-4.7 100
A 4.7
= -1.064% Ans.
(i) Accuracy = 100 - | % error | "o
Ans.

=100 - 1,064 = 98.936%

ol [ p ) . ifie
Example 3.7. The inductance of an inductor is spec! the
as 20 H £ 5 per cent by a manufacturer. Determin®
limits of inductance hetween which it is guarante®®

* Note: The terms standard deviation and probable error will be

explained later on in Arts. 3.8 and 3.11 respectively
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Solution: Relative error,

_ Percentageerror 5 _
& 100 Top 08

Limiting value of inductance,
A=A +0A
=A_ze A, =A (1tg)
=20(1+0.05)=20%+1H Ans.

Example 3.8. A freshman student of clectrical engineering
wanted to calibrate a power meter. He recorded the
current flowing through a resistor (value marked as
0.0105 ) as 30.4 A. Later on, a second year student dis-
covered that the ammeter reading taken by the freshman
was lower by 1.2% and the value marked on the resistor
was 0.3% lower. Find the true value of the power as a
percentage of the ealculated by the freshman.
[U.P.S.C. LE.S. Elcetronics and Telecommunication
Engineering-1, 2005)
Solution: Power caleulated by freshman,
P =I°R = (30.4)% x 0.0105 = 9.70368 watts

True value of current,
. 100

Ir'=———1
100-1.2
- the reading taken by freshman
was lower by 12%.
= 100 404 =30.769 A
08.8
True value of resistance,
100
= ———x0.0105
100-0.3
*+ value marked on the resistor
was 0.3% lower
= 0.010532 Q

True power, P’ = (I)2R’ = (30.769)% x 0.010532 = 9,971 watts

9.971 «
9.70368

102.755%

True value of power
Power calculated by freshman

x 100 = 100

I

Ans.

Example 3.9. Define limiting errors.

A 0-10 A ammeter has a guaranteed accuracy of 1.5
per cent of full-scale reading. The current measured by
the instrument is 2.5 A. Calculate the limiting values of
current and the percentage limiting error. .

[U.P. Technical Univ. Elec. Measurements and Measuring
Instruments 2005-06)

Solution: The magnitude of limiting error of the instrument,

6A =g xA= 15 v 10=015A
r 100

The magnitude of current being measured is 2.5 A. The
relative error at this current is

Hence, the current under measurement is between the

A=A, (1+¢)=2.5(1%0.06)=(2.5£0.15) A

a7

So limiting values of curren

and 2.65A Ans. t under measurement are 2.35 A

Limiting error = 10 15
2.5

X 100=26% Ans,

Example 3.10. A wattmeter having a range of 1,000 W has
aerror = 1% of full-seale deflection. If the true power is
100 W, what would be range of the reading? Suppose the

error is specified as percentage of true value, what would
be the range of the readings?

[(U.P. Technical Univ. Eleetrical Measurements
and Measuring Insiruments, 2006-07]
Solution: The magnitude of limiting error of the instrument,
8P =¢ %xP=0.01%1,000=10W
The magnitude of power being measured is 100 W
Range of the readings
=PzsP
= (100 £ 10) W i.e: 90 to 110 watts Ans.
When the error is specified as a percentage of true value
SP=001x%x100=1W
and Range of the readings
=(100+1)Wie 99 to 101 W Ans.

From the above example it is noteworthy that meters
are guaranteed for better accuracies for full-scale reading
but when the meters are used for lower readings the limiting
error increases. (say 1.5% to 6% in case of Example 3.9). If
the quantity (current or voltage or any other one) under
measurement is further reduced, the limiting error will
further increase because the magnitude of the limiting
error is a fixed quantity based on the full-scale deflection
of the meter. The above examples also show the importance
of taking measurements as close to full scale as possible.

Measurements or computations, combining guarantee
errors, are usually made, Such a computationisillustrated
in the following examples.

Example 3.11, In 01 Whentstone bridge three decade
resistance boxes are used which are guaranteed for+0.2%.
An unknown resistor of R ohms is measured with this
bridge. Determine the limits on resistor R imposed by
the decnde boxes.
Solution: Under balanced condition of Wheatstone bridge,
unknown resistance R can be determined in terms of the
resistances of three decade boxes, i.e. R = m Here R, R,
3

and R, are the resistances of the decade boxes and each is
guaranteed to £ 0.2%. In worst case, the two terms innu mfzrator
may both be + ve to the full limit of 0.2% and the denominator
may be —ve to the full limit of 0.2% giving a resullant error of
0.6%. _

So the guarantee error is obtained by taking thf: dil'rect
gum of all the possible errors, adopting the algebraic signs
giving the worst possible combination.

Example 3.12. The current passing througha resistnznf
100+ 0.2 Qis 2.00 +£0.01 A. Using the relationship, P=I°R,
calculate the limiting error in the computed value of

issi i T iral Univ. Bhopal Blectronic
ower dissipation.  [R.G. Technical Univ. B3
P Instrumentation, Nov./Dec.-2007)
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i . stine error to resistance
Solution: Percentage limiting " "
= x100=+0.2%

=4 —

Percentage limiting error to current

_, 001 o 100=205%
73

The power dissipated in resistance R due to flow of current

Iis given by the expression
P=I*R
In worst possible combination of erro
in the power dissipation is
+(2 x 0.5% +0.2%) = +1.2%
So power dissipation is given by the expression as
P=I’R
=(2.0)% x 100
=400 W + 1.2% of 400 watts or 400 + 4.8 watts Ans.

rs the limiting error

3.2 RESOLUTION AND SENSITIVITY

If the saput is slowly increased from some arbitrary value
it will be noticed that the output does not change at all
until the increment exceeds the certain value called the
resolution or discrimination of the instrument. Thus the
resolution or discrimination of any instrument is the
smallest change in the input signal (quantity under
measurement) which can be detected by the instrument.
It may be expressed as an actual value or as a fraction or
percentage of the full-scale value. In some texts this guantity
is referred to as ‘sensttivity’.

The sensitivity gives the relationship between the input
signal to an instrument or a part of an instrument system
and the output, Thus the sensitivity is defined as the ratio
of output signal or response of the instrument to a change
of input signal or the quantity under measurement.

The sensitivity will, therefore, be a constant in a linear
instrument or element i.e. where equal changes in the
input signal cause equal changes in the output.

Sensitivity 1s usually needed to be high, and an
instrument should, therefore, not have a range largely
exceeding the quantity under measurement, although some
margin of excess over the expected values should be allowed
in order to prevent accidental overload.

Example 3.13. A moving coil voltmeter has a uniform scale
with 100 divisions and gives full-scale reading of 200 V.
The instrument can read up to ; th of a scale division

- . L] IJ
with a fair degree of certainty. Determine the resolution
of the instrument in volt.

Solution: Full-scale reading =200 V
Number of divisions of scale =100

PR 200
1 scale division =22 =
100 2v

. 1
Resolution =—th of a gcale division

o

o e

V= 04V Ans,

(I CAVELE £aRLRB0 0500 2

3.3 ACCURACY AND PRECISION
848 A

sa with which th_e instrument read;
value of the variable under measurf
ment while precision is a measure of the I‘CITT‘Oducihilityu.[
the measurement i.e., Precision s a measure of the (g

to which successive mcasumn'fents differ from one anof,,

In brief, accuracy can be defined as conforming t, trug
and precision can be dcﬁ_neld aslsharpfy or closely defiy, od

For illustration of distinction betweenvaccuracy ang
precision, we may compare two decade resistance boxeg
each with four dials, giving resistance incrementg i
1,10,100 and 1,000 Q per step. Suppos¢ one _ho;lz is cheap,
one of low grade quality guaranteed to be within 1% whil,
another one is high grade quality guaranteed tobe Withiy
0.1%. Both boxes may be set to the same precision j g,
both boxes can be set to any value up to 10,000 Q by g,
ohm step but the accuracies, however, are very differen;

Difference between accuracy aind precision can be{llyg
trated by another example in which two voltmeters of the
same make and model arc compared. Both voltmeters hay,
carefully calibrated scales and knife-edged pointers wigy
mirror backed scales to avoid parallax. So both instrument
may be read to same precision. If the value of the serje
resistance in one meter changes considerably, its reading
may be in error by fairly large amount. Hence accuracyf
the two meters may be quite different. For determinatio
of the meter in error a comparison measurement with
standard meter should be made.

Here it should be clearly understood that accuracyof
a reading is not necessarily guaranteed by its precision
and good measurement technique demands continuous
skepticism as to the accuracy of the results.

Precision is composed of two characteristics; confor-
mity and the number of significant figures to whicha
measurcment may be made. Consider an example in which
a voltage reading ol true value 1.952 V is measured bya
voltmeter which consistently and repeatedly indicates?
V. This is as close to the true value as an observer can
read the seale by estimation. Although there are n
deviations from the observed value, the error caused by
the limitation of the seale reading is a precision error.
conformity is a necessa ry, but not sufficient condition, {o
]:{'vcisiun, beeause of lack of significant figures obtained
Similarly precision is a necessary, hut not sulficient
condition, fur uccuracy as explained below,

IFa magnitude is (o be determined with aceuracy (08
required number of digits, it is necessary that the
measuring instrument have precision of this ovder. Thus
precision is an essential condition for nchievement ”ft].w
aceuracy. Accuracy is 1 matter of careful measurement’
terms of an aceurately known standard. ol

IF the results of measurement of the same ‘”"qrmht
agree among themselves then that set of readings Hhﬂ‘:;'
precision but it does not guarantee the accuracy ﬂslhcﬂ‘
may be some systematic disturhing effects which introdd l
error in the readings. For this reason, in jmport®

Accuracy is a closene
approaches the true
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measurements, an independent set of ohservations by
second method is also tukfen to avoid the effects of some
svstemﬂtic errors, where this is not possible to apply second
method then method u nder use should be studied carefully
to find out and eliminate any systematic disturbing error,

3.4 SIGNIFICANT FIGURES

An indication of the precision of the measurement is
obtained from the number of significant figures in which
result is expressed. Significant figures convey actual
information regarding the magnitude and the measurement
precision of a quantily. More the significant figures, greater
the precision of measurement.
For example if the value of resistance is specified as
138 Q then its resistance is closer to 138 Q than to 137 Q
or 139 Q and there are three significant figures. If the
resistance is specified as 138.0 Q then its resistance is closer
to 138.0 Q than to 137.9 Q or 138.1 Q. In this case there
are four significant figures. The latter, with more significant
figures, expresses a measurement of preater precision than
the former. A resistance of 138 Q might also be written as
0.000138 M Q. Here there are also three significant figures
and one should not count zeros between the decimal point
‘and 138 as significant figures because these zeros are
present on account of the size of the unit used but give no
greater precision to the result.

In some situations, the total number of digits may not
represent the measurement precision. Frequently larger
number of zeros before a decimal point are used for
approximate population or amounts of money. For example,
the population of a city is reported in six figures as 150,000.
This may imply that the true value of the population lies
between 149,999 and 150,001, which is six significant
figures. What is meant, however, is that the population is
closer to 150,000 than to 140,000 or 160,000. So this
information has only two significant numbers, and a more
technically correct notation uses power of ten as 15 X 10*
or 1.5 X 10°. This method indicates that the population
figure is only accurate to two significant figures.

In measurement works, all those digits are recorded
of which we are sure nearest to the truc value. For example
in reading an ammeter a current of 5.7 A simply indicates
that the current read by the observer to best estimation, is
closer to 5.7 A than to 5.6 A or 5.8 A. Another way of
?xpressing this result indicates the range of possible error
Le, the current may be expressed as 5.7 + 0.05 amperes,

-indicating that the value of the current lies between 5.65 A
and 5.75 A,

The number of significant figures in a quantity is the
one measure of precision, though not definite as a
percentage statement. For example 100 A covers values
between 99.5 and 100.5, which is+ 0.5% or a total range of
doubt of 1%. The value of 999 A also has three significant
figures and a range of doubt of 1 A, but as a percentage,
the range is not 0.1%. So three significant figures are
indefinite as a measure of precision as it covers total range
of doubt from 1 to 0.1%. It is, however, a convenient
approximate index, and is used to 1 considerable extent.

- 49

When two or m
degreces of accuracy arﬁﬁ]c?égas‘;”emem'g wih differen
as the least accurnte mt:acsurerl*n = E:‘ eflllt i i
16.3 and 6.245 are addec.l the s oo o quantices
will be 21.545. Because ‘nn 3 B*f-l“;lﬂftlleﬂe‘twq quaiasies
only to thres cieni f e ot the quantity is accurate

y ree significant figures, so the result wi
reduced to th R S, 80 the result will also be
luced to three significant figures i.e., 21.5. Here o
Point is to be added that in such cases extra dipity
accumulated in the answer should be discarded or ruungdlez
off. In usual practice, if the digit in the fi
discarded o it in the first place to be
1scarded is less than 5 then this digit and the following
digits are discarded from the answer.

]_3ut if t_he_a f?rs_fl; digit to be discarded is 5 or higher, the
previous digit is increased by 1. For three digit precision
5.4546 should be rounded to 5.45 and 5.4556 to 5.46.

. In n.rlultiplication, significant figures increase rapidly,

ut again only the ap p.roxjm ate figures are retained in the
answer and extra digits accumulated in the answer are
discarded or rounded off.

In addition of figures with a range of doubt, doubtful
are parts also added, since the * sign means that one
number may be high and the other low, The worst possible
combination of range of doubt should be taken in the
answer. For example if two quantities A = 430+5 and
2511285 + 3 are added then answer will be represented as

A=430%5(=%1.163%)
B=225+3(=11.333%)
C=655+8(=%1.221%)

.H_ere one important point is to be noted that in case of
addition of two quantities, the percentage doubt in the
original figures A and B does not differ from the percentage
doubt in the final result C. '

If the same two numbers taken above are subtracted,
then we find a very interesting comparison between
addition and subtraction with respect to range of doubt

A=430+5(=£1.163%)
B=225%3 (=+1.333%)

Difference D = 205+ 8 (=% 3.902%)

In subtraction also, the doubtful parts are added for
the same reason as in addition. Now comparing the results
of addition and subtraction of the same numbers A and B,
note that the precision of the result, when expressed in
percentage, differs greatly. The final result after subtraction
shows a large increase in percentage doubt compared to
the percentage doubt after addition. The percentage doubt
increases even more when the difference between the
numbers is relatively small. .

S0 one should avoid measurement technique depending
on subtraction of experimental results because the range
of doubt in the final result may be greatly increased.

3.5 TYPES OF ERRORS

can be carried out with complete

No meafurement /
s is necessary in the study of

accuracy, so a study of error
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measuring process. A study of errors is a first step 1N
finding ways to reduce them and such a study also allows
to determine accuracy of the final test results.

To study the matter of accuracy, it is very important
to know the different types of errors that may enter dur-
ing measurement of any quantity. Errors may onglnﬂ!;e
in a variety of ways, but it can be grouped in three main
categories.

1. Gross Errors. In this category, errors occur
because of mistakes in reading or using instruments and
in recording and calculating measurement results. These
errors are usually because of human mistakes and these
may be of any magnitude and cannot be subjected to
mathematical treatment.

The complete elimination of gross errors is not possible,
but one can minimize them. Some errors are easily detected
while others may be elusive.

One common gross error frequently committed during
measurement is improper use of measuring instrument.
Any indicating instrument changes conditions to some
extent when connected into a complete circuit so that the
reading of measured quantity is altered by the method
used. For example in Figs. 3.1 (a) and (b) two possible

connections of pressure coil and current coil of wattmeter
are shown.

WATTMETER

(a) Wattmeter Connections
WATTMETER
I+]p Ic cc I

IF; ;:; Efpc ’
I
R

(b) Watimeter Connections
Fig.3.1

I17"he connection shown in Fig. 3.1 (a) is used when
Ppphed voltage is high and current flowing in the circuit
is low while the connection shown in Fig. 8.1 (b) is used
when applied voltage is low and current flowing in the
circuit is high. If these connections of wattmeter are used
Inopposite order then error is liable to enter in wattmet
readmgs.. Another example of this type of error is in u 9;'.
awell cahbtjated voltmeter for the measurement of volie 0
ici:z; s aresi stta;ce of very high value. The same voltme:eg:

connected in a low resistance circui i ’
dependable reading. This shows that tlll':; mﬁﬁflﬁﬁ

A Coursein Electricala

nd Electronic Measurements and I”sh'uﬂ'lema
"

loading effect on the circuit, which alters the oty
situation during the measurement. Bing)
Errors caused by loading effect of the meterg ca
avoided by using them intelligently. For example wh b
measuring a low resistance by voltmeter-ammeter pq N
a high resistance voltmeter, such as a VTVM ¢qp thiii

should be used. )
Gross errors are also contributed by the other facty

such as improper reading ofan instrument, failure to g 3
nate parallax or recording the result (lhfferent from th.
actual reading taken or adjusting the instrument incq:

rectly. . .
For example a multirange instrument has diffey,,

scale for each range. During measurements operator p,,
use a scale which does not correspond to the setting ofy
range selector of the instrument. Gross error may alsob,
there because of improper setting of zero before the
measurement and this will affect all the readings take,
during measurement.

As mentioned above that these errors cannot he treg|
mathematically so a great care should be taken duriy,
reading and recording the data to avoid these errors. Apay
from this, at least two, three or more readings should b
taken of the quantity under measurement, preferably by,
different observer at different reading points. Thenifth
readings differ by an unre asonably large amount, the sity.
ation can be investigated and the bad reading eliminateq

2. Systematic Errors. These are errors that remain
constant or change according to a definite law on repeated
measurement of the given quantity. These errors canlb
evaluated and their influence on the results of measure
ment can be eliminated by the introduction of proper cor
rections.

These errors are sometimes referred to as bias, and
they influence all measurements of a quantity alike. A
constant uniform deviation of the operation of an instrv
ment is known as a systematic error. There are basicall
three types of systematic errors: (a) instrumental, (b) e
vironmental and (c) observational.

(a) Instrumental Errors. Such errors are inherenti
the measuring instruments because of their mechanicZ
structure and calibration or operation of the apparatis
:used. Ff)r example in the D'Arsonval movement, friction
in bgarlngs of various components may cause incorred
readings. Improper zero adjustment has a similar effect
Poor construction, irregular spring tensions, variations?’
the air gap may also cause instrumental errors. Calibrat®
errors may also result in the instrument reading eith”
being too low or too high.

T}'leSe errors may be detected by checking for el
behaviour, stability and reproducibility of results. A qut
and easy way to check an instrument is to compare it
fmoifher instrument of the same characteristics or comP®
1t with a comparatively more accurate instrument.

Suclh errors may be avoided by: (a) selecting 2 prop’
measuring device for the particular application, (6) 2P }-[
ing correction factors after determining the magnit 4
1nst.rume?1ta1 errors, and (c) calibrating the measu’
device or instrument against a standard.
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® Environmental Errors. _Such errors are much more
troublesome asthese change ‘w1th time in an unpredictable
manner- These errors are 1r§t1:oduced dl:xe to use of an
instrument in different conditions than in which it was
assembled and calibrated. .

Change in temperature 18 the major cause of such errors
as temperature afl?ects t.?}e PTUDCI_'ti'Z?S ‘Of materials in many
ways, including c!lmenslons, resistivity, spring effect and
others. Other environmental changes also affect the results

.ven by the instruments such as humidity, altitude,
earth's magnetic field, gravity, stray electrostatic and
magnetic fields etc. These errors can be eliminated or
reduced by taking the following precautions:

() Using instrument in controlled conditions of
pressure, temperature and humidity in which it
was originally assembled and calibrated.

(i7) If above is not possible then deviations in local con-
ditions must be determined and suitable correc-
tions to instrument readings applied.

(i) Using equipment which is immune to these ef-
fects. For example, variation in resistance with
temperature can be minimized by using resistance
materials of very low resistance temperature coef-
ficient.

(iv) Using techniques that eliminate the effects of these
disturbances. For example the effect of humidity,
dust etc., can be entirely eliminated by hermeti-
cally sealing the equipment.

(v) The effects of external electrostatic or magnetic
fields can be avoided by providing electrostatic or
magnetic shields.

(vi) Altogether new calibrations may be made in the
new conditions.

(¢c) Observational Errors. Such errors are introduced
by the observer. The most common error is the parallax
error introduced in reading a meter aeale, and the error of
estimation when obtaining a reading from a meter scale,

Parallax error is caused by the observer not having
his line of sight on the pointer exactly at right angles to
the plane of the scale. Such an errorcin hu vlimi_nuuul by
providing a mirror beneath the scale and a knife-edged
pointer. ‘

Tests have been conducted in which n number of
persons read fractional divisions on anammeter senle under

carefully controlled conditions and consistent individual
differences were found. In measurements invnlﬂ_ng the
timing of an event, one ohserver miy tend to anticipnte
the signal and read too soon. Very considerable differences
are likely to appear in determinntion of ight intensities or
sound levels. Important readings which muy be subject to
this type of ¢rror should be shared by twoor more ohservers
to minimize the possibihty of a constant bins. .
Modern electrical instruments have digital display of
output which completely eliminates the errors due to
human observational or sensing powers g the putputisin
the form of digits. .
Systematic errors can also be subdivided into static or

51

dynamic errors. Static errors are caused due to limitations
of the measuring device or the physical laws governing its
behaviour. A static error is introduced in a micrometer
when excessive pressure is applied in torquing the shaft.

Static error is defined as the difference between the

measured value and true value of a quantity i.e.

_ SA=A,-A
j.vhere dAiserror, A is measured value of quantity and A
s true value of quantity.

Dynqmic errors are caused by the instruments not
responding fast enough to follow the variations in a
measured variable.

In this case, the instrument readings lag behind the
measured value in time.

3. Random (or Accidental) Errors. These are er-
rors that remain even after systematic errors have been
substantially reduced or at least accounted for. Random
errors are generally an accumulation of a large number of
small effects and may be of real concern only in measure-
ments requiring a high degree of accuracy.

These errors are of variable magnitude and sign and
do not obey any known law. The presence of random errors
becomes evident when different results are obtained on
repeated measurements of one and the same quantity. The
effact of random errors is minimized by measuring the
given quantity many times under the same conditions and
calculating the arithmetical mean of the values obtained.
The mean value can justly be considered as the most
probable value of the measured quantity since random
errors of equal magnitude but opposite sign are of
approximately equal occurrence when making a great
number of measurements.

The problem of random errors is treated mathemati-
cally as one of the probability and statistics, and is beyond
the scope of this book. The following observations may,
however, be uselul

If the errovs are truely random, o plot of the number
of readings of ench value as ordinates, against the reading
values ais nhiscisne gives o curve of a particular shape known
as the error curve, If the plot does not give such n curve
then the errors are not truely rnndom. This test ennnot, of
course be npplied to u set of ns few, hall' a dozen,

The sources of errors, other than the ability of a picce
of hardware to provide a true measurement, are given
below:

1. Poordesign.

2. Change in process parameters, irregularities,
upsels ete.

3. Poor mnintenance.

4. Certain design limitations.

5. Insuffici 2t knowledge of process parameters and
design conditions. )

6. Errors caused by the person operating the
instrument/equipment.

Table 3.1 classifies the main categories ofrur-rurs. and
describes some cAUSCE and methods of their elimination.
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TABLE 3.1
Measurement Errors
(Estimation and Reduction/Elimination)

Measurement Exrrors

SO Klaer umm&[’

r

Human or Gross Errors.

Systematic Errors

|

Random or Accidenty]
Errors

Choice of Instrument, Exsmples: Bearing

. Examples: Unkm
i i ' Environmental Errors
f:xamples: M;;H“dmi Instrumental Errors l Events That Cause S
e " Variations in Measure.
Calculations, Improper 1 re

Examples: Variations in

ments, Quite Random ang

oy Unexplainable.
Incorrect Adjustment, or Friction, Component, Non- Temperature, Humidity, :
Forgetting to Zero, .| | linearities, Calibration Stray Electric and
Neglecting Loading Effecta. .Errors, Damaged Magnetie Fields. —
Instrument, Transmission
Loss, l
l .
[ : . e Estimation: Estimation: '
?q{s: };ema?tmal Treatment Esé;r;zi:ﬁ:;n W M Careful Monitoring of Taking of l.\*ian:f Rv.:ad..mgs
ot Possible Accurate Standard. Changes in Variables, and Ap.plymg S.ta.tl.stmu'l
2. Determination if Error is Estimation of Expected ADPI}"I’“K Stﬂtlﬂtlﬂ&ll
a Constant or Propar- Changes. Analysis to Unexplained
tional. Variations.
l _
Methods of Reduction/ Methods of Reduction/ Methods of Reduction/ Methods of Reduction/
Elimination: - + Elimination: Elimination: Elimination:
1. Awareness of Instrument 1, Selection of a Proper 1. Maintenance of Constant 1. Careful Design of
Limitations. Measuring Device For Temperature and Measuring Apparatus To
2. Great Care During Read- The Particular Appli- Humidity By Aircondi- Reduce Unwanted
ing and Recording Data cation. tioning. Interference.
To Avoid Such Errors. 2, Calibration of Measuring 2. Hermetically Sealing of 2. Use of Statistical

3. Observations By Twoor .
More Observers.

Device or Instrument
Against o Standard,

4. Taking at least Three
Readings to Reduce
Possible Occurrence of

Errors.
6. Proper Motivation To

The Importance of
Correct Results.

3. Application of Correction
Factors Alter Determi-
nation of The Magmtuode

of Instrumental Errors.
4, Use of More Than One

Method of n Purameter
Measurement.

Equipment and Compo-

nents Under Test,
3. Shielding of Components

and Equipment Agninst
Stray Magnetie/Electric
Fields,

4. Use of Equipment which
is Immune To Such
Eflects.

Evaluation For Determi-
nation of Best True
Estimate of Measure-
ment Readings.

I

3.6 DETERMINATION OF MAXIMUM
SYSTEMATIC ERROR

When two or more quantities, cach of which is subject to
error, are combined, it is necessary to determine the
maximum systematic error.

. It should be noted particularly that when the only
information about the errors of two pieces of apparalus is
that they are within certain limits, they may be anywhere
within these limits up to the extreme in either direction.
.In calculating the maximum possible systematic error it
1s necessary to assume that the individu:;] errors connected

may all be of such a sense as to affect the resylt in the
same direction.

Provided that the errors are small, their effect " “;
final result is readily obtained from the simple 10

outlined helow:

(i) Sum of Two or More Quantities. Let the

fint

result y be the sum of measured quantities, & b ™"
each of which is subjected to possible systematicerro"

* 6u, * Oz.

Then the nominal result is

y=ututz

. .o aann D
The relative increment of the function is give" Y
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Expressing the result in terms of relative increment
the component quantities

of
dy _ 1 du v dv z dz
Yy y u y v y =z

gince the errors in the component quantities are
resented by 4_.-811,, .ié'n'; and *6z then corresponding
Jjmiting error 8y in y is given by
oy (E.S_“+£.E+£,5_Z_]
h y v y v y 2z

The above expression shows that the resultant
cystematic error is equal to the sum of the products formed
by multiplying the individual systematic errors by the ratio
of each term to the function.

Since no approximation has been made in working out
this particular result, it is true for all values of the errors
and is not restricted to the case of small errors.

(i) Difference of Two Quantities.

Jety=u-v
dy _du_dv

Y Yy ¥
Expressing the result in terms of relative increments

of component quantities
dy _ u du
y y uw Yy v
If the errors in u and v are +8u and +3v respectively,
the signs may be interpreted to give the worst possible
discrepancy i.e., when the error in u is +8u and the error
in vis—8v and vice versa, then the corresponding relative
limiting error 8 y in y is given by
by _ (E Bu v i*i]
Y y u ¥y v
This expression is the same as obtained in first case.
It may, however, be mentioned that in this case when u
and v are almost equal in magnitude then the relative
- error in y would be very large.
(iii) Product of Two or More Quantities.
Let y = uvz

...(3.6)

(8.7)

log, y = log, u +log,v +log, z
Differentiating with respect to y, we get

1 1 du 1 dv 1 dz

A E it

y u dy v dy z dy
dy _du dv  dz
or == = —+—+—
y w vz

Representing the errorsinu, v, and z as £8u, +8v and

8z respectively, the error 8y in y is given by
8"“ - [..Ej_'i + ﬁl—l + E)

> Aty
. From the above expression we conclude that the relative
limiting error of the product of the terms 18 equal to the

sum of the relative errors of the terms.
(iv) Quotient of Two Quantities.
Lety= L

v

..(3.8)

a3

. log,y = log, u—log, v
Differentiating with respect to ¥, we have

1oide 1 d
¥y w dy v dy
or & = du_dv
y 173 )

Representing the errors in 1 and v as + 5u and +8v

respectively, the relative errorin yis givenby -

.8_'}' == E_H b= E_U
¥ u v
The maximum possible error occurs when Su/u is +ve

and du/v is —ve or vice versa.

- Relative limiting error in y is given hy the expression

&
Y-y (5—“+@] .(39)
y u v
(v) Power of a Factor
Lety=u"
where n may be +ve or —ve, integral or fractional
log,y =nlog.u
Differentiating with respect to y, we get
1 _ 1 du
— — n W —y e—
y u dy
y u
Hence the relative limiting error of yis~
L. ) .(3.10)
y u
(vi) Composite Factors
Let y = u™"™
log,y = nlog,u+m log, v
Differentiating with respect to y we get
L o ndu, mdv o
y udy vdy '
or E = rl-[—isi + m@-
¥ u u
~ Relative limiting error of y is
by =i(na’£+ma—u) .(3.11)
y i ]

Example 3.14. Explain the limiting error in terms of true
value. Two capacitors C, =150+ 2.4 pF, C; =120 £ 1.5 pF
connected in parallel, what is the limiting error of the

resultant capacitance C? )
|G.B. Technical Univ, Electranic Instrumentation and

Measurements, 2011-12)
We have u = 160 £ 2.4 pF
v=120% 1.6 pF

When the two capacitors are cannected in parallel, the

resultant capacitance is
y=u+uv=(150%2.4)+ (120 + 1.5)

= (270 + 3.9) uF
Therefore, the limiting error is £ 3,9 yF Ans.

Solution:
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Relative limiting error is
S—y = E;g =+ (.0144 or = 1,44% Ans.

¥ 270
Example 3.15. The limiting errors for a four dial resistance
box are:
Units :+0.2%
Tens :+0.1%
Hundreds :x0.05%

Thousands : + 0.02%
If the resistance value is set at 4,325 0, calculate the

limiting error for this value.
(UL.PS.C. LES. Elecirical Engineering-I, 2007]

0.02

Solution: Errorinthousands = % 100 = 4,000 =+ 0.8

0.05
* 100

I

x300 =+0.150Q

Error in hundreds
Errorintens = rl:E %20 =1£002Q .
100

Error in units = ty— x5 =x20.018
100

Total errar = +(0.8 + 0.15 + 0.02 + 0.01)
=+0.98Q

0.98

4,326

= +(.02266% Ans.

Limiting error = + x 100

Example 3.16. Two resistors having the following ratings:
R, =200 02+ 10% and R, =500 = 5%. Calculate:

(i) the magnitude of error in each resistor,
(ii) the limiting error in ohms when the resistors are
connected in series,
(iii) the limiting error in chms when the resistors are
connected in parallel.
[J.N. Technological Univ. Hyderabad Electronic Measurements
and Instrumentation, February/March 2012]

Solution: (i) Magnitude of error in resistor R,

10
R, = +—x200 =+20Q Ans.
8R, t00 " 0 ns

Magnitude of error in resistor R,,
5
R, = +——x 500 =+25Q Ans,
| f2 ™ 4100 "
(i) When the two resistors are connected in series
Equivalent resistance,
R,, =R, +R, =200+ 500 = 700 Q
Limiting error, R = oR, + 6R, =+200Q+25Q
= 246 0Q Ans.

(i) When the two resistors are connected in parallel
Equivalent resistance,

R,= iRy _ 200x500 _ 1,000
Ri+R, 2004500 7
Let Rp= X

Then X = R, x R, = 200 x 500 = 100,000

L
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Y = R, + R, =200+ 500 =700

_ 5R, SRy _
= —1 4+ —= =4+10%5= n
ErrorinX R, + R, * 15y,
. - 5R1 " 3}*-2
Errorin __Y ——Y
- R 3B Ry 3R,
Y R Y Ry
_ 200 " 500 _ 45
= j:__'TUD xlO_-——,},OD xbh = i-'-?h%

So percentage error (maximum possible) in equivale,
parallel resistance
= ErrorinX+ErrorinY

45

= +156% iT%=i150

7

%
. 150 1,000
Limiting error in ohms = t_——x =

=+30.612
700 20 An

Example 3.17. Three resistors have the following rating,
R, = 200 Q£ 5%, R, = 100 Q£ 5%, Ry =50 Q. 5y
Determine the magnitude of resultant resistance ang
limiting errors in percentage and ohms, if the aboy,
resistances are connected in (a) series and (b) paralle),

[U.P. Technical Univ. Electrical and Electroniy
Measurements and Instrumends, 201319

Solution: (i) When the resistances are connected in series
Equivalent resistance, '
R,.= R +Ry,+ Ry
=200+ 100+ 50=360Q Ans.
Relative limiting error of series resistances in percentag

_ R, &R, +R2 R, i R, &R,

Rst' Rl R&l.- R‘ZI Rse RS

200 100 50 }
=x|—xb+ 5+ ——xb| =

(350 350 < > * g0 X 0) TEON Am

Relat*ve limiting error of series equivalent resistance in
ohms

.
=+ 350 X — =+ 17. _
100 7.6 Ans

(1) When the resistances are connected in parallel
The equivalent resistance is given by the expression

1 z.l_+L+...l_-_- RoRy + B4Ry +R_._._1R2
P R, R, Ry RiR Ry
R, = R,R,R,
R,Ry + R Ry + R\R,
_ 200 % 100 x 50 — 98570
100 x 50 + 200 x 50 + 200 % 100
_ X
Let Rp_ —

thenX = R] H2 R3= 200 x 100 x B0 = IU.UO-DOO
andY = R R,+R,R,+R,R,

YitYoty,

200 x 100 + 100 x 50 + 50 x 200 = 3507

Il

1}

Scanned with CamScanner



S

Errorsin Measurement

: x-aR‘ + SR, +8R3 (5 +
rinX= = + =
Erro R TRTR, 5+ 5) =+ 15%
_ BBy B8Ry _ s
roringy, = — b+ —2% = =10%
Er 1 Rl Rz
. _8R, BR,
Errorinyy = =+ - =4(5 +5)= 10%
2 3
) SRy R,
Errorinys = o +R_=i(5+5)=*10%
| 1
Percentageerrorin Y
=[:;_15-*'_1+3*_25r_a+y_a®_a 0D
n Yy Y oy
20,000 5,000 10,0
:i[—xl : x10 +— . )
35,000 35,000 35,000 10
=+10% :

. Percentage error (maximum possible) in equivalent
parallel resistance

=156+10=+25% Ans.

Error (maximum possible in equivalent parallel resistance
in ahms)

25
= 2857 X — = 7.1425
100 7.1425 Q Anms.

Example 3.18. A resistor is measured by the voltmeter-
ammeter method. The voltmeter reading is 123.4 V on
the 250 V scale and the ammeter reading is 283.5 mA on
the 500 mA scale. Both meters are guaranteed to be
accurate within =1 per cent of full-scale reading. Calculate
(a) the indicated value of the resistance (b) the limits
within which the result can be guaranteed.

[R.G.P.V. Electronic Instrumentation, December-2005;

G.B. Technical Univ. Electrical Measurements
and Measuring Instruments, 2012-18)
Solution: (@) Indicated value of resistance,
1 .—Iw—_; =436.270Q Ans.
I 283.5x10"

The magnitude of limiting error of the voltmeter,

x 2650 =125V

1
- J =
V=g V=t

The magnitude of voltage under measurement,
V=1234V '
The percentage limiting error at this voltage
= % 2.8 « 100 = 2 2.0269%
123.4
The magnitude of limiting error of the ammeter,

8l = :—1—:150{1 =+ 6 mA
100

The magnitude of current under measuremont,

[= 283.5 mA
The percentage limiting e
=4 5 mA
283,5 mA
(b) Relative limiting error in resistance me

R 00 = 2[5 8]0

= +(2.0250 + 1.7637) = £ 3.7896%

rror at this current

x100 =+ 1.7637%

asurement,

Ans.
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Exa

tem;n;:.l;ci:.‘.:f. The value oi: unknown R is calculated in

Hihatirts ent drawn by it and the power it dissipates

b cut;u ll:;g errt;r involved in the measurement ol'powe:.-
current are 1.5% and 1% respectively. Th

limiting error in the measurement of R isg. o relative

[G.B. Technical Univ. Electronic Instrumentation
and Measuremenls, 2012-13)
Solution: Unknown resistance R is given as

P

a
Relative limiting error in measurement of R

6R 6P 281
—x100 = i[-—-—+—)

=+(1.6+2x1)=43.5% Ans,

Example 3.20. An 820 Q resistance with an accuracy of
+10% carries a current of 10 mA. The current was
measured by an analog ammeter, on a 25 mA range, with
an accuracy of + 2% of full-scale. Calculate the power
dissipated in the resistor and determine the accuracy of
theresult. (G.B. Technieal Univ. Electronic Instrumentation
and Measurements, 2012-13]

Solution: The magnitude of limiting error of the ammeter,
e =4 2 -
EI _EPI_ iﬁxkj—io.ﬁmﬁ

The magnitude of current under measurement, I =10 mA
The percentage limiting error at this current
= g>~:].(l'[l' = i%xlﬂﬂ =+ 5% Ans.
1 10
The percentage limiting in given resistor =+ 10%
Power dissipated in resistor,

P=1R= [ 10 } x 820 = 0.082 W Ana,
1,000
Percentage error
5P 251 &R
0100 = 4|22
P x :t[ I + R]x 100

=+(2x A+ 10)=120% Ans.
Percentage aceurncy = (100 - 20)% = HO% Ans.

Example 3.21. Caleulate the relative error in power factor
if the relative error in power, current and voltage are

respoctively 0.6%, 1% and 1%. Quantities have ST units.
(Ph. Technical Univ. Electrical Measurements

and Measuring Instruments, May-2008]
Solution: Power factor is given by
I)

WP = —
PF Vi

Relative limiting error in power fnctor,

5PF &P &V 81
—x 100 I\'Ti-'i‘—-{r-'l'-l— » 100

P¥

Ans,

£(0.6+ 1 +1)=%2.n%

Example 3,22, The unknown resistance is determined by
expression:

R,R
= 273
Ry R,

where R, =900 4 0.6%Q; R, =900 +0.8% &
R, = 826 £ 0.6% Q
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Ry nnd limiting errorin

ine the magnitude o
e Electrical Measurements and

o (M. Ui
nage. Measuring Instruments, May-2008]

Solution: Unknown resistance,

- I_izﬁj & 000 « B2H
R, a00

Ry = 825 £

Relative limiting error in percentage,
- ) '
SBX x100 = # ﬁ&+ﬁ+ M—-"]xmo
Ry R, R, Ry

=+ (0.5+ 08+ 0.6)=11.9% Ans.

Example 3.23. IfR_= E]!(-]-tl where R, =100+ 1%, R, = 200
3

£ 2.5% and R, = 100 4 2%, Find;
({) The nominal value
(ii) The limiting error and
(iii) The percentage limiting error of R

[U.P. Technical Univ. Electrical Measurements
and Measuring Instruments, 2013-14)

Solution: ({) Nominal value of R,

_ Ry xR, _ 100 x 200

=200 2 Ans.
R, 100
i e ik SR, &R, &R
i) Limitingerror=+]—14+—24+ 3 /v R_oh
(i) g [Rl R, Rg}"xoms

1 25 2 '
= —t—+—[%x200 =£11Q
[100 100 lODJ
(tii) Percentage limiting error

11
‘:iz—a)(lﬁﬁ =+5.5 Anms.

4
E—(Bpél—Pz}-determines the dimen-
sions of p (r and [ are radius and length, P, and P, are
pressures and Q is flow. If r = (0.5 £ 0.01) mm;.
P, =(200 £ 3) kPa; P, = (150 + 2) kPa; Q=4 X 10" m%s and
I=1m. Calculate the absolute errorin p. .

Example 3.24. 4 =

[UP.S.C. LE.S. Elecirical Engineering-I, 20{5;3] :
So]utin.n: t= M ' o
- . 8QI
= m(0.5x107%)* x (200 - 150) X 103 -
8x4x1077x1
=30.68 x 1074 kg/m-s
dr 0.01
— =t—_— = .
- 05 X180 =+ 2%;
a5 SI——X = :
P, 200 100 =+ 1.5%;
5 —I—X = 0,
B, 150 00 =*1333%
6Q 51
— =0 and — =
Q . 7. -0

LetP =P, -P,=200-150 = 50§Pa

r_
ronic Measurements and Ins.!rumemq‘_
tan

Percentage errarin I’
» &1, P, 6P
e 4| L2914 32, 0%
i[ P - P PR, }XIOU

I L) N—— B
ui[ﬁxl.'1+ =0 1.333 =410y,

Percentage errorin j
& dp  6Q 6l
= —_— —_— . — 4 —
i[d - + PR )
=4+ (Ax2+10+0+0)=%18%
Absolute error in
= tpxﬂnao.ssx 1074 x 18_
" 100
=+5.5224 X 10”4 kg/m.¢ it

Example 3.25. Theunknowninductanceis dEtEm\inedh
Anderson bridge and is given by the expression d
L = CPir(Q+95)+Q 8]
% S
where C=1puF+1.0%; P=1000Q+0.4%;Q= 2,000
+1.0%; r=200 Q% 0.5% and S = 2,000 Q + 0.5%,
Determine the magnitude of unknown inductancej,

Henry and limiting error in per cent.
[.P. Technical Univ. Elec, Measuremeny,
& Measuring Instruments 200103

Solution: Unknown inductance,

I

- Ly %[r(Q+S)+QS] s

_ 1x107% x1,000
. 2,000 .
X [200 (2,000 + 2,000) + 2,000 x 2,004
0.5% 107 x [0.8 x 106 + 4 x 109
= 2.4 Henry Ans.
Let u =Q+S=2,000+2,000=4,000Q
Percentage errorinu

Q 5Q S 87 _ [2,000 2,000 .
=22 2 o S x L0+ 20
[u 22 s 7 4,000 M0 000 <Y

==0.75% :
Letv=r (Q+S)=ru=200x (2,000 + 2,000) = 0.8 x 10°
Percentage errorin v

5
= 05075 =41.25%

roou
Let x = Q8 = 2,000 x 2,000= 4 x 10%
Percentage errorin x

6Q &S
=—+—=2104+05b= 9%
3 0+0.56==1.5%
Lety=r(Q+S}+QS=U+x=0.gx105+4x105

= 4.8 % 10°
Percentage erroriny

=[£.§£+£.§J_c]
y v oy x

0.8 %108 6
=& ———x1.25+———4xm X 1.5 = +1.458%
4.8x10° 4.8 %106

Percentage error in inductance

_oC B8P &8 § 8
LI-——.+-_ y: .5i1'45
C l3'+——S +_y +1.0+04%0
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ample 3.26. The impedance of R-L circuit operating on

acis giver by: '
Z= R?+ @12

The resistance R is known to be 100 Q with percent-

¢ orTOT of 5%, Liis known to be 2H with percentage error

» and 0 is known exactly 2r X 50. Determine the per-

0%
:: :1 tage error in the measurement of Z.
Solution:

Let u= R?=100"=10,000

Percentage error inw
R

Let v = 0’L* = (21 x 50)° x 2% = 394,784
Percentage error in v

= _2% =2x10=20%

Letx=u+v=R*+w’L?
= (100)° + (2n % 50)% x 22 = 404,784
Percentage error in x
=ubu v S
X u X v
10.000 , .4, 394,784 20]

404,784 404,784
=0.24+19.5 = 19.74%
Now Z = x'2
So8Z =418 41 x1974=987% Ans,
Z 2 x 2

3.7 STATISTICAL ANALYSIS

No measurement is made with 100 per cent accuracy and,
therefore, there is always some error, which varies from
one determination to another, and gets introduced in the
value of the quantity under measurement. It is fi function
of statistics to separate, as far as possible, the truth from
error by narrowing and defining the region of doubt. But
statistical study is mainly concerned with prvr..'iniun of
measurement and so it cannot remove sy stemntic ¢rrors
from set of datu. So systematic ¢rrors should be small as
compared with residual or random errors, .

To make statistical methods and intt-r]}.n-lnt:mw
meaningful, a large number of mensurements 18 usunlly
required.

Sometimes simple approach is
and summarizing the results of the measure
of these methods are described below.

(i) Arithmetic Mean. The most pro
measured variahle is the artthmetic mean 088 .
of readings taken. Theoretically the best approximate value
will be obtained when number of ohservations of .lhu
quantity under measurement is infinite but in prncliﬂ'-:
only a finite number of observations can be mﬂ[.{u' i
arithmetic mean is given by the following expression

Xy 4 X+ Xyt X, _ 2X

x=
n n

equired for describing
ments. Some

,bable value of a
[ the number

..(3.12)

57

;n;ht:lr_'e x 18 arithmetic'mean and Xy, Xy, &4, ... x_ AYe the
. ) oIt LI
adings taken and n is the number ofreadingantaken.

(_u) J_Deviatl‘on from the Mean. The deviation of a
reading is the amount by which it differs from the mean.
If we have a set of readings x,, Xy, x5 ... with mean %, the
deviations of the individual read.ing‘s are ’

Deviation ofx, =d, =x, - %

Deviati e _ - (3.13)

eviationofx, =d, =x,— 3
Deviation from the mean may have a + ve or— ve value

but the algebraic sum of all the deviations is always zero.

(iii) Average Deviation. Average deviation is the
sum of the scaler values (without sign) of the deviations
divided by the number of readings. Average deviation may
be expressed as

D= || +]dy |+]da|+. |dan]
n

_Zdl

n

(3.14)

Average deviation gives an indication of the precision
of the instruments used in carrying out measurements.
Low average deviation between readings shows that
instruments used for measurements are highly precise.

(iv) Standard Deviation. The standard deviation of
an infinite number of data is the square root of the sum of
all the individual deviations squared, divided by the number

of readings.
Standard deviation,

U=‘F;-’+d§+d§1’+---d?.' _ |z ..(3.16)
n

n

The standard devintion is also known as root mean
square deviation, and is the most important factor in the
statistical nnalysis of mensurement data, Reduction in this
quantity effectively menns improvement in measurement.

In practice, the possible number of observations is
finite, When the number of readings exceeds 20, the
standard devintion is denoted by o but if it is less than 20
the symbol ' is used to denote the snme. The standard
devintion of n finite number of observations is given as

’d;:’ +di +di +..d?
8= |—
n=1

Another expression for essentially the same quantity
is the variance or mean square deviation, which is same
standard devintion except that the square root 18

Y?

v(3,16)
n-1

as the
not extracted.

So, variance, YV = Mean square deviation =a? ...(3.17)

Variance is a convenient quantity for use in many
computations because va riances are addit ivu‘. The standard
deviation. however, has the advantage of haing nflhlf same
units as the variable, making easy to compare mngmtudea.
Nowadays most scientific results are expressed in terms

of standard deviation.
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(v) Standard Deviation of Mean. When we hn:.fo a
multiple sample data, iLis evident thnllt h_[- menn nfv‘n rious
gets of data can be analyzed by statistical means. This
may be accomplished by taking standard deviation of the
mean given ns

= — ...(3.18)
O = 7: (

(vi) Standard Deviation of Standard pe_ufau'on.
For a multiple sample data, the standard deviation of the
standard deviation is given as

o _ 0,

= = ..(3.19
%= T~ (3.19)

3.8 CHARACTERISTICS OF EXPERIMENTAL DATA

During measurement of any yuantity, scattered data is
obtained and this variation can be controked by taking all
care in all manipulations and by holding conditions as
steady as possible during the period of measurement. But
even with maximum care an unavoidable uncertainty re-
mains. So no measurement can be carried out with abso-
lute definiteness and as the measurements are made closer
to limits, presence of smaller disturbances becomes more
evident,

All known errors from data such as known systematic
effects, calibration etc., should be removed first, before
applying statistical methods as they are based on laws of
chance, and not on cor ~istent factors. Statistical analysis
allows us to determine the best value possible from the
given data and set the limits of uncertainty inherent in
the scatter of the data.

The distribution of data in a set of readings may be
presented in several ways, one of which is a block diagram
or histogram. Table 3.2 shows a set of 60 current readings,
that were taken at small intervals and recorded to the
nearest of hundredth of an ampere. The nominal value of
measured current is 10.00 A,

TABLE 3.2 Tabulation of Current Readings

Gt Rasding |t ofFesigs
4 in Amperes o | il i IR 4&
9.97
9.98 3
9.09 13
10.00 23
10.01 15
10.02 4
10.03
fotal 60

In Fig. 3.2, a histogram for Table 3.2 is shown, in

which the number of readin .
gs are plotted
observed current reading, plotted against each

—

in Electrical and Electronic Mcasurements and ’MITHMemm_
iy

3

ED
n

NUMBER OF
READINGS
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pp7 998 ©9P9 1000 1001 1002 1003

CURRENT IN AMPERES —————

Fig. 3.2

PROBABILITY

OF OCCURRENCE, ¥

A=

-VE ERRORS

—-ar O r o 2o 3a
DEVIATICN,x —————»

Fig.3.3 Curve For Normal Law of Error

-3 -2c

From the figure it is obvious that the largest number
of readings (23) occurs at the central value of 10.00 A while
the other readings are placed more or less symmetrically
on either side of central value. If more readings are taken
at smaller increments of 0.005 A intervals (200 readings),
then the distribution of observations will remain appros:
mately symmetrical about the central value and the shap
of the histogram will be approximately the same as before.
With more and more data taken at smaller and smallet
increments, the contour of the histogram will finally becort
a smooth curve, as shown in Fig. 3.2 by the dashedlis
The bell shaped curve is known as a Gaussian curve. T
sharper and narrower the curve, the more definitely &
observer may state that the most probable value of the
true reading is the central value or mean value.

Th'.a normal, or Gaussian, law of errors is the basis for
the major part of study of random effects.

BB ke £ e )

3.9 . NORMAL LAW OF ERROR

When measurement of a quantity is carried oub W
determinations are always finite and limited in nur 'ul'
Random effects cancel each other completely inan “{uﬂof
set of measurements but it is not true for a sma > .
measurements. Hence in a limited set of measureme”
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mean of sample is not m_ace.ssnrily tht_l' mean of the larger
cet, and the standard deviation as obtained from the limited
o of measurements may not pc the standard deviation of
;l Jarger sa mple or t?f the universe. Generally precision
increases with L.he_suzu of tl}e sample but the means and
the standard deviation of various samples have the property
of scatter around the universe values.

The distribution between limited set and univ rseisa
pasic concept in statistical study. It was considered formerly
that reliable results could be obtained only from a large
sample but advances have been made in the field of small
sample theory, so that more precise conclusions can be
drawn from a small sample.

A probability distribution, expresses the likelihood of
a particular event or of a deviation of a particular amount.
A type of variation may be characterised by a curve or
equation which gives the relative probability of a particular
result, or of a deviation of a given amount. There are ssveral
types of variations that occur in statistical work for different

purposes and mormal law of error' is one of them and is
the basis for the major part of the study of random effects.

The assumptions made for the normal law of error are
as follows:

() AL observations include a large number of small
random disturbing effects or random errors.
(it) These random errors can be either positive or
negative.
(i) There is an equal probability of positive and
negative random errors. -
Soit can be expected that measurement observations
include + ve and — ve errors 1. more or less equal amounts
so that the total error will be small and the mean value
will be the true value of the measured variable.
The possibilities as to the form of the error distribution
curve can be stated as follows:
() Small errors are more probable than large errors.
(@) Large errors are very improbable.
(iii) There is an equal probability of positive and

negative errors so that the probability of a given
error will be symmetrical about the zero value.

A normal curve for error distribution is shown in
Fig. 3.3 in which it can be seen that errors are distributed
symmetrically. The normal curve may be regarded as the
limiting form of a histogram shown in Fig. 3.2, when the
data becomes increasingly large, gathered in smaller and
smaller bands.

One form of the equation for the normal law of error
may be written in terms of a simple equation. This equation
Is,

h ot (3.20)

T
where x is the magnitude of deviation from mean, y lf’_the
Probability of occurrence of deviation x (number of readings
at any deviation x) and h is a constant often referred as
Precision index.

y:

59

L &)
" F'[ he above _Eq. (3.20) leads t(_) acurve of the form shown

ig. 3:3. which may be seen in a general way to mateh
‘Lhe requirements of the probability behaviour as outlined
in the assumptions given above. The abscissa represents
the .magn.itude of deviation from the central value, and the
ordinate is the probabi lity of the occurrence in ar; infinite
set of an observation with a deviation of this magnitude,
The presence of the square, x2 in the exponent provides
symmetry for plus and minus deviations, and provides
flatness of slope at the origin.

¥

L
N

Fig.3.4 Comparison of Two Frequency Distribution Curves
‘ With Different Degrees of Dispersion

The parameter h reveals the spread or scatter of the
measured values about O. The larger the value of h, the
greater peak the distribution curve has. A larger h implies
higher precision and consistency in measurement and
hence it is treated as precision index, For x=0, the ordinate
y= h/J=.Ifthe two curves sl.own in Fig. 3.4 are compared,
it is noticed that the curve with the larger valueof h has a
greater central probability, and drops off more rapidly with
increase of x. Curve IT has a lower h, a lower central value,
and a slower drop-off at the sides. (Both curves I and II
have the same unit area under them). In summary, a larger
value of h means a more closely grouped set of observations,
with smaller dispersion, and should, therefore, be
considered as a better set, with respect to the control of
random effects.

The value of h is given as

- 1
aV2
If we substitute h = 1

V2

1 ~x2120%

y _——

oy2n

This form of equation is particularly useful, as g is the

quantity we ordinarily know and are interestedin.cisa

quantity of the same units as the observed quantity and

its mean. This makes it easy to visualize the dispersion in
comparison with the mean.

..(3.21)
‘n Eq. (3.20), we have

(3.22)
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i ility » shown in
The area under the Gaussian probability curve

Fig. 3.3 within certain llimits ‘rnl?r{-sun‘l‘s Ii.‘l‘:ioq:;ilr:]:nlii:;:;;f
cases among the nlnH}:W:1;1[{;1151'.-.;1:1111:;;I];l.\-rtl‘}tl: m..m e
3 sed ns a fraction ol Lhe Lo 8. 1N
tlﬂ‘}l‘ﬁ?‘::tﬁiﬂj {:nhll-:: + oo r('pros.ent.s the entire number of
wpvations and tnken as unity. o
OhSL';‘L,:-t;‘:':; I:mtlc-.r the curve between -0 apd +0 l;ml}:s
ents the number of observations th_ﬂi (_thel"frpmt e
mean by no more than the standard c!cvmtmn. 1 hlf; nrlela
can be determined by integrationin series, .'.}nd ?nr no: me:hy
dispersed data, following the Gaussian (ilStl‘lhllt!UI]. he
value is found to be 0.68, so 68 per cent thhe_cm':e:« for the
normally dispersed data lie between the llmltS: of to.
Corresponding values of other deviations, expressed in terms
of ¢, are given in Table 3.3.

repres

TABLE 3.3
Deviation (1) Fraction of Total Area Included
0.67450 0.5000
1.0000c 0.6828
2.00000 0.9546
3.0000 0.9972
1.96c 0.9500

If, for example, a large number of capacitors having
nominal value of 10 pF are measured and the mean value
is found to be 10.00 uF with a standard deviation of 0,02
WF, then we know that on an average 68% of all the
capacitors have values lying between limits of + 0.02 uF of
the mean. There is then approximately a two to one chance
that any capacitor, selected from the lot at random, will
lie within these limits. If larger odds are required, then
deviation may be extended to a limit of + 2 6=+ 0,04 F.
According to Table 3.3, this now includes 95% of all the
cases, giving 21 to 1 odds and any capacitor selected at

random lies within 0.04 uF of the mean value of 10.00 pF.
Ifordinates are erected at deviations of + r=0.6745 g,

as shown in Fig. 3.3, half the area under the curve is
enclosed between these limits. The quantity ris called the
probabie error (PE). This value is probable, as shown, in
the sense that there is an even chance that any one
observation will have a random error no greater than +r.
The Pl’flba_bimy of occurrence can be stated in terms

?2 ;itiz ‘:-.l;ﬁ}:, (:S tIhe number of chargce_s t_hat a particular
r when the error limit is specified. The

odds can be determined as follows:

Odds
Odds + 1 ~(3:23)
The odds that the obs ervation lies between + g limits

Probability of occurrence =

are

dds _ 0
Odds + 1 6828

or Odds = 2,15 - 1

eetrical and Electronic Measurcments ane Instrumeny,, ion

Prohable error has been ugied_ in experimental Wor)
nt but standard deviation 1s more convenientin

some exte
preferred.

statistical work and 18

341 MEASUREMENT DATA SPECIFICATION

aking statistical analysis of multi-f;a mple data |
if‘sts{tlsnolfktllifm ensurcnjer?ts are to be specified. The "ESuIlE
are expressed as deviations ahout a mean valye The
deviations may be exp ressed as follows: .

1. Standard Deviation. Thg result is eXpresseq 5,
¥ + o. The error limit in this case is the stanflmd devia,
which means that 68.28% (or.about two-t_hu:ds) of all th
readings have values which lie be!tween llnytg of £ g ang
the odds are 2.15to 1. Thus there1s appIOXLmaLelly B twg
to one chance (or possibility) that a new observation wil]
be within these limits.

9. Probable Error. The result is expressed as ¥ +,
or T +0.67456. It means that 50% or halfof all the readings
lie within these limits and odds are 1 to 1. There is ay
even chance that any one observation will be within thegs
limits.

3.+ 20 Limits. The result is expressed as x + 25, I
this case, probability range is increased, approximately 95
per cent of all the readings fall within these limits ang
odds are 21 to 1,

4.1 30 Limits. The result is expressed as X + 3c. The
probability in this case is 0.9972 which means that 99.72%
of all the readings fall within these limits i.e. practically
all the readings are included in these limits. The odds of
any observation falling within these limits are 356 to 1.

Example 3.27. The following set of 10 measurements was
recorded during an experiment. Calculate the precision
of fourth measurement.

MeasurementNo.| 1 | 2 | 3|4 |5 |6 |7 |89 10.

Quantity 98 [102)|101| 97 (100(103| 98 |106|107

99\

_ [U.P. Technical Univ. Electrical Measurements and
Measuring Instruments, 2006-07)

Solution: Arithmetic mean of the set of 10 measurements

¥ = 'tl +'r2+x3+x4 +x5 +x5 +I7+J.'..'B +Ig +x10,

10
= 984102 +101+97+100 +103 + 98+ 106 +107+99
10
_ 1011 _
o = 1011

Precision for fourth measurement

X=X 97-101.1

101.1
=1-0.04055 = 0.95945 Ans.

dI‘]-xB‘ml:'le 3.28.A circuit was tuned for resonance by ¢ig"
\ ifferent students, and the values of resonant freq“efcg
in kHz were recorded as 532, 548, 543, 535, 546, 531, 54

=1-

x

=]__.‘
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and 536. Cﬂ]c-u-late (i) the arithm?tic mean (ii) deviationsg

from mean (iii) the average deviation (iv) the standard
deviation and (v) variance.

[Rajasthan Technical Univ. Electronic Measurements

and Instrumentation, 2006-207-

U.F.5.C. ILE.S. Electrical Engineering-J, 2013i

Solution: (i) Arithmetic mean,

_ _ 5324548+ 543 + 535 + 546 + 531 + 543 + 536
7=
8

"‘_*%1—4 = 539.25kHz Ans.

(i0) Deviations from mean,

d, =632-539.25=-7.25kHz
d, =548-539.25 = + 8,75 kHz
d, =543-539.25=+3.75 kHz
d, =5635-539.25 = -4.25 kHz

. =546-539.25= + 6.75 kHz| 0%
dg = 531-539.25 = —8.25 kHz
d; =543 -539.25 =+ 3.75 kHz
dy = 536 —539.25 = - 3.25 kHz,
(iti) Average deviation,
p= Zldl
n
_7.25+875+3.75+4.25+6.75+ 8.25+3.75+3.25
8
46.00

5 =5.76kHz Ans.

(iv) Standard variation,
_ fr d*
5= o —_
n-1

1
(=7.25)% + (+8.75)% + (3.75)° + (-4.26)" + (+6.76)

+(-8.26)% + (43.75)% + (-3.25)°
81

because number of readings is 8,
which ia less than 20

= 6.64 kHz Ans.
(1) Variance, V = ¢ = (6.54)% = 42,772 (kHz)*  Ans.
Example 3.29. The following 10 observations were
recorded when measuring a voltage:
1|2 |34 |56 6] 7]8]89 |10
42.5| 42 (419 |41.8

SRS

41.7] 42 |41.8| 42 |[42.1 (419

Find (i) mean (ii) standard deviation (iii) probable
error of one r(‘uding. (UP.S.C. LE.S. Elec. Enm-n‘.t-rl'flg-!. 2003)

Solution: (i) Arithmetic mean,
FTaXitXotXa X 4 Xt Xq Ayt X9 T
10
417442+ 41.8+ 42+ 42,1+ 41,9+ 425
+42+41.9+41.8

10
= 41.97" Ans.

_ 419.7
10

81

Deviations from the mean
d) =41.7-41.97=-0.27

dy =42 —4197=+003
d:' =41.8 —41.97 =— 0.17
dy=42 —41.97=+0.03

d; =42.1-41.97=+0.13
dg =41.9-41.97=-0.07
d, =42.5—-41.97 = + 0,53
dg=42 —41.97=+0.03
dg=41.9-41.97=-0.07
dg=41.8-41.97=-017

(1) Since the number of reading is 10, which is less than 20, the
standard deviation is caleulated from the equation

zd?
n-1
Standard deviation,

8=

S_Jdlzﬂigz+d§+df+d§+d§+d$+d§+d§+dfn
10-1

(=0.27)% + (40.08)% + (-0.17)% + (+0.03)% + (+0.13)2

_ |+ (0.07)% + (+0.53)% + (+0.03)% + (-0.07)% + (-0.17)*
9

=1’0.4:10 =0.221 Ans.- .

(iif) Probable error of one reading,
r=10.6745 X s =0.6745 x 0.221 = 0.149 Ans,
Example 3.30. The following 10 observations were
recorded when measuring a voltage: :
41.7,42.0,41.8,42.0,42.1,41.9,42.0,41.9,42.5, 41.8.
Find: (i) the mean, (ii) the standard deviation, (iii)
the probable error of one reading, (iv) the probable error

of mean and (v) range.
[Ph. Univ. Elec, Measurements-1, January 1991)

Solution:
(i) Arithmoetic mean, ¥ = 41.97 V Ans.

(i) Standard devintion, 5 = 0.221 V Ans. } As worked out in

(iif) Probable error of one reading, Example 3.29
r=0.67456 s = 0.6746 % 0.221 = 0.149 V Ans.

(iv) Probable error of mean,

poE et = 0.149
™o fn-1 J10-1

(v) Range =425 - 41.7= 0.8V Ans,

=0.0497 V Ans.

Example 3.31. A set of independent 10 measurements were
made to determine the weight of n lead shot. The weights

in gramme were:

1.570, 1.597, 1.591, 1,562, 1,577, 1,580, 1,664, 1.5686,

1.650, 1.575.

Determine the (i) arithmetic mean, (ii) average de-
viation, (iii) standard deviation, (iv) variance, (v) prob-
able error of one reading, (vi) probable error of the mean,

[Ph, Unio. Elee. Measurements-I, July 1999)
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Solution: (i) Arithmetic mean,
1.670 +1.587 + 1.591 + 1.562 + 1.677
586+ 1.660 + 1.576

+1.580 +1.664 +1

x = 10
= 1.5752 gramme Ans.

Deviations from the mean
d, = 1.570 — 1.5762 = —0.0062

dg =1,597—1.5762=+ 0.0218
d, = 1.691 - 1.5752 = +0.0158
d-l =1,662 - 1.5762= —0.0132
dy = 1677 = 1.5752 =+ 0.0018
dy = 1.680 — 1.5752 =+ 0.0048
dy = 1.564 - 157562 = - 0.0112
dg = 1.586 - 1.5762 =+ 0.0108
dy = 1.550 — 1.5762 = — 0.0252
dyy = 1.6576— 1.57562 = —-0.0002
(i) Average deviation,
0.0052 + 0.0218 + 0.0158 + 0.0132 + 0.0018

+0.0048 + 0.0112 + 0.0108 + 0.0252 + 0.0002
10

D=

=0.011 gramme Ans.

(iii) Since the number of readings is 10 which is less th‘an 20,
standard deviation is calculated by the following equation

n-1
Standard deviation,
(~0.0052)% + (+0.0218)° + (+0.0168)* + (~0.0132)”
+(+0.0018)” + (+0.0048)% + (~0.0112)° + (+0.0108)"
+(~0.0252)% + (~0.0002)*
10-1
= 0.01426 gramme Ans.

(iv) Variance,

V = (s)% = (0.01426)% = 2,033 x 10~* gramme?
(uv) Probable error,

r=0.67455 = 0.6745 x 0.01426 = 0.0096 gramme Ans,

(vi) Probable error of mean,

r r__ - 0.0086 =(0.0032 gramme Ans,

mJn-1  J10-1

312 CONFIDENCE LEVEL

As mentioned in Art. 3.10, the area under the normal
distribution curve between the limits —ee to +e= represents
the entire number of observations and taken as unity. In
actual practice, we usually specify a certain range of
acceptable values of scatter or dispersion from the mean
and find the probability that the measured values lie in
that range. This probability can be evaluated by
.determmation of area under the normal distribution curve
in the specified range. This probability expressed in a
percentage is termed as confidence level. A range of

5=

Ans.

|
cal and Electronic Measurements and Ins”umeﬂ-tug-
1y

iati value within which g
deviation, from the mean whi certy
fraction of all values is expected to lie, is calleg th:

; bability of occurren
For instance, the probabl C! ce of ¢
measured value xin the range (X + 6)_ to (}{ - 5) obvig, he
r the normal_dlstrlhutmn curve i, 113'
]
ified range O . Jsing
?ir:i?::l;at the integral Gaussian proba\snhty in the tangs
Thus, it can be said that chanceq anr
better than 2 : 1 (68.2 7 t _
value lie in the range of X & o). Alternatively, it cqp
T + o) is 68.28%. . _
( The percentage probability of error is defined 55 10
up to 5% i.e. 95% confidence level for which confidey,,
interval is X *1.96c. However, where human lif
of 1 per cent. This gives 8 confidence level of 99%, for whig,
confidence interval is (X + 2.5760).
involved are random and follow th(? normal Gausgig,
distribution, the various confidence intervals about the

confidence interval.
) 8],
i rea under tu .
is the are £ (X +0)to (X - o). Using Tah)e 33y,
B
X is 0.6828.

(X xa) 18 8:31.72 or 2.16: 1) that the meag
said that the confidence level in the confidence interyy of
minus the confidence level. In general, we accept ETrorg
involved, we insists on Jow probability of error, of the orge,

If the number of observations is large and the erroy
mean value X are given below in tabular form (Table 3.4

TABLE 3.4
fidence Level: | © Confidence - | Values Lying Outside
A , .- Interval Confidence Interval
0.500 X +0.674c 1in 2
0.800 X +1.2820 1inb
0.900 X +1.845¢ 1in 10
0.950 X +1.960c 1in 20
0.990 X +2.5676c 1in 100
0.999 X +3.291c 1 in 1000

In case the number of observations is small (say less
than 20) and the standard deviation is not accurately
known, the confidence intervals are to be broadened.

Here the standard deviation s, determined from
Eq. (3.16) is multiplied by a suitable factor for establishment
of confidence interval.

In order to have confidence intervals for mean of#
group of observations from the corresponding intervals for
an individual observation, the later is divided by vn i&

Confidence interval of mean

_ Confidence interval of individual observation
Jn

Example 3.32. A 100.00 V reference dc source is used o'
calibration of a digital multimeter in the 200 V range. The
uncertainty quoted by a lab of higher echelon in nation?
calibration network in the calibration certificate?
reference standard is +0.01 V. The observations m&
during calibrations are 100.2, 100.3, 100.2 and 109-1 )
respectively. Find the assigned value and uncertamne
associated with measurements (Assume a confiden®
level 85% and corresponding student factor, 1= 2.78). y
[UF.S.C. LES. Electrical Hngineeri'nﬂ‘f- 200

exl
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tion: The four observations including uncertainty of

S'{’,l[l;l y are 100.2 £0.01V, 100.3 £0.01V, 100.2 £0.01 V
:m_i 100.1 % 0.01V.
o 100.21V 100.19V
Y sV 100.29 V

10021V 100.19V

100.11V 100.09V

i ¢ _ 100.21+100.31+100.21+100.11
Arithmetic mean, X

4
=100.21V
and % = 100.19 +100.29 +100.19 + 100.09
q
=100.19V
Assuming arithmetic mean,
X =100.21

Deviations from the mean,
d, = 100.21 - 100.21 =0
d2 = 100.31 - 100.21 =+0.10
da =100.21 -100.21=0
d, = 100.11 - 100.21 =-0.10

2
Standard deviation, s = %‘—1
_ [0%+(+0.10)% + 0* + (-0.10)*
\ 4-1

= .ff’g—z = 0.08165V

Standard deviation of mean
_ s _0.08165
Y 4
For a confidence level of 95%, student factor ¢ =2.78

True mean of voltage under measurement lies between the
limits of

X 1 2.78 x standard deviation of mean
= 100.21 £ 2.78 % 0.040825
=100.21 + 0.1135

The assigned value is 100.21 and the uncertainty limits
lie between 100.0965 V and 180.3235V  Ans.

=0.040825V

313 DATA REJECTION
In most of the practicals, it is found that some of the data
points are significantly different from the majority of the
data. In case such data points were obtained under abnor-
mal conditions involving gross blunders and the person
Performing experiment is sure about their dubious nature,
they can be discerded straight away. However, a data can-
not be rejected simply on the ground that it is different
om the others. We must follow certain standard math-
ematical method for rejecting/retaining any experimental
ata. The commonly used methods are:
L. 30 limits

2. Use of confidence intervals

63
3. Chauvenet's criterion

1. Dqtn Rejection Based Upon + 30 Limits. As already
m‘entmned in Art. 3.11, the probability that the reading
}Vlll be within ¢ 36 limits of central value is 0.9972 which
18 very high. So any reading not lying within + 3¢ limits
can be discarded straight away.

2. Data Rejection Based Upon Confidence Intervals,
In this method, n data point having deviation from the
mean exceeding four times the probable error of a single
reading is discarded. It means discarding of a data outside
a confidence interval for a single reading at a confidence
level of 0.993.

A better criterion is of discarding a data that lies
outside the interval corresponding to confidence level of
0.99 for a single observation. This criterion does not involve
the evaluation of probable error when the set of data points
are small and standard deviation is not accurately known.
In this method, not more than 1 reading in 100 would lie
outside this range.

A still better criterion is to use the confidence interval
corresponding to a confidence level of 0.95 so as to scrutinize
the measurement procedure used.

3. Chauvenet’s Criterion. In this method, it is assumed
that the number of observations made is large enough that
the results follow a normal Gaussian distribution. We may
make use of this distribution for computation of probability
that a given reading will deviate by a certain amount from
the mean. This criterion specifies that a reading may be
rejected if the probability of obtaining the particular
deviation from the mean is less than 1/2n. The values of
the ratio of deviation to standard deviation for different
values of n, according to this criterion, are given below in
tabular form (Table 3.5). The reading that has the ratio of
its deviation to the standard deviation exceeding the limits
given in Table 3.6 is discarded (Refer to Example 3.33).

TABLE 8.5 Chauvenets Criterion For Data Rejection

' Number of Readings | Ratio of Maximum Acceptable "
i e : Deuviation To Standard
i Deviation,d_ /G
2 1.156
3 1.38
4 1.54
5 1.65
6 1,73
7 1.80
10 1.96
15 2.13
25 2.33
50 2.67
100 2.81
300 3.14
500 3.29
1000 3.48
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Example 3.33. The following 10 observations were re-
corded when measuring a vollage.

‘il2345678910
]41.7‘ 42 |41.8( 42

Point out any reading that can be rejected by applying
Chauvenet’s criterion.

41.9|41.8

42.141.9 [42.5| 42

Solution: Arithmetic mean ¥, deviations from the mean d,,
dy, ..., d,q, standard deviation, as worked out in Example 3.29
are as follows:

T = 41.97;
Deviations from the means are:
d, =-0.27, d, =+0.03, dy =-0.17, d,=+0.03,ds=+0.13,
dy =—0.07, d, =+0.53, dg =+0.03, dg =—0.07
and d,;=-0.17
Standard deviation, s = 0.221

The ratios of deviation to standard deviation for different
ohservations are computed as below: :

lhl o 027 _y 9o

s 0221
ldp| _ Idgl _1dgl _ 003 _ .. 40
g 8 s 0.221 5
ds] _ ldial _ 017 _aeo
g s 0.221
lds| _ 0.18 — 0.588
8 0.221
ldg | _ ldg| _ 0.07 — 0317
s s 0.221
3—' i = —-—9'53 =2.398
s 0.221

Assuming that the ratio of maximum deviation to standard
deviation should not exceed 1.96 (Refer to Table 3.5, according
to which for 10 readings the ratio of deviation to standard
deviation is not to exceed 1.96), the reading no. Ti.e. 42.6 having
ratio of deviation to standard deviation as 2.398 is to be

discarded.

'3.14 COMBINATIONS OF VARIANCES, STANDARD
DEVIATIONS AND PROBABLE ERRORS OF
COMPONENTS '

3.14.1. Combination of Variances. If X is a function of
several component variables, each of which is subject to
random effects, then we have
X=f(x, x5 o X))
and if x,, %,, ... x,, are independent variates, then for small
variations in x,, ¥,, ... from their mean value, denoted by

Ax,, Ax,, ..., Ax,, the resulting variation of X from its
mean value for any one determination is given as

N NN SV

ox, | axg 2 {820

ignoring differentials of higher order, where Ax, ... arethe
variations occurring in that particular determination.

A Course in Electrical and Electronic Measurements and !’Wrum
ony,
by

By squaring this equation, we have

AX)2 = [ﬁf(m ¥ +'{-63_]2 2
AX)"= |2z, ) (8907 *5y,) B s

axf ﬁ]
z[axl L‘sz (Bt ax)e.. '--(E.EF-i

Now, if the variations of x;, x, etc., are indepg
as assumed, positive values of one increment apg ™
likely to be associated with positive or negative v;{lllla!]}.
other increments, so the sum of the cross product |, f
tends to be zero in repeated observations. By derlnit:) 3y
variance V as mean-square error, the mean of (ay i
repeated observations becomes the variance of X, den f
by V,, and, therefore, we may write Oleg
2 2 2.
(2 () (25,
aII axﬂ axn N ‘2”
since in repeated measurements (Ax,)” tends to the mey,
value V, etc.
Thus the above equation may be written as

V,= Vo + Vg +o+ Vi . e
This shows that the component varances are addity,
2

< s oX .
with the weighting factors [-67] , etc., which expressh,
1
relative influence of the various components on

combined function. The weighted variance can be writteng
2
_(eX
Vx1 - (5‘_.1:1] VI1
3.14.2. Combinations of Standard Deviations, Th
standard deviation of X may be determined from Eq. (3.2
and may be expressed either in variances, or in li

standard deviations, of the components. Thus the standad
deviation of X is 0, and may be expressed as

Ux=ﬂle
2 2
aX oX
+|— V V.
[axz] 7 +(ﬂ:cn] "

2
0X
\,[a—‘] Vi
1
2
XY (XY o (aXV o
axl x 31'2 xg Tt px, n
.33

From above Eq. (3.30), it is obvious that both comp®
nent standard deviations are additive with weighingf“'

e

2

oxX _ |

o (Ebc ) etc. which express the relative influence
1

the various components on the combined function.
Thus we can write

2 2 L33

R :
o, = JGII + Oy +00a O,

where o, is the weighted standard deviation of 2y,

2
_[8X 9.3
ou= (5] o 3
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above expressions are valid only if component

The e independent of each
pantities Xp» ¥z e X, AT P of each other and
hat the -nerements are small, so that terms of order higher

o the first may be neglected. The latter condition is
Lham]]v not a serious limitation in engineering applications,
in which it is generally possible to keep random effects
under fairly close control.

3.14.2. Combinations ofPrqbable Errors. As we have
Séen that probahl_e error (PE) is proportional to standard
deviation and is givenas r= 0:6745 o, therefore, probable
errorin X from Eqg. (3.30) is given as

2 2 2
oX ) 2 ,[8X ) 2 X\ o
o | U2 +| — +...
G [%] & [axz] " +[¢’qu e

where Ty, Tx ‘etc, are the probable errors of x,, x, ete,

...(3.33)

The contribution of probable error of x, to the total

and this contribution may be
1

written in another form as rfl . Thus the Eq. (3.33) may be

- 2
=

where the weighted probable error of x, becomes as
X

2
(2

Example 3.34. A resistance is determined by voltmeter-
ammeter method. The voltmeter reads 100 V with a
probable error of £12'V and the ammeter reads 10 A with
aprobable error of+ 2 A. Determine the value of probable
error in the calculated value of resistance.

Voltage V
Current I

. " X s 2
error 1 Xis -6’.13_ Txy

written as

r2 ..(3.34)

n

+rf2 o+

.-.(3.35)

Solution: By Ohm's law, resistance R=

So weighted probable error in the resistance due to voltage
V is,

_©oR
"Rv‘a_v

Similarly weighted probable error in the resistance due to
current [ is, -

=+1.20

=711 =E...—-+-]:E
Lwv=7 =*1

dR \%
él 12’1

From Eq. (3.34), probable error in the calculated resistance

= YOR) + ()? = V@.2)" + 2

+2.332Q Ans.

fm—

q:

is,

315 PROPAGATION OF UNCERTAINTIES.

The analysis for uncertainties in measurements, when

mal:l}- variables are involved is carried out on the sarﬂe
asis as is carried out for error analysis when the results
are expressed as standard deviations or probable errors.

65

Let X be a function of several variables i.e.
X = flx,, Xgy - X,)
where x,, x,, ... x, are independent variables with the
same degree of odds.
Let u, be the effective uncertainty and u_ , u_ ,...u. be
the uncertainties in the independent vari'gble:sle, x;f.‘. X,

respectively. The uncertainty in the result will be as given
by equation

2 2 2
=3 (B e [ 2K Ly
& J[aJ (ts,) [a] (tz,) [—] (z.)

...(3.36)

The above expression is known as quadralic error or

p_rapagation law for incidental errors. In contrast to the

linear error propagation law which holds good for

controllable errors the above law applies to all errors with

r + sign and which are equally likely to be positive or
negative.

Example 3.35. A certain resistor has a voltage drop of

110.2V and a current of 5.3 A. The uncertainties in the

measurements are +0.2V and 1 0.06 A respectively.

Calculate the power dissipated in the resistor and the
uncertainty in power.

[U.P. Technical Univ, Electrical Measurements

and Measuring Instruments, 2006-07)

Solution: Power dissipated, P =V x1 (i)
= 110.2 X 5.23=584.06 W Ans.
Differentiating partially Eq. (i) w.r.t Vand I we have

®

av
®_y
al

Resultant uncertainty,

2 2
opP 2 aP 2
I EOEN
Pu? + V2]

Substituting VI = P in above equation we have

5] )

2 2
or -uF‘xIOD = J[u_v] +P2(EIL) x 100

v
_ Jﬁ.z )2+(0.06]2 e
“ Y1102 5.3
=+1.1466% Ans.

Example 3.36. A power factor of a circuit is determined

by cos ¢ = % where P is the power in watts, V is the

voltage in volts and I is the current in amperes. The rela-
tive error in power, current and voltage are respectively
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w
+0.5%,1 1% and £1%. Calculnte the rclnt!ve err.m;i?“f:::or .
fnc;tor‘. Also calculate the uncertainty in powe

i ] sortninties.
sre gpecified as unce rinin es. .
ot [I{:‘.I’.b'.(.‘. LE.S. Electrical fmgmrenng-!. 2011)

Solution: Power fnctor,
P o )

cos g = i?_x—]

Relative limiting error of power factor

:i{ap+.ﬁ_\1-+§]l]'xl(}0 e

T V
=4[0.5+1+1]=125% Ans.

Differentiating partially expression (i) w.r.t. P,VandIwe

get
Iﬁ'cosd& - v1]_ (i)
ar
deos _ —P (i)
N Vi
deosd _ -P ;
and T - Tr’l_z .(iv)

Resultant uncertainty,

2 2 2
dcos 0 CO8 dcos
o (2t e 25
= [.1_]2”2 +[_—P T " +[_-P ]22
vi) ®\ve) Y T ver) !
Substituting % = cos ¢ in above equation, we have
ol U * ) 2 /3 2
u, = 4| (cos¢)® [F‘"] + (cos@)z[—‘—;f—) + (cos)? [T‘]

u l 1 ’ i 2 1 2
cos¢ P/ \V I
= 1/(0.5)2 +12+1%2 =+1.5% Ans.

Example 3.37. Resistors R, and R, have the nominal values
3 0 and 6 Q and tolerance of £ 10% and £ 5% respectively.

What would be the tolerance in the equivalent resistance

value when R, and R, are connected in parallel.
[UP.S.C. LE.S. Electrical Engineering-I, 2008]

Solution: Resistance R, = (3Q+10%)=(3+0.3) Q
Resistance R, = (6 2+ 5%) = (6 + 0.3) Q

Resultant resistance, R = BBy
: R, +R,

Differentiating partially w.r.t R, and R, respectively, we

have

@.L:’ Rz_ - RIRE - 6 Bx3
oR R1+,Rz (R1+R2}2 ,3+6_(5+3)2

=0.4444

dR, Ry R,R, 3 6x3

er -

p—

cal and Electronic Measurements and Inslrumm
alj,
N

rtainty in equivalent resistance, B
R 2 2 + [ ("FR ]2 [4',2
'!Rl] “in TR, 2

+ J0.4444)* x 0.8 + (0.1111)% x 0,32

Hence unce

ty

=+40.1374Q
Effective resistance in parallel
3x6
= —ELELtu = +0.1374 = (20,137
R, +Ry R~ 3+6 40
Example 3.38. Two sets of large number of 29)q "

ors are used to make a large number ofy;
oosing one from each group,Ify,
standard deviations of the two sets of n'asistors of 201
and 30 k2 are respectively 5% anc! 10%. Find the Standay
deviations of the combined resistor sets of 12kQ gy
50 kil. [U.P.S.C. LE.S. Elecirical Engineering.I, yy;
Solution: LetR,=20 kQ and R, = 30 kQ

Standard deviation of 20 kQ resistor,

30 k) resist
and 50 kQ resistors ch

]
= ——x20=1kQ
°R ~ 100
Standard deviation of 30 kQ resistor,
10
= 30 =3k
R = 700
Resistance of 50 kQ is made by series combination ¢f
resistances R, and R,
So R,=R;+R;=20+ 30 =50kQ
. Differentiating partially w.r.t. R; and R, respectively %
ave

R, -1
oR,;

and Ry, =1
oR,

Standard deviation of 50 kQ resistance,
- BRBB . 2 aRsa ? 2
U‘R“ J[ BRI) GRI + aRz) GR‘Z
= \/12 x12+1%x 8% =+3.16kQ

3.16
0 x100 =+£6.32% Ans.

or % =
(0] URBE +

Resistance of 12kQ is made by parallel combinatio? o
resistances R, and R,

. RR 20 x 30
So Ry = 12 _ e
R;+R, 20+30. i

Differentiating partially w.r.t. R, and R reﬂp‘a"ti"ehr "
have 1 2"

= 30 20 x 30
- - =0.36
20+ 30 (20 + 30)2
aRP = Rl _ RIRz
R, R, +R, (R, +R, )2
- _ 20 2
2 2830 g6

20 +30 (20 + 30)2
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Standard deviation of 12 kO resistance,
aRp)* 52 (2Rp)Z
\/[ BRJ R, +[6R2) i
V0.36% x 12 4 0.16% x 3°

= J0.36 =x0.6 k0

Percentage standard deviation of 12 kQ resistance
= 4 0_'6. ®

12

GRI" 2

Ry

100 =£5% Ans.

346 SPECIFICATIONS OF INSTRUM

ENTS AND THEIR
SIGNIFICANGE - t2514 11 5h. ot g ey

In the purchase of instruments, the user frequently has
some choice between competing makes, and may like to go
either for the best possible performance within a certain
price range or for an instrument which satisfies certain
minimum requirements at the lowest possible cost. In

1. li_)xplain the tern‘xs ‘faccuracy”, “sensitivity” and “resolu-
tion” as used for indicating instruments.
[d.N. Technological Univ. Hyderabad Electronic Measurements

& Instrumentation, February/March-2012]
2. Define accuracy, precision, absolute error and relative ac-

curacy of a measurement. [U.B.5.C, LLE.S. Electronics and

Telecommunication Engincering-I, 2008]

3. Define and explain: (i) Accuracy (ii) Precision (iff} Resolu-

tion (tv) Linearity. [R.G. Technical Univ. Electronic

Instrumentation, December-2010]

4, What do you understand by the terms “Accuracy” and “Pre-
cision™? How the two differ from each other?

[G.B. Technical Univ. Electricul Measurements

and Mensuring Instruments, 2011-12]

5. What is error of an instrument? Discuss about various

types of “errors” in instrument.

[U.P. Technicnl Univ. Electrien]l Mensurements
and Meonsuring Instruments, 2013-14]

6. Explain the different types of errors that may occur in mea-
surements. |u.P.S.C. LE.S. Elec. Engincering-l, 1993]

7. What are the different types of errors? Describe their
sources hriefly. [U.P.S.C. LE.S. Elec. Engineering-1, 1907]

8. What are the various types of errors occurring in electrical

measurements? Explain them. ‘
. [G.B. Technical Unlv. Electrical Mensurements
and Mensuring Instruments, 2012-13)

9, Explain about different types of errors that occur in instru-

ments, How they can be minimized? - .
| Univ. Hyderabnd Electronic Measurome
[J.N. Technological Un ¥ T ation, May-2011]

10. What are different types of systematic errors? Discuss.
[U.P, Technical Univ. Electrieal and Electronics
Measurements and Instruments, 2013-14]

11. Define random errors and systematic €rrors.
[M.D. Univ, Electrical Measurements and
Measuring Instruments, May-2007)

12, Define random errors and explain how are they analysed
statistically.

[Pb. Univ. Elec. Measurement-l,
December 1991; June-1993|

67
either case it is desirabl
tcr ensure that the
his needs. While
depending upon

_ e to use a performance specification
mstrument purchased adequately meets
the needs of the purchasers vary widely,

¥ _ 1 the use to which the instrument is to be
put, consideration should be given to a number of factors

which describe the instrument’s appearance, its perfor-
mance under operating conditions, and its ability to
withstand the various hazards to which one may reasonably
expect it to be subjected. These factors include such items
as appearance and workmanship of the case, mounting
dimensions and interchangeability (in case of a panel or
switch board instrument), len gth of scale, rated accuracy
of indications, response time and damping of the moving
system, effects of various influences (such as temperature,
external field and position), power consumption, ability to
withstand shock or vibration, and effect of humidity on
operation,

The writing of such specifications demands skill and
judgement, and a considerable amount of technical
knowledge about the instruments as well as about the
requirements of the possible applications involved.

13. How the limiting error is caleulated when
(f) Two or more variables are added.
(i) Product of two or more variable.
(itt) Composite factor.

[G.B. Technical Univ. Electronic Instrumentation
and Measurements, 2012-13)

14. What is meant by arithmetic mean, average deviation and
standard deviation?
[G.B. Technical Univ. Electronic Instrumentation
and Measurements, 2010-11})
15. Define: (i) mean value (i} deviation (iii) variance,

[U.P. Technical Univ, Electronic Measurements
and Instrumentation, 2009-10]

16. Explain with a histogram, the normal distribution of errors.
What is probable error and what is its significance?
|U.P.S.C. LE.S. Electrical Engincering-1, 2012]

Define the following for Gaussian distribution of data:

(i) Precision index (ii) Probable error (iif) Standard deviation

of mean (iv) Standard deviation of standard deviation,
[Rajasthan Technicnl Univ. Electronle Measurements

and Instrumentation, Februnry-2011]
Differentiate giving suitable examples:

() Probable errors (ii) random errors, (iif) systematic er-
rors.

17.

18.

[Pb. Unlv, Elec. Mensurements-1, December 1992)

Define probable errors and explain how they are statisti-
cally dealt with. (Pb. Unlv, Elec. Mensurements.1,

19.

Jnnunry 1991)
Explain in detail the limiting and probable errors in mea-
surement giving suitable examples for hoth.

[Rajusthun Technical Univ. Electronice

20.

Measurements
and lnstrumentation, 2007)

Differentiate between the probable errors and random
errors.

21.

IM.D. Univ. Electrical Measurements and
Meusuring Instruments, IJm:t-mlu-r-‘I[IOUI
Give the meanings of the following terms:
(1) Precision (ii) Accuracy
Probable error,

22,

(itf) Standard deviation, and (iv)

IUP.S.C. LES. Elec. Engineering.1, 1094)
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SHORT ANSWER TY
" 2
' A e ’ paolute error ol moensurement’
Q. 1. What is meant by analb Aty e

T {1 g e +m
ns. The differonce between the :
* unknown guantity or

the true value A of the
absolute error of mea-

measurand is known a8 the
surement 8A Le.

SA=A, - A

Q. 2. What is mennt by reading correction an

volated to absolute error? "
Ans. The difference of true value A nnd measured value Ay

of the mensurand is known us the reading correction.
Absolute error and reading correction are of the same
magnitude but ave of opposite sign.
Q. 3. What is difference between absolute error and rela-
tive error? [U.P. Technical Univ., 2013-14]
Ans. Absolute error 8A is equnl to the difference of the mea-
sured value A and the Lruc value A of the measurand.

ieBA=A -A
But relative error is equal to the ratio of absolute
error to the true value of the quantity under measure-

ment,

d how is it

3 s _B8A _ g - Absolute error
i.e. Relative error, €, = T Trievalds

Q. 4. How is relative error expressed?

Ans. Relative error is defined as the ratio of absolute error
to the true value of the measurand and is expressed in
fraction or percentage.

Q. 5. What is meant by limiting error?

Ans. The limits of the deviations from the specified value,
as mentioned by the manufacturer of the equipment/
apparatus is known as limiting error.

Q. 6. Define the term resolution.

[Pb. Technical Univ., December-2004]

Ans. The resolution of any instrument is the smallest
change in the input signal (guantity under measure-
ment) which can be detected by the instrument. It may

be expressed as an actual value or as a fraction or
percentage of the full-scale value.
Q. 7. Explain the difference between Accuracy and Precision.
[M.D. Unlv., December-2010}
OR

Differentiate between Accuracy and Precision.
[Pb. Technical Univ,, May-2009]

OR
What is the difference between Accuracy and Preci-
sion of a measuring instrument?
. [U.P.S.C. LE.S. ETE-I, 2007

Ans. Accuracy is defined as the degree of exactness (close-

n.esa) of a measurement compared to the expected (de-

sired) value, whereas precision is a measure of the

consistency or repeatability of measurements, i.e, suc-

cessive readJr_lgs do not differ. (Precision is the consis-

!;ency of the instrument output for a given value of

input).

: I; bn"ief, accuracy can be defined as conforming to

ruth and precision can be defined as sharp!

ploidey Ply or closely

Q. 8. Define relative accuracy of measurement.

Ans. Accuracy measured as percentage of true value is

known as relative accuracy.

PE QUESTIONS WITH ANSWERS

Q.9
Ans.

Q. 10.
Ans.

Q.11

Ans.

Q.12

Q.18.
Ans,

Q.14

Ans,

T

ectrical and Electronic Measurements and I"-szr“"lt'ntug.
l

Why do errors oceur during measuremantg?
Measurement is a process of comparing the up
guantity with an accepted sE:xn{llard quantity lm‘v
volves insertion of a measuring instrument ;
gystem under consideration and observing the
ing response. The measurement thus obtﬂined-

hify “"E
Tesy),

1

quantitative measurc of the so called ‘true va)yg " &

it is very difficult to define the true value, th,
expected value is used). Any measurement is gy,

by many var iables, therefore, the results rare]y ref

the expec i .
suring device 1nto the circuit under consideratjgy

ted value. For instance, insertion of 5 me.

4l

ways disturh the circuit, causing the 13“'?-E!tilu:‘ememLD

differ from the expected value.
Name the categories of slatic errors.
Static errors can be grouped in three categorigg

Vi,

gTOSS errors, systematic errors and random op s,
dental errors. Systematic errors may further,
categorised as instrumental errors, environmen,

errors and observational errors.

What is meant by systematic errors?
[Pb. Technical Unlv., Decemher.

200

Systematic errors remain constant or change accorg.
ing to a definite law on repeated measurement of th
given quantity. These errors can be evaluated and the;
influence on the results of measurement can be elim;.

nated by the introduction of proper corrections.

Differentiate between static and dynamic errors in

instruments.

Static error is defined as the difference between the

measured value and true value of a quantity ie,
BA=A, —A

where 8A is error, A, is measured value of quantity

and A is true value of quantity.

Dynamic errors are caused by the instruments not
responding fast enough to follow the variationsina

measured variable.

How do random errors differ from systematic errors!
_Systematic errors remain constant or change accord:
ing to a definite law on repeated measurement of ¢
given quantity whereas random errors, also called the
accidental errors, are of variable magnitude and sig?

and do not obey any known law.

Wh&t is meant by “arithmetic mean”, “average
tion” and "standard deviation™?

devie:

Arithmetic mean is the sum of the number of obsé

vations divided by the number of observations
¥ = T +X +.. +x, = Ex
n n
where X is the arithmetic mean and Xy, Xgy o1 X

ie.

arethe

readings taken and n is the number of readings teker

A\feruge ,de“iation is the sum of the scaler val'®
(without sign) of the deviations divided by the nup®

of readings i.e.
Average deviation, D = d 1+]

n
where dy, dy ... d, are the deviations of the r
from the mean.
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Errors in Measurement

standard deviation, also known ng roq
sation, of an infinite ' ;

deviation ¢ number of datn i the squUAre

root of the sum of all the individug) devintions s uared
divided by the number of readings juared,

! mean square

o il ‘? 2 ——
i.e. Standard deviation, a = MM

n

What is difference between “standard deviation™ and

wearinnce”™?

Standard deviation is the rool mean square deviation
wherens variance is the mean square deviatian

Q. 15.

Ans.

Sovarmmee, V= Menn square deving fpy =

7
L

1. The measured value of 4 resistance is 111 Q whereas its
true value is 110 Q. Determine absolute error of measure-
ment and relative error. [Ans. 1 0; 1%)

2. The capacitance of a capacitor is specified as 200 uF + 5
per cent by manufacturer. Determine the limits of capaci-
tance between which it is guaranteed. [Ans. 200 + 10 uF]

3. A moving coil voltmeter has a uniform scale with 100 divi-
gions and gives full-scale reading of 200 V. The instru-
ment can read upto 1/6th of a scale division with fair de-

.. gree of certainty. Determine the resolution of the instru-
ment in volt. [Ans. 0.4 V]

4. A600 Vvoltmeter is specified to be accurate within + 2.5%

of full-scale deflection. Calculate the limiting error when

the instrument is used to measure a voltage of 400 V.
[U.P. Technical Univ. Electronics Messurements
nnd Instrumentation, 2008-07]

[Ans. £ 3.75%]
5. A wattmeter having a range of 500 W has an error of
+ 1.5 per cent of full-scale deflection. If the true power is

50 W, what would be the range of the reading?
[U.P. Technical Univ, Electronics Measurements
and Instrumentation, 2007-08]

[Ans. (50 + 7.5) watts or 42.5 W to 57.5 W]
6. A 20V dc voltage is measured by analog multimeter. Mul-
timeter is on the 25 V range and its specified accuracy is

+2%. Determine the measurement accuracy.

[B.P. Univ. of Technology Orrisa Electronics Instrumentation
and Measurement, 2008]

[Ans. 2.5%]

7. The value of resistance r was determined by measuring cur-
rent I flowing through the resistance with an error g, =+ 1.5
per cent and power loss P in it with an error £, =1 1 per cent.

Determine the maximum possible relative error to be
expected on measuring resistance rcalculated from formula
r=P/*

8. Three resistors have the following ratings

R, = 47 Q £ 4%, R, = 65 Q + 4%; Ry =55 02 £ 4%
Determine the magnitude and limiting errors in ohms
and in percentage of the resistance of these resistors con-
nected in series. [Ans. 167 Q, +6.684); 4%)]

9. A voltmeter reading of 70 V on its 100 V range and an
ammeter reading of 80 mA on its 150 mA range are used
todetermine the power dissipation in a resistor. Both these
Mstruments are guaranteed to be accurate within + 1.5%
at full-scale deflection. Determine power and limiting er-

rorof the power. [U.P. Technical Univ. Measurements
: and Instrumentation, 2002-03]

[Ans. 5.6 W; 4.956%)]

[Ans. + 4%]

69
Q. 186.

What is probable error?
Ans,

The probable «

rroris given ns r= 06745 0, where g is
the standnrd

deviation. The quantity £ is called the
probable errae in the wense that there is an even chance
that any ane observation will have a random error not
Rreater than + r,

.“r'hnt 15 the expression for probnble error if the read-
ings of measurement follow Gaussinn distribution?

The prohable error is piven as r=0.67456 a, where o is
the standard deviation.

Q.17.

Ans.

ProBLEMs BRI

10. The wattmeter is used to measure power in the cireuit
with the help of the following equation P? = E¥/R, where
limiting values of voltage and resistance are, E =200V +
1% and R = 1,000 2 + 5%.

Calculate (i) the nominal power consumed (i) the lim-

iting error of power in watts and per cent.
|U.P. Technieal Unlyv. Elec. Measurementa
and Mensuring Instruments, 2004-05]

[Ans. ()40 W (iD 28 W; £ T%]
Explain the limiting error. A 4 dial decade resistance box
has its accuracy specified as follows:
() X, x 1,000Q+0.1% (i) X, * 100 Q2+ 0.1%
(it) X, x 10Q£0.5% (i) X, x1Q2+1%
If R across the terminal of decade resistance box is 4,739 Q,
then determine the relative limiting error involvement in
this measurement? [G.B. Technlcal Univ. Electronics
Instrumentation and Measurements, 2012-13]
[Ans. + 0.1024%)]
Two resistances R, and R, are connected in parallel with
R, =10 kQ+ 5% and R, = 5 kQ = 10%. Calculate the per-

centage error and range of combined resistance.
[U.P. Technleal Univ. Electrical Measurements

and Measuring Instruments, 2009-10]
[Ans. 21.667%; 2.611 to 4.055 kQ]
Two resistances Ry = 1 kQ = 1% and R, = 500 Q = 1% are
connected in parallel. Find the limiting error in ohms and

in percentage for the total resistance.
[G.B. Technical Univ. Electrical Measurements
and Measuring Instruments, 2011-12)

[Ans. +3%; £10Q]
Two resistors have the following ratings: R, = 100 Q + 5%
and R, =200 Q + 5%. Calculate
(i) the magnitude of error in each resistor.
(@) the limiting error in ohms when the resistors are con-
nected in series,
(iif} the limiting error in ohms when the resistors are con-
nected in parallel.
[J.N. Technological Univ. Hyderabad Electronic Measurements
and Instrumentation, Februnry."March-zu-m]
[Ans. (i) +50; £100Q; (i) + 15 Q; (iff) 10 Q)
15. The resistance of an unknown resistor is determined bya
Wheatstone bridge. The solution for the unknown resis.

11

12

13

14

tance is statedas R = RlliR

% The limiting values of vari-
3

ous resistances are;

R, =500 + 1%, Ry = 615 + 1%, Ry = 100 + 0,5%
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Calewlnte () the pnominnl valu

' T N o nnt
1) ita A error i per cent, '
FH] ;I limiting (U LES, Elee, Engl erlng:1, 10031
inohm, JNH, 8, Elec., F ne

|Ans. (1) 3,076 000N 2 2.5% (i) 4 76.876 Q1)
is determined by Whentstone

¢ of unknown rt-_siﬂlmu-n,
L) it hombing orror

16. The unknown resistance
Dridge and is given by
= Rlty
Ry = - R, ﬁ
whoro R, = 1004 0.4%, R, = B0 £ 0.7%: Ry = 825 4 0.5% Q.

i ,and its limiting error,
HSMRIELS Rh['ll Univ. Electrien] Measuremrents nnd
I Inatruments, Mny-2007]

[Ans. 6,600 €;  1.6%; 105.6 Q)
ment of n capncitor, following ten read-

Mennuring

17. During the measure

ings were obinined:
1,002, 0,998, 1.005, 1,008, 0.995, 0.997, 1.004,

1,008, 1,003, 0.8994 pl°
Caleulate: (@) the arithmetic mean (b deviations fr'nrrl the
menna (¢) average devintion and (o) slandard deviation.
|U.P.S.C. LES. Electrical Engineering-I, 2005
[Ans.(a) 1.00156 pF
(b) +0.0005 pIF, =0.0035 pF, +0.0035 pF, +0.0075 pF,
~0.00656 uIF, - 0.0045 p I, +0.0025 puF, +0,0065 pF,
+0.0015 pl°, =0.0075 pF,
() 0.0044 pF () 0.00527573 ul]

18. Ten samples of n steel wire were tested on a universal test
machine. The breaking strength in tonnes was 4.3, 4.6, 4.7,
4.2, 4.5, 4.6, 1.4, 4.6, 4.9, 4.5. Determine (i) mean value
and (i) standard deviation.

[M.D. Univ. Mensurements and Instrumentation 6" Semester, 2011]
[Ans. 4.52 tonnes; 0.199 tonne]

19. A circuil was tuned for resonance by eight different stu-
dents and the values of resonant frequency in kHz was
recorded as 432, 447, 444, 435, 446, 444, 436 and 441.

Calculate () standard deviation and (ii) variance.
[Rajasthan Technicn! Univ. Electronic Mensurements
and Instrumentation, February-2011]

[Ans. (7) 5.605 kHz; (ii) 31.41 (kHz)?)

20. The following 10 observations were recorded when mea-
suring a voltage: 31.6, 31.0, 31.7, 31.0, 32.1, 31.9, 31.0,
31.8, 32.5 and 31.8 volts. Find (i} the probable error of one

reading (i) the probable error of mean.
[Rajasthan Technical Univ. Electronic Measurements
and Instrumentation, February-2011]

[Ans. (i) 0.3443 V; (i) 0.1148 V] -

21. The following ten readings are taken of a certain physical
length: 5.30 m, 5.73 m, 6.77 m, 5.26 m, 4.53 m, 5.45 m,
6.09m, 5.64 m, 5,81 m, 5.75 m. Calculate:

(i) Mean and standard deviation.

(i) Using the Chauvenet’s criterion, test the data points

for possible consistency. : .
(it) Eliminate the questional points and calculate area

standard deviation for the adjusted data.

[Anna Univ, Chennai (TN) Measurements
and Instrumentation, April/May-2011)
[Ans. () 5.633 m; 0.5827 m (if) 0.5827 m)
22. A random sample was taken of the internal mean diam-
eters of nuts produced by a manufacturer. The mean was
7.5 mm with a standard deviation of 0.1 m. If the nuts

having a diameter of 7.735 and 7.583
. : . are a :
percentage are rejected? cceptable what

[M.D, Univ. Measurements and Instrumentation 6'* Semester. 2011]
1

[Ans. 54%]

'drl'mf and Electronic Measurements ana Jnmrumenh“ﬂq
distinguish between precision and acey
tor of a circuit is defined by:
L — I’
Cos = VA
where P is the power in watts, V voltage _in volts ang A
the current in AmMperes. The relative error in power, Clrrey
ge nre £ 6%, 1 1% and £ 1% respectively, Caley
error in power factor. Also calculag, th
power factor if the errors were SDecifieg
[M.D. Unlv. Eleetroniea M"“urnm
and Instrumentation, 2 "
[Al‘lh‘. T%:; 5196%
Two resistors R, and R, are connected in parallel. 7y,
values of resistances are: ) :
R, =1kQ* % I{2=5_UOQ:!: 1%
Assuming given errors as uncertainty, calculate the Uncer.

tainty in the combined resistance.
[U.P. Technieal Unlv. Elec. Measuremeng, and
Menasuring Instrumentu, 200505

[ans. (333.33 + 2.48)7)
26. Find the value of (R, + Ry), considering the errors in thejy
values as (f) limiting error (if) standard deviation whep
R, = (100 + 2%) ohms, R, = (200 + 2.5%) ohms
[U.I".8.C. LE.S. Electrical Engineering-], 1957
[Ans. Limiting error =+ 7 Q; + 2.333%; 9.8995 ()
26. The measurement of resistance of a resistor gives the fo.

lowing results:
101.2, 101.7, 101.3, 101.0, 101.5, 101.3, 101.2, 1014,

101.3, 101.1 ohms.

Assuming that the random errors are present calculate
(i) arithmetic mean (i) the standard deviation of the read.
ings, (iii) the probable error of average of 10 readings.

23. Define and ray

The power fac

and voltn
late the relative
uncertainty in the

as uncertainties. N

24,

[Pb. Univ. Elec. Measurements-I, December 195§
[Ans. 101.3, 0.2 Q, 0.044970)

27. Following readings were obtained in respect of measure
ment of a resistor:

0.908, 0.895, 0.892, 0.899, 0.901, 0.890, 0.906, 0.897,
0.912, 0.892, 0.898 and 0.902 Q.
Determine (a) the arithmetic mean (b) the standard deviz-
tion of the readings (c) the probable error of mean value.
. [Ans. (a) 0.8989 Q (b) 0.00637 (c) 0.138%]
. Given the following set of voltage measurements taken
fron"l a voltmeter, find their (i) average value (i) averagt
- deviation (iii) standard deviation and (iv) probable error.
Data: 153V, 162 V, 157V, 161V, 155V.
[Ans. () 157.6 V (i) 3.12 V (iis) 3.847 Q (iv) 2.595%)
29. Tworesistors R, and R, are connected in series and the?
In parallel. The value of resistances are:
Rl =100.0+0.1 O, R2 =50+0.06Q _
Calculate the uncertainty in the combined resistance o
both series and parallel arrangements.
[U.PS.C. LES. Elec. Engineering 19!
[Ans. (}) 0.1118 Q; (if) 0.0248%
30. Two sets of large number of 10 kQ and 15 kQ resistors "
used to make a large number of 6 kO and 25 ke resist?”
choosing one from each group. If the uncertainties of '*EE
two sets of resistors (10 kQ and 15 kQ) are 5% and 107
respectively, find the uncertainties of the combined rest®
tor-sets (6 kQ and 25 kQ).
[U.P.S.C. LES. Elec, Engineeringl 2000
[Ans. (25 + 1.58) kQ in series combi““?”::'
(6 + 0.3) kQ in parallel combinati®”

28
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