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Part I
Measurement Concepts

Basic Concepts
and Qualities of
Measurement

EEBB INTRODUCTION

The basic purpose of instrumentation in a process is to obtain the requisite infor-
mation pertaining to the successful completion of the process. A broad definition
of instrumentation may be given as follows:

Instrumentation is the philosophy based on:

(i) the preposition that the condition of human society and of industrial pro-
cesses and operations, e, the lorce of nature, should be controlled,
(it} the principle that, before a condition can be controlled, it must be measured,

(m) the dictum that, in order to measure a condition or property, it must be
segregated, and

(iv) the logic “If you contrel it manually you should control it automatically.”

The progress of instrumentation in industry, as it is known today, took place
largely in the 1930s, but began with the introduction of a reliable instrument for
recording temperature. With the growth of continuous manufacturing, the need
for continuous measurement of pressure, temperature, level, flow, etc. became
urgent. There are continuous demands for improvements in the quality of mea-
surement and for development of new methods based on newly found physical
and chemical laws and effects.

EEI MEASUREMENT AND ITS AIM

Measuring is as old as civilization. It is an essential part of the interaction between
humanity and the physical world. It gives us a repeatable and dependable way of
guantifying the world in which we live. The process of measuring 15 essentially that
of comparing some unknown value with a value which 1s assumed to be known. The
latter 1s called a standard. A measurement system (perhaps called an instrument or
scale or meter or analvzer) 1s a device designed to facilitate this comparison.
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Therefore, measurement is a comparison of a given unknown quantity with one
of its predetermined standard values adopied as a unit. The result of any mea-
surement 18 a concrete number consisting of a unit of measurement having its
particular name and the number which shows how many times this particular unit
15 contained i the guantity being measured.

The primary purpose of measurement in process industries and industrial manu-
facturing i1s to aid in the economics of industrial operations by improving the
quality of the product and efficiency of production. For this purpose and for the
maintenance of proper operation, measurement is very important.

All instruments contain various parts that perform prescribed functions in con-
verting a variable quantity or condition into a corresponding indication, Thus, the
pperation of an instrument can be described in terms of the functional elemenis
(various parts) of instrument systems. The functional elements of an instrument

are indicated by various blocks in Fig. 1.1,

ey Measureg| Primary | Variable Variable
Rt + — BEnsing = conversion —= manipulation
% / quantity |  element
S | L element | elemant |
-"_‘_""\-\\ | L
.-“f ' Presented | i | C ]
| Obsaerver = o . presentation -« transmission
a lement

Fig. 1.1 Functional Elements of an Instrument System

The primary sensing element of an instrument (Fig. 1.1) is that which first re-
cetves energy from the measured medium and produces an output depending in
some way on the value of the measured quantity.

A variable-conversion element merely converts the output signal of the pri-
mary sensing clement (which is some physical variable such as a voltage or a
displacement) into a more suitable variable or condition useful to the function of
the instrument. It should be noted that every instrument need not include a vari-
able-conversion element, while some require several,

A vanable-manipulation element manipulates the signal represented by some
physical variable, to perform the intended task of an instrument. In the mamipula-
tion process, the physical nature of the variable is preserved. A vaniable-manipu-
lation element does not necessanly follow a vanable-conversion element; it may
precede it, appear elsewhere in the chain, or not appear at all.

A data-transmission element transmits the data from one element to the other,
It may be as simple as a shaft-and-bearing assembly or as complicated as a
telemeniry system for transmitting signals from one place to another.

A data-presentation element performs the translation function, such as the
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simple indication of a pointer moving over a scale or the recording of a pen
moving over a chart.

The elements of the instrument of Fig. 1.1 do not necessarily appear in all
instruments. Figure 1.1 is intended as a vehicle for presenting the concept of
functional elements and not as a physical schematic of a generalized instrument.
A given instrument may involve the basic functions in any number and combina-
tion—they need not appear in the order given in Fig. 1.1.

Figure 1.2 shows a filled thermal system with the various functional elements
for process temperature measurement. The liquid- or gas-filled temperature bulb

r".-?&,

e “ Painter

1“\ ;
b Spiral bourdon-tube
Scale
Capillary tube . k)
ATTE— i W
|
k Temperature bulb (liquid or gas)
(a)
Fluid Temperature tube Tubing

/Pointer | Medum uantity : ; '
I ._-..-_—._*i I .H : II. - . p—— i 3 . - -

measunsd

55814

Gear _ Spiral bourdon | §
scale and tube

b)
Fig. 1.2 Filled-system Thermometer
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acts as a primary sensing clement and variable-conversion element, since a tem-
perature change results in a pressure build-up within the bulb because of the
constramned thermal expansion of the filling liquid. This pressure i1s transmitted
through the capillary tube (a data-transmission element) to a spiral, Bourdon-type
pressure gauge (a varable-conversion element) which converts the pressure into
displacement. The displacement is manipulated by the linkage and gearing (a
variable-manipulation element) to give a larger pointer motion. The pointer and
scale indicate the temperature, thus serving as data-presentation elements.

BE¥S PERFORMANCE CHARACTERISTICS
The performance characteristics of an instrument are very necessary for choosing

the most suitable instrument for specific measuring tasks. It can generally be
broken down into two sub-areas:

(i) Static characteristics
(i) Dynamic characteristics

1.4.1 Static Characteristics

The static characteristics of an instrument are, in general, considered for instru-
ments used (o measure an unvarying process condition. All the statuc perfor-
mance characteristics are obtained by one form or another of a process called
cahibration. There are a number of related defintions such as accuracy, repeatabal-
Ity, precision, sensitivity, etc. which are also described below.

Calibration Calibration may be defined, in general, as the process for determi-
nation, by measurement or comparison with a standard, of the correct value of
each scale reading on a meter or other measuring instrument; or determination of
the settings of a control device that correspond to particular values of voltage,
current, frequency, pressure, flow or some other output.

In performing a calibration of an instrument, the following steps are necessary:

{1} Examine the construction of the instrument and i1dentify and list all the
possible inputs.

{11} Decide, as best as one can, which of the inputs will be significant in the
apphcation for which the instrument 1s to be cahbrated.

(iii) Procure apparatus that will allow all significant inputs to vary over the
ranges considered necessary.

(v} By holding some inputs constant, varying others, and recording the output,
develop the desired static input-output relations.

Accuracy Accuracy may be defined as the ability of a device or a system to
respond to a true value of a measured variable under reference conditions. In

actual practice, accuracy is generally and necessarily expressed as the limit of

error of a measuring device or system under certain operating conditions that
may or may not be specified.

wﬂ Precision 1s the degree of exactness for which an instrument 15 de-
signed or intended to perform. It is composed of two characteristics,
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conformity and the number of significant figures to which a measurement may be
made. Significant bigures convey actual information regarding the magmtude and
the measurement precision of a quantity. The more significant the figures, the
greater the precision of measurement. Now consider, for example, a resistor, whose
value of true resistance 15 1,592, 154 0, measured by a multimeter which consis-
tently and repeatedly indicates 1.5 M £2. The observer cannot read the true value
from the scale. His estimates from the scale reading consistently vield a value of
1.5 M £2 which is as close to the true scale as he can read the scale by estimation.
Although there are no deviations from the observed value, the error created by
the hhmitation of the scale reading 15 a precision error. This example 1llustrates that
conformity 1s a necessary, but not sufficient condition for precision because of
the lack of significant figures obtained.

Repeatability The repeatability of a measuring device may be defined as the
closeness of agreement among a number of consecutive measurements of the
output for the same value of the input, under the same operating conditions,
approaching the measurement from the same direction, and for full-range traverses.

Mﬁ% The reproducibility of an instrument 15 the closeness of agree-
ment among repeated measurements of the output for the same value of mput,
made under the same operating conditions over a period of time, approaching
from bmh directions. Perfect reproducibility means that the instrument has no
drift, i.e. the instrument calibration does not gradually shift over a long period of
time such as a week, a month, or even a year.

M Drift 15 an undesired change or a gradual vanation i output over a period
of time that is unrelated to changes in output, operating conditions, or load. This
term most often applies to changes that occur after a specified warm-up period. A
long-term calibration drift usually occurs because of the ageing of component
parts,

Under laboratory conditions, drift of an element is usually determined in one of
the following two ways:

(i) By maintaiming exact operating and load conditions and monitoring output varia-
tions for a fixed input signal, as a function of time. This is called point drifi.

(ii) By maintaining input signal, operating conditions, a load approximately con-
stant, and by comparing calibration curves at the beginning and at specified
intervals of time. This is called calibwration drift.

Drift for a measuring device can either be systematie (i.¢. approximately pre-
dictable i direction and magnitude as a function of time), random (non predict-
able), or some combination of the two. For most devices, drift 15 measured and
specified as a percentage of output span.

Mﬁtg Sensitivity can be defined as the ratio of a change in ﬂ-utpul to the
change in input which causes it, at steady-state conditions, The ratio must be
cxpressed in the units of measurement of output and input.

Usage of this term 15 generally himited to linear devices where the plot of
output to input magnitude 1s a straight line over the operating range of the device.
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The term sensitivity 15 sometimes used to describe the maximum change in an
mput signal that will not mitiate a response on the output.

Rﬁﬂhﬁﬂg Resolution is the least incremental value of input or output that can
be detected, caused, or otherwise discriminated by the measuring device. It is
often used as an expression of observer error in reading. That is, the resolution of
a scale or chart is the minimum error that must be assumed to exist, that can be
attributed exclusively to the observation. This 1s generally considered to be about
one-fifth of the smallest scale division. If these least incremental values are con-
sidered small, this would be termed fine resolution; 1f they are considered large,
this would be termed coarse resolution.

Dead Zone Dead zone is the largest range of values of a measured variable to
which the instrument does not respond. This is sometimes called dead spor and
hysteresis. Dead zone usually occurs with friction in an indicating or recording
mstrument, more often in the latter.

Fm Backlash or mechanical hystersis is defined as that lost motion or frec
play which 1s mmherent in mechanical elements, such as gears, linkages, or other
mechanical-transmission devices that are not rigidly connected.

True Valie True value is the error-free value of the measured variable, It is
given as

True value = Instrument reading — Static error.

1.4.2 Static Errors

The static error of a measuring instrument is the numerical difference between the
true value of a quantity and its value as obtained by measurement. Repeated
measurement of the same quantity gives different indications.

Mistakes These arc errors due to human mistakes, such as careless reading,
mistakes in recording observations, incorrect application of a correction, improper
application of instruments and computational errors. These errors cannot be treated
mathematically. They can be avoided only by taking care in reading and recording
the measurement data. One should not be completely dependent on one reading.
At least three separate readings should be taken, preferably under conditions in
which instruments are switched off and on.

matic Errors These types of errors, sometimes referred to as bias, influ-
ence all measurements of a quantity alike. A constant uniform deviation of the
operating point of an instrument 15 known as a systematic error. There are two
types of systematic errors:

(i) Instrumental errors Instrumental errors are the errors inherent in measur-
ing instruments because of their mechanical structure, such as friction n
bearings of various moving components, irregular spring tension, stretching
of a springs, or reduction n tension due to improper handling or overload-
ing of the instrument. It may be avoided by:

(a) selecting a suitable instrument for the particular measurement application



Basic Comcepts and Qualities of Measurement =
(b) applying correction factors after determining the amount of instrumental
EIror
() calibrating the mstrument against a standard

(ii) Environmental errors  Environmental errors are duc to conditions exter-
nal to the measuring device, mncluding conditions in the area surrounding
the mstrument, such as the effects of change in temperature, humidity, baro-
metric pressure, or magnetic or electrostatic fields. It may be avoided by,
(a) providing air conditioning
(b) hermetically sealing certain components in the instrument
(c) use of magnetic shields

Random Errors The cause of such errors is unknown or not determinable in the
ordinary process of making measurements. Such errors are normally small and
follow the laws of chance, Ramdom errors thus may be treated mathematically
according to the laws of probability,

ﬂﬂmbfﬁm In the epigraph, Lord Kelvin observes that “wien you can
measure what vou are speaking about, and express it in numbers, you know
something abour it”. But that knowledge 1s never perfect. The measurer must
understand the sources of error in the measurement process and must ensure the
level of accuracy required for the particular application in question,

The sources of error, other than the inability of a piece of hardware to provide
a true measurement, are hsted below.

(i) insufficient knowledge of process parameters and design conditions
(i) poor design

(i) change in process parameters, irregularities, upsets, etc.

(v} poor mamntenance

(v) errors caused by people who operate instrument equipment

(vi) certain design limitations

1.4.3 Dynamic Characteristics

Instruments rarely respond instantaneously to changes in the measured variable.
Instead, they exhibit a characteristic of slowness or sluggishness due to such
things as mass, thermal capacitance, fluid capacitance, or electric capacitance. In
addition to this, pure delay in time is often encountered where the instrument
wailts for some reactions to take place. Such industrial mstruments are nearly
always used for measuring quantities that fluctuate with time. Therefore, the dy-
namic and transient behavior of the instrument is as important as, and often more
important than, static behaviour.

The dynamic behaviour of an instrument is determined by subjecting its pri-
mary ¢lement to some unknown and predetermined vanations in measured guan-
tity. The three most common vanations are:

(i} step change, in which the primary element is subjected to an instantaneous
and finite change in measured varable
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(ii) linear change, in which the primary element is following a measured variable,
changing hinearly with time
(i) sinusoidal change, in which the primary element follows a measured vari-
able, the magnitude of which changes in accordance with a sinusoidal func-
tion of constant amplitude.
The dynamic characteristics of an instrument are speed of response, fidelity,
lag, dynamic error, etc.

Speed of R It is the rapidity with which an instrument responds to
changes in the measured quantity.

E

Fidelity 1t is the degree to which an instrument indicates the changes in mea-
surcd vanable without dynamic error.

I}H It 1s a retardation or delay in the response of an instrument to changes in
the measured guantity,

yiantic Error 1t is the difference between the true value of a quantity chang-
mg with time and the value indicated by the instrument, if no static error is
assumed.

1.4.4 Dynamic Resp onse

Response p-order i The relation between any input and
the uutput can h:,r appilcatmn of suitable sunpllfvmg assumptions, be written as:

ﬂr” ﬂmu I_ . ‘;.rr.l
w -rl:l + If-f" _I —.':D aa + If-fl _ﬂ + H“.T” _ b’m 2 'rl'
" ar' o dr™
d'””r
+bm.|F ""t—”?ux (1.1)

where, x; = output quantity
Xy = input quantity
f = time
a’s, b's = combinations of system physical parameters, assumed constant.
When all the a's and b’s other than a, and by, of the above Eq. (1.1) are assumed
to be zero, the differential equation then degenerates into the simple algebraic
equation, given as

dy Xp = by X, (1.2)
Any instrument that closely obeys Eq. (1.2) over its intended range of operating
conditions is defined as a zero-order instrument.
The static sensitivity (or steady-state gain) of a zero-order instrument may be
defined as follows:

Xp= hi x; = Kx, (1.3)
ty
where, K= i = static sensitivity (1.4)

ey
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Since the equation x, = Kx, is an algebraic equation, it is clear that, no matter how
x; might vary with time, the instrument output (reading) follows it perfectly with
no distortion or time lag of any sort. Thus, a zero-order instrument represents
ideal or perfect dynamic performance. A practical example of a zero-order instru-
ment is the displacement measuring potentiometer.

Dynamic Response of First-order System 11, in Eq. (1.1), all o’s and b's other

than a, ay and by are taken as zero, we get:

o
ehy ik + agey = byx, (1.5)

ot
Any instrument that follows the above Eq. (1.5) is defined as a first-
order instrument.
By dividing Eq. (1.5) by ay, the equation can be written as:

LB (1.6)

ay dr y
or (tD+ 1) xy = Kx, (1.7)

L :
where, T= —- = lime constant (1.8)

Ay
by

= — = static sensitivity
dy
The time constant Talways has the dimensions of time, while the static sensitivity
K has the dimensions output/input. The operational transfer function of any first-
order mstrument 1s

Xa K
(D)= —m— 1.9
x,{ ) D+1 (1.9)

A very common example of a first-order instrument is a mercury-in-glass ther-
mometer.

WW@WW A second-order instrument is de-

fined as one that follows the equation

d_fu dxy
a5 e +”IE T agey = by, (1.10)
The above equation can be reduced as
[ D’ + . 12 + IJ
5 %o = Kx, (L.11)
(e, )™ Oy
where i, = D undamped natural frequency, in rad/time (1.12)
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c= = damping ratio, dimensionless (1.13)
JJaga,
h : fish

K = — = gtatic sensitivity
chy

The operational transfer function of any second-order instrument is,

X K
— D)= 2 3 (1.14)
X, (D fwn™ +2ED(@m, +1) '

A good example of a second-order instrument is the spring balance.

EEIB STATISTICAL ANALYSIS

The statistical analysis of measurement data is important because it allows an
analytical determination of the uncertainty of the final test result. To make statis-
tical analysis meaningful, a large number of measurements is usually required. The
systematic errors should also be small as compared to random errors, because
statistical analysis of data cannot remove a fixed bias contamned in all the mea-
surements.

1.5.1 Arithmetic Mean

The most probable value of a measured variable is the arithmetic mean of the
number of readings taken. The best approximation will be made when the number
of readings of the same quantity is very large. The arithmetic mean of » measure-
ments at specific count of the variable x is given by the expression,

_oqtEm G ttx, Zx

X = (1.15)
n "
where X = arithmetic mean
Xy, X3, X3, ..., X, = readings taken
n = total number of readings

1.5.2 Deviation

It is the departure of a given reading from the arithmetic mean of the group of
readings. If the deviation of the first reading, x,, is called &, and that of the
second reading, x4, 15 called &5, and so on, then the deviations from the mean can
be expressed as

ﬁrl . E.ﬁ’z— Aq = E.
Sumilarly, d=x - X (1.16)
The deviation may have a positive or negative value. The algebraic sum of all
the deviations must be zero.

* Deviation 1t may be defined as the sum of the absolute values of the
devmtmns divided by the number of readings. The absolute value of the dimen-
sions is the value without respect to sign, Average deviation may be expressed as

\dy |+l dy |+ |dy |+, 4 d

J?l

uy

n
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Zld
or, D, == | (1.17)
n
where, D = average deviation
|dy| + |ds| + ... = absolute values of deviations

n = total number of readings
The average deviation 15 an indication of the precision of the instruments used
in making the measurements. Highly precise instruments will yield a low average
deviation between readings,

e

Standard Deviation The standard deviation of an infinite number of data is the
square root of the sum of all the individual deviations sguared, divided by the
number of readings. It may be expressed as

At vdt o dd 5 d? ¥d*

ag= “'[ S Al " o, o= (L18)
n 7

where o = standard deviation

The standard deviation is also known as the root mean square deviation and 18
the most important factor in the statistical analysis of measurement data. Reduc-
tion of this quantity effectively means improvement in measurement.

A. Tick (v') the appropriate answer:-
1. A variable-manipulation element
(a) manipulates the signal to perform the intended task
(b} converts the output signals into a more suitable variable
(¢} receives energy from the measured medium

(d) none of the these
2. A data-representation element

{a) transmits data from one clement to the other
(b) performs translation functions
(¢) manmipulates the signal
(d} none of these
3. Precision is the
{a) degree of exaciness
(b} closeness of agreement among a number of consecutive measurements
(c) ability to respond to true value of a measured variable
(d) none of the above
B. Fill-up the blanks:-
1. Calibration is the process of by
of the correct value of each scale reading on a meter.
2. Static errors are gencrally of three types. given as (a)
(b) and (c})

Y, The average deviation is an of the instruments.
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REVIEW QUESTIONS RS

o

Differentiate between accuracy and precision.

. Draw the block diagram of an instrument syvstem and explain the functions of

different functional clements. Make the block diagram showing the functional ele-
ments of a pressure gauge.
Define the following terms:

{a) repeatability (h) rangeability
ic) reproducibility (d) sensitivity
{e) speed of response (A lag

What are the different tvpes of static errors? Explain each of them.
List the different sources of errors.
What are instrumental and environmental errors? How can they be avoided?



Part 11

Electrical and Electronic
Measurements

Units and
Standards of
Measurements

EEBm INTRODUCTION

Units and standards of measurements are important factors for monitoring and
control of industrial parameters. The quahty of an industrial product depends on
units of measurement that are reliable and accurate, Also, accurate measurement
standards are essential in industrial applications, A considerable number of units
and standards have been used in industrial environment at various times. How-
gver, some systems of units and standards have been widely accepted by various
industries throughout the world. In this chapter, various types of umits and stan-
dards of measurements are discussed.

a UNITS OF MEASUREMENT

The physical quantitics must be defined, both in kinds and magnitude, to ensure
precise technical communication about the results of measurement and perform
calculations. A unit of measurement may be defined as the standard measure of
each kind of physical quantity, and the number of the measure (also called nu-
merioal Fatio or mnimerical :r.'r.'J'.I'r'JrJ.ll.l'r*r]l is Ei'u:ﬂ as the number of times the unit
occurs in any given amount of the same quantity. Thus, the magnitude of a
physical guantity may be writlen as

Physical guantity = Numerical Ratio = Measurement Unit (Z.1)

A physical guantity is always defined by the measurement umit., The numerical
ratio has no physical meaning without the umit. A large number of svsiems of
measurement units have been used at vanous times during human history, Some
systems of units are of only historical interest, some are of value in theoretical
discussions and some others have been employed in measurements in actual
experimental work. Different measurement units have been found acceptable in
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different countries; however, there are some systems of measurement units which
have been accepted throughout the world. With the development of science and
growth of measurement technology discipline, efforts were made to standardize
terms so that imstrumentation professionals could effectively communicate among
themselves and with specialists in other disciplines. It is, thus, essential to ac-
quaint ourselves with important and commonly used systems of measurement
LTS,

2.2.1 Fundamental and Derived Units
The following two kinds of units are used in science and engineering:

« Fundamental units {or quantities)

« Derived units {or quantities)

The measurement of a quantity means the comparison of the quantity with a
standard of the same kind of quantity. The magnitude of the quantity being mea-
sured can be expressed in terms of the chosen unit and a numerical multiplier, But,
it is not possible to have a series of standards for each quantity, and also the unit
of a quantity cannot be freely chosen because physical quantities are not inde-
pendent of each other. Instead, they are related by some physical equation.

If there are M kinds of quantities to be evaluated and N independent physical
equations expressing relationships between them, the sizes of units of only (M- N)
of the quantities can be chosen, and then the sizes of units of the remaining N
quantities can be derived with the help of N physical equations so that the
numerical multipliers are usually unity. The (M — NJ quantities, which are inde-
pendently chosen, are called fundamental guantities. The remaining N units are
called derived quantities. The units of fundamental quantities are called funda-
mental units and that of derived quantities are called derived uniis.

In mechanics, the fundamental units are measures of length, mass and time.
The sizes of the fundamental umits, whether foot or metre, pound or kilogram,
second or hour, are arbitrary and can be selected to fit a certain set of circum-
stances. Since length, mass and time are fundamental to most other physical
quantities besides those in mechanics, they are called primary fundamental units.
Measures of certain physical quantities in the thermal, electrical and illumination
dhsciplines are also represented by fundamental unmits. These umits are used only
when these particular classes are involved, and they are therefore defined as
auxiliary fundamenial uniis.

All other units, which can be expressed in terms of fundamental units, are
called derived wnits, Every derived unit originates from some physical law
defining that unit. For example, the volume of a substance is proportional to its
length (/), breadth (b) and height (h), or ¥ = [ = b = h If the metre has been
chosen as the unit of length, then the volume of a substance of 4 m by 5 m by
6 m is 120 m’. Note that the number of measures are multiplied (4 = 5 = &) as well
as the units (m * m * m = mj,.l. The derived unit of volume (¥7) is then the cube of
metre l[rr|3}.
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2.2.2 Absolute Units

A system in which the various units of measurement are all expressed in terms of
fundamental units is called absofure units, An absolute measurement does not
compare the measured quantity with arbitrary units of the same kind, but i1s made
in terms of some of fundamental units. The committee of the British Association
of Electrical Units and Standards formulated the absolute system of units in 1863
and decided on the centimetre and gram as the fundamental units of length and
mass. They decided that the units should not be defined by a senes of master
standards, each defining one quantity in the way in which the units of length,
mass and time are defined. Instead, some natural law that expresses the relation
between the quantity concerned and the fundamental quantities of length, mass
and time, for which internationally accepted standards have already been estab-
lished, should define each electrical unit.

2.2.3 CGS System of Units

The Centimetre-Gram-Second (CGS) system of units was the most commonly used
system of units 1n electneal works before the MKS system of units came n exist-
ence. This system was developed from the absolute system of units formulated
by the committee of the British Association of Electrical Units and Standards.
Complication arose when the CGS system was extended to electric and magnetic
measurements because of the need to introduce at least one more unit in the
sysiem. The following two parallel systems of units were established:

« UGS Electrostatic Systems
« UGS Electromagnetic Systems

In the CGS Electrostatic system, the unit of electric charge was derived from
the centimetre, gram and second by assigning the value | to the permittivity of
free space in Coulomb’s law for the force between electric charges and is given as

F=28 22)
&P

where F = force between the charge, expressed in g cm/s = dyne
(},. @ = equal point charges expressed in state coulomb
&= Permittivity of the medium
r = distance (separation) between the charges expressed in centimetre
In the CGS Electromagnetic system, the basic units are the same and the unit of
magnetic pole strength 15 denved from the centimetre, gram and second by as-
signing the value | to the permeability of free space in the inverse square formula
for the force between magnetic poles. It is given as
2ul’h
i
where F = force between two current-carrying conductors expressed in dyne
g = permeability of the medium
{ = current flowing in the conductor expressed in ampere
B = length of current carrying conductor expressed in cm
A = distance of separation of conductors in cm

F = (2.3)
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Disadvantages of the CGS system of Units

« There are two system of units; CGS electrostatic and CGS electromagnetic
for fundamental theoretical work and a third (practical units) for practical
engineering work.

« There are two sets of dimensional equations for the same guantity.

224 MKS System of Units

The Metre-Kilogram-Second (MKS) system of units was first suggested by the
ltalian physicist Giorgi in 1901, He pointed out that the practical units of current,
voltage, energy and power, used by electrical engineers, were compatible with the
metre-kilogram-second system. He suggested that the metric system be expanded
into a coherent system of units by including the practical electrical umits. The
Criorgi system, adopted by many countries in 1935, came to be known as the
MEKSA system of units in which the ampere was selected as the fourth basic unit.
This system was adopted by the International Electrical Commission (IEC) at its
meeting in 1938, In order to connect the elecirical and mechanical quantities, the
fourth fundamental quantity, permeability, was introduced.

Advantages of the MKS system of Units
« [ts units are identical with the practical units.
» [ts units are the same, whether built up from the electrostatic or electromag-
netic theory.
» The cumbersome conversions necessary to relate the units of the electrostatic
and electromagnetic CGS systems to those of the practical system are avoided.

225 International System (S1) of Units

Al the Eleventh General Conference on Weights and Measures, a more comprehen-
sive system was adopted m 1954 and designated in 1960 by an international agree-
ment as the System Iniernational d'Unires (51) for worldwide standardization. In the
51 system, six basic units are used, namely, the metre (m), kilogram (kg), second (s),
and ampere (A) of the MKSA system and, in addition, the kelvin {(K) and the
candela (cd) as the units of temperature and luminous intensity, respectively. In
addition, there are three supplementary units, namely, the radion (rad) for plane
angle, steradian (sr) for solid angle and mole {(mol) for quantity of substance. Every-
thing else falls into the category of derived or defined units, meaning defined in
terms of the six basic and three supplementary units. The six basic and three funda-
mental units are histed in Table 2.1.

Table 2.1 Fundamental, Supplementary and Derived SI Units

Chuamrizy Uit Linit Symbal

Fundamental Basic) Units

Length m
Mass kg
Time 8

Electric Current A
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"Ouantity Unit Symbol
Thermodynamic Temperature K
Luminous Intensity cd
Supplementary Units
Plane Angle rad
Solid Angle ST
Quantity of Substance maol
Derived Units
Area m°
Volume m’
Velocity m/s
Angular Velocity rad/s
Frequency Hz
Density ke/m’
Acceleration m/s’
Angular Acceleration rad/s*
Force N (kg m/s%)
Pressure, Stress N/m?
Power W (1/5)
Work, Energy J (Nmj)
Potential difference, V (W/A)
Electromotive force
Electric Capacitance F (A 5V)
Electric Resistance £2 (VIA)
Magnetic Flux Wb (v 5)
Inductance H(V s/A)
Electric Field strength Vim
Magnetic Field strength Alm
Luminous Flux Im (cd sr)
Luminance, Brightness cd/m*
[Mumination 1 = (Im'm*)

2.2.6  English Systems of Units

The English system of units uses the Foot-Pound-Second (FPS) as the three
fundamental units of length, mass and time. This system of units has been histori-
cally employed in the United Kingdom and United States. Starting with these

fundamental units, the mechanical units can be derived, The conversion between
51, CGS and FPS units is shown in Table 2.2,
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Table 2.2 Conversion Between 51, CGS and FPS Units

Chuanriny A : OGS Units
Length : ' 100 centimetres
Mass 1000 grams
Time 1 second

Force 10° dynes
Encrgy 107 ergs
Pressure 10 dyne/em®

Although the measures of length and weight are legacies of the Roman occu-
pation of Britain, the inch (defined as one-tenth of the foot) has been determined
at exactly 25.4 mm. Similarly, the measure for the pound (1b) has been determined
as exactly 0.453592137 kg. These two figures allow all units in the English system
to be converted into SI units.

A standard of measurement is a physical representation of a unit of measurement.
The term sfandard 15 applied to a piece of equipment having a known measure of
physical quantity. It is used for obtaining the values of the physical properties of
other equipment by comparison methods, A unit is realized by reference to an
arbitrary material standard or to natural phenomena including physical and atomic
constants. For example, the fundamental unit of mass in the SI system is the
kilogram, defined as the mass of a cubic decimetre of water at its temperature of
maximum density of 4 C. This unit of mass is represented by a material standard:
the mass of the International Prototype Kilogram, consisting of a platinum—
imdium  alloy cylinder, This cylinder i1s preserved at the International Bureau of
Weights and Measures at Sevres, near Paris, and is the material representation of
the kilogram. Similar standards have been developed for other units of measure-
ment, including standards for the fundamental units as well as for some of the
derived mechanical and electrical units.

Therefore, standards are always arbitrary, whether they be the length of the
“foot’ of a long-dead king, or the duration of a *second’. Each standard is an
mvention of human beings to facilitate or make possible the measurements
process. One of the most important responsibilities of a government is to set
and maintain standards, thereby providing a commonly accepted basis for
Comparison.

2.3.1 Hierarchy of Standards

Just as there are fundamental and derived units of measurements, there is a hierarchy
of standards of measurements as shown in Fig. 2.1, classified by their function and
application in the following categories:

» Intermational standards
« Primary standards

« Secondary standards
« Working standards
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International | & Primary Secondary I Working
Standards Standards Standards Standards

Fig. 21 Hierarchy of Standards

The International standards represent certain units of measurement which are
closest to the possible accuracy attainable with present-day technological and
scientific methods. They are defined on the basis of imternational agreements.
International standards are regularly evaluated and checked against absolute mea-
surements in terms of the fundamental units. International standards are main-
tained at the International Bureau of Weights and Measures and are not available
to the ordinary user of measuring instruments for purposes of comparison or
calibration.

The primary (or basic) standards represent the fundamental units and some of

the denved mechanical and electrical umits. One of the main functions of pnmary
standards 1s the vernification and calibration of secondary standards. They are
maintained by national standard laboratories or stored m a government vault in
different parts of the world. They are independently calibrated by absoluie mea-
surements at each of the national laboratories. The resulis of these measurements
are compared against each other, leading to a world average figure for the primary
standard. The National Burcau of Standards (NBS) in Washington 1s responsible
for maintenance of the primary standards in North America. Other national labora-
tories include the National Physical Laboratory (NPL) in Great Britain and, the
oldest in the world, the Physikalisch-Technische Reichsanstalt in Germany, Pri-
mary standards are the ultimate authority against which secondary standards are
compared. They are not available for use outside the national laboratories.

The secondary standards are the basic reference standards used in industrial-
measurement laboratories. These standards are maintained by the particular in-
volved industry and are checked locally aganst other reference standards in the
area. The industrial laboratornies are entirely responsible for maintenance and cali-
bration of the secondary standards. Secondary standards are normally sent to the
national standards laboratories on a regular basis for their calibration and com-
parison against primary standards after which they are sent back to the industrial
user with a certification of their measured value in terms of the primary standard.

The working standards are the principal tools of a measurement laboratory.
They are used to check and calibrate general laboratory instruments for accuracy
and performance or to perform comparison measurements in industrial applica-
tions. The working standards may be less accurate and less expensive,

2.3.2 IEEE Standards

The Institute of Electrical and Electronics Engineers (IEEE) is an engineering soci-
ety, which has its headquarters in New York City of USA, It maintains standard
procedures, nomenclature, definitions, etc., and is keeps updated information.
These standards are not physical items that are available for comparison and
checking of secondary standards. A large group of the IEEE standards is the
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standard test methods for testing and evaluating various measurement systems
and components. Many of the IEEE standards have been adopted by other agen-
cies as standards for their organization.

The IEEE standard specifies and addresses laboratory test equipment such as
an oscilloscope about the controls, functions, etc., so that an oscilloscope opera-
tor does not have to re-educate himself for each oscilloscope he uses of a differ-
ent make. Otherwise, it becomes difficult for an operator to use a laboratory test
equipment when each manufacturer adopts a different arrangement of knobs and
functions and, worst of all, different names for the same function.

IEEE 488 is one of the important [EEE standards used for digital electronic
interface for advanced (programmable) instrumentation for test and other equip-
ment. Standardizing the interface between test equipment makes it possible to
interface various pieces of laboratory test equipment, regardless of manufacture,
1o create sophisticated automatic test-equipment system.

There are various IEEE standards concerning safety of electrical wiring for
power plants, industrial buildings, process industries, ete. Standard voltages, cur-
rent ratings, etc., are specified so that components may be interchanged without
damage or danger. Standard schematic and logic symbaols are defined so that all
engineers can understand engineering drawings.

2.3.3 Standard Prefixes

It is necessary to abbreviate large and small numbers to take care of the wide
variation of variable magnitudes that occur in industry. Scientific notation allows
the expression of such numbers through powers of 10. A set of standard metric
prefixes has been adopted by the Institute of Electrical and Electronic Engineers
(IEEE) (Standard No. 268 A) to express these powers of 10, which are employed to
simplify the expression of large and small numbers as shown in Table 2.3,

Table 2.3 Standard Prefives
Mieltiple S

k]

1012
10*
0%
10°
10°
10

107!

1072

10°*

104

10°°

“:'-'Il

I_D-Ifr

|,|]-IE

Svimbol

p =T aTadn abbex -
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EYB TIME STANDARDS AND AUTOMATIC FREQUENC
A measure of time 15 a phenomenon that repeats itself, and the measurement is
done by counting of repetitions. An example of time standard is the rotation of
the earth on its axis that determines the length of the day, which has been in use
for long. Time defined in terms of the earth’s orbital motion 15 called Ephemeris
Time {(ET), and time defined in terms of the rotation of the earth is called Universal
time (UT). Both UT and ET are determined by astronomical observation. A good
secondary terrestrial clock calibration by astronomical standards 15 needed for
determination of UT that extends over several weeks and ET, which extends for
several vears, A quartz clock based on electrically sustained natural periodic
vibration of a quartz wafer serves as a secondary time standard. These clocks
have a maximum error of (0,02 seconds per year. Determination of frequency is the
most common of time standards.

The measurement of time has two different aspects: (a) scientific, and (b) civil.
In most scientific work, 1t 15 required to know how long an event lasts. Thus, any
time standard must be able to answer questions such as *What time 1s 1t?" and
‘How long does it last?", or *“What is its frequency?’

Atomic clocks have been developed using periodic atomic vibrations as a
standard. Such clocks meet better time standards. The transition between two
energy levels, £, and E, of an atom is accompanied by the absorption (or emis-
sion) of radiation given by the equation

[E : — £ }
p=— (2.4)
h
where v = frequency of emission
i = Planck’s constant = 6.636 * 107°* Joules-second

E; and E, = two energy levels

The frequency of emission v depends on the immternal structure of an atom.
Since frequency is the inverse of time interval, time can be calibrated in terms of
frequency. The atomic clock is constructed on the above principle. The first atomic
clock was constructed based on the cesium atom. The International Committee of
Weights and Measures defines the second in terms of the frequency of cesium
transitions, assigning a value of 9,192,631,770 Hz to the hyperfine transitions of
the cesium atom unaffected by external fields. If two cesium clocks are operated at
one precision, and if there are no other sources of error, the clocks will differ by
only | second in 3,000 years.

R a—

A. Tick (v') the appropriate answer:-
. The measurement of a quantity means
{a)} the comparison of the quantity with a standard of the same kind of guantity

{b) the comparison of the quantity with a standard of a different kind of guantity
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{c) both the above

(d) none of the above

The fundamental units in mechanics are measures of

(a) length {c) time

(b} mass (d} all of the above
Derived uniis

{a) are expressed in terms of fundamental units

(b} originatc from phyvsical law

() are recognized by their dimensions

(d)y all of the above

In CGS electrosiatic systems of uniis, the fourth unit, in addition to three
fundamental units, is

(a) permittivity (b) permeability
(c) distance between two charges (d) length

In CGS electromagnetic systems of units, the fourth unit, in addition to the
three fundamental umits, 1z

(a) permittivity {b) permeability
{c) tme (d) mass

The base units in the 51 system are

(a) metre, kilogram, second, ampere, kelvin, candela, mole
(b) metre, kilogram, second, ampere, Kelvin, candela

(c) metre, kilogram, second, ampere, kelvin

(d) metre, kilogram, second, ampere
The English system of units uses
(a) metre. kilogram, second (b) foot, pound, second

() meter, pound, second (d) foot, kilogram, second

. Fill-up the blanks:-
l.
.

The MKS system was first suggested by

In SI units, in addition to the MKS units, the two more units used are
(a) . and (k)

. State True/False:-
|
z.

A standard of measurement is a physical representation of a unit of measurement.
The average deviation is also known as root mean square deviation,

Measurement is a comparison of a given unknown quantity with one of its prede-
termined standard values adopted as a umit.

A given instrument cannot invalve the same clement in any number or combination,

Backlash is a lost motion or free play, which is inherent in mechanical elements.
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REVIEW QUESTIONS

2z
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Differentiate between accuracy and precision.

. Draw the block diagram of an mstrument system and explain the function of differ-

ent functional elements. Make the block diagram showing the functional elements of
A pressure gauge.

. Define the following terms;

(a) Repeatabality (b} Rangeability
() Reproducibility (d) Sensitivity

{e) Speed of response {fy Lag

(g) Units (hy Absolute Units
(i) Fundamental Units (1) Derived Units

What are the different types of static ermors? Explain each of them,

List the different sources of errors.

What are instrumental and environmental errors? How can they be avoided?
What is the difference between a primary and secondary standard?

What is IEEE standard? How do these standards differ from those maintained by
national standards laboratories?

Discuss the two systems of CGS units and find oot the relationship among the two
svslems.

Distinguish between the following:
{a) International Standards (b} Primary Standards
(b} Sccondary Standards (d) Working Standards



Electrical
Measuring
Instruments

EEBE INTRODUCTION

Electrical measurements of different parameters like current, voltage, power, en-
ergy, etc. are most essential in any industry. These are among the oldest of all
measurements. The measurement of current, voltage or power is required to study
the behaviour of an electrical equpment or an electrnical cireut, under certam load
conditions. In this chapter, the construction, operating principles, advantages
and disadvantages of different types of electrical measuring instruments have
been discussed.

EFBB CLASSIFICATION

The various electrical instruments may be broadly divided into two categories:

3.21 Absolute Instruments

Absolute instruments are those which give the value of the electrical guantity to
be measured, in terms of the constants of the instruments and their deflection
only, e.g. tangent galvanometer, Rayleigh current balance, ete. These instruments
are rarely used except in standard laboratories.

3.2.2 Secondary Instruments
secondary mstruments are those which have been precalibrated by comparnson
with an absolute instrument. The value of the electrical quantity to be measured n
these instruments can be determined from the deflection of the instrument. With-
out calibration of such an instrument, the deflection is meaningless, Instruments
of this types are widely used.

Secondary type of measuring instruments have been classified in the following
three categories:
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fﬂhﬂﬁﬂtﬁqmm Indicating instruments are those which indicate the
instantaneous value of the electrical quantity being measured, at the time at which
it is being measured. Their indications are given by pointers moving over cali-
brated dials (or scales), e g. ammeters, voltmeters and wattmeters.

(b) Recording Instruments Recording instruments are those which give a con-
tinuous record of variations of the electrical quantuty over a selected period of
time. The moving system of the instrument carries an inked pen which rests tightly
on a graph chart.

% : Integrating instruments are those which measure
and reglster h}f a set of dials and pointers, either the total gquantity of electricity
(in ampere-hours) or the total amount of electrical energy (in watt-hours or kilo-
watt-hours) supplied to a circuit over a period of time, e.g. ampere-hour meters,
walt-hour meters, energy meters, ete.

B ESSENTIALS OF INDICATING INSTRUMENTS

In most indicating instruments, three distinet forces are essential for the satisfac-
tory indication of the pointer on a dial. These forces are:

{1} a deflecting (or operating) torgue
(i} a controlling (or restoring) torque
(i) a damping torque

3.3.1 Deflecting Torque (T)

It is the torque which deflects the pointer on a calibrated scale according to the
electrical quantity passing through the instrument. This deflecting torque causes
the moving system, and hence the pointer attached to i1, to move from its zero
position, i.e. its position when the instrument is disconnected from the supply.

3.3.2 Controlling Torque (T.)

It is the torque which controls the movement of the pointer on a particular scale
according to the quantity of electnicity passing through i1t. The controlling forces
are required to control the deflection or rotation and bring the pointer to zero
position when there is no force, or stop the rotation of the disc when there is no
power. Without such a torque, the pointer would swing over to the maximum de-
flected position irrespective of the magnitude of current or voltage being measured.
In indicating instruments, the controlling torque, also called the restoring or
balancing torque, 1s obtained by two methods which are discussed below.

Spring Control In the spring control

method, a hair-spring, usually of phosphor- S o
bronze, attached to the moving system is used. o A

Figure 3.1 shows a spring control arrangement Far. A 3

in which a spring 8 is attached to a pointer A. o/

With the deflection of the pointer, the
spring is twisted in the opposite direction. This
twist in the spring produces a restoring torque
which is directly proportional to the angle of Fig. 3.1 Spring Control
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deflection of the moving system. The pointer comes to a position of rest (or
equilibrium) when the deflecting torque (7)) and controlling torque (T,) are equal.
The controlling torque for a spring control 1s given by the empirical formula:

Ebt’
= —0#
=57 (3.1)
where E = Young's modulus of material of spring, in kg/m?

b = width of the spring, in m
t = thickness of the spring, in m
8 = deflection, in radian
L = total length of the spring, in m
For a particular spring, £, b, r and L are constant
T.=K¢

Ebt’

12 L
K is called the spring constant.
Thus, T =&
1.e., Controlling torque (7.} = Deflection (8). (32)
To give a controlling torque which is directly proportional to the angle of
deflection of the moving system, the number of tums of the spring should be
fairly large so that the deformation per unit length is small. The stress in the
spring must be limited to such a value that there is no permanent setl. Springs are
made of materials which are

where K=

(1) non-magnetic
{1} not subjected to much fatigue
(ii) low in specific resistance
Lw} have low temperature coefficient of resistance

( Gravity control is obtained by attaching a small weight to the
mmrmg a}rslcm mn such a way that it produces a restoring or controlling torque
when the system 1s deflected (Figs 3.2 (a) and (b})).

:
Balance weight
o o
! T _T-I ]
Pointer == i ;i L 8
I_ &5, &
| ; 4
e - I &Y
fJ.I.l_rJ ! a4
|
. . » = .
Control weight = W cos B 'Tl'u' W sin &
(a)
{b)

Fig. 3.2 Gravity Control
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From Fig. 3.2 (b). the control torque will be:
T.= Wilsin @
where W = control weight
[ = the distance from the axis of rotation of the moving part
& = deflection
Hut W and / are constant,

P T.=Ksin 8
where K = Wl = a constant
or T.e= sin 8 (3.3)

Thus, controlling torque 1n a gravity control system is proportional to the sine
of the angle of deflection.
The degree of control is adjusted by screwing the weight up or down on the
carrying system.
Advantages The advantages of the gravity control system, as compared to
spring control, are given below:
(i) It is cheap.
(it} It is unaffected by temperature.
(i) It is not subjected to fatigue or distortion, with time.
Disadvantages The disadvantages of the gravity control system, as compared
to spring control, are given below:
(i} It gives a cramped scale,
(i} The instrument has to be kept vertical.

3.3.3 Damping Torque

It is the torque which avoids the vibration of the pointer on a particular range of scale.

Such a damping or stabilizing force is necessary to bring the pointer to rest quickly,

otherwise, due to inertia of the moving system, the pointer will oscillate about its final

deflected position for quite some time before coming to rest in the steady position.
There are three types of damping:

Air-Friction Da Air-friction damping uses either aluminium piston or vane,
which is attached to or mounted on the moving system and moves in an air
chamber at one end.

ey

Fluid- MMM In fluid-friction damping, a light vane (attached to the
moving system) is dipped into a pot of damping oil. The fluid produces the neces-
sary opposing (or damping) force to the vane. The vane should be completely
submereged in the o1l

The disadvantage of this type of damping is that it can only be used in the
uen‘ir:al pr_'rsitinn_

1 Eddy-current damping uses a conducting material which
moves in a magmtm f'l..ld 50 as to cut through the lines of force, thus setting up
eddy currents. Force always exists between the eddy current and magnetic field
which 15 always opposite to the direction of motion. This 1s the most efficient type
of damping and is largely used in permanent magnet moving coil instruments, hot
wire instruments and induction type instruments,
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EFBE TYPES OF ELECTRICAL INSTRU)

Electrical measuring instruments may be classified as follows:

(i} moving-iron instruments
(11} moving-coil instruments
(i) hot-wire instruments

(iv) induction-type instruments

(v) electrostatic mnstruments.

Moving-iron instruments depend for their action upon the magnetic effect of
current, and are widely used as indicating instruments. In this type of instrument,
the coil is stationary and the deflection is caused by a soft-iron piece moving in
the field produced by the coil.

There are two types of moving-iron instruments;

(i) Moving-vane (or attraction) type

(i) Double-vane (or repulsion) type

3.5:1 Moving-Vane or Attraction Type

Working Principle The basic working principle of attraction-type moving-iron
instruments is illustrated in Fig. 3.3 (a). In this system, when current flows through
the coil, a magnetic field is produced at its centre. A soft-iron vane fixed to the
spindle becomes magnetized and is pulled inside the coil, the force of attraction
being proportional to the strength of the field inside the coil, which again is
proportional to the strength of the current.

Moreover, with the reversal of current in the coil, the field inside the coil and
the magnetization of the soft-iron vane are both reversed, causing the force of
attraction to be in the same direction.

Emlm:ﬁmmﬁw A sectional view of the actual instrument is shown
in Fig. 3.3 (b). When the current to be measured is passed through the ceil or
solenoid €, a magnetic field i1s produced which atiracts the eccentrically mounted
disc or vane A inwards, thereby deflecting the pointer which moves over a cali-
brated scale.

ig Torque In the attraction-type moving-iron instrument, the deflecting
tﬂrquc is due to the force of attraction between the field of the coil and the
moving iron disc.

The magnetization of the ron disc 1s proportional to the field strength H. The
force F pulling the disc inwards 15 proportional to the magnetization M of the disc
and field strength /.

Therefore,

Deflecting torque (7)) == MH
But, Mo Hf
and Heel

: T, eI (3.4)
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Fig. 3.3 (a) Working Principle of Attraction-type Instrument, (k) Moving-Iron
Attraction-type Meter

Thus, the deflecting torque 1s proportional to the square of the current passing
through the coil.

Controlling Torgue In the above instrument the controlling torque is achieved

by gravity control, but now spring control is used almost universally.

D e e

1 The damping of the moving system is obtained by air damp-
mg in whmh a hghl aluminium piston moves l‘ren:!y inside the curved cylinder
closed at one end. The resistance offered by air in escaping from the restricted
space around the piston effectively damps out any oscillations.

3.5.2 Double-Vane or Repulsion Type

I Iﬁ:ﬂ. Figure 3.4 shows a sectional view of a double-vane type moving-
|m-n mstrument It consists of a fixed coil C inside which two soft-iron rods or
vanes, 4 and B, are arranged parallel to one another and along the axis of the coil.
One of these vanes, A, is fixed to the coil frame, while the other vane B is moving
and 15 mounted on the spindle. The moving vane carries a pointer which moves
over a calibrated scale.
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Fig. 34 Moving-iron Repulsion-type Meter

Working Principle When the current to be measured is passed through the
fixed coil, it sets up its own magnetic field which magnetizes the two rods or
vanes with the same polarity so that they repel one another, with the result that
the pointer is deflected against the controlling torgue of a spring or gravity. The
force of repulsion 1s approximately proportional to the square of the current pass-
ing through the coil.

Moreover, a reversal in the direction of the current will affect both the vanes
so that the force of repulsion will still be in the same direction. This property
makes the meter suitable for use in both d.c. and a.c. circuits.

ecting T ¢ The deflecting torque is due to the force of repulsion be-
tween tWﬂ smularly magnetized iron rods or vanes.
Therefore,

Instantaneous torque = Repulsive force

and Repulsive force == Product of pole strengths m, & m- of two vanes.

Pole strength == Magnetic field *f" of the coil and Magnetic field *H” = current
passing through the coil.

Therefore, the instantaneous torque, which is the deflecting torque, is given
ol

Instantaneous torque = f°
. v
LE, TJ oo f°
Hence, deflecting torque is proportional to the square of the current. When
used in an a.c. circuit, the instrument reads the r.m.s value of the electrical quan-

tity.

: i ¢ In this type of instrument, controlling torque is obtained
elther wrr,h a sprlng or by gravity. In Fig. 3.4 a spring has been used for the
controlling torque.
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Damping Torgue In this type of instrument, pneumatic type damping is used.
Eddy currents cannot be employed because the presence of a permanent magnet,
required for such a purpose. would affect the deflection and hence the reading of
the instrument.

As the deflection torgue, in both attraction and repulsion-type moving-iron
instruments, is proportional to the square of the current, the scale is crowded (not
uniform) at the beginning. It is more so with the gravity control as the controlling
torque is proportional to the sine of the angle of deflection, i.e. sine &. This is
rectified to some extent by making the moving vanes of a suitable shape.

3.5.3 Advantages of Moving-lron Instruments
Following are the advantages of moving-iron instruments:

{1} Cheap, robust and give reliable service.

{n) Usable in both a.c. and d.c. circuits.

354 Disadvantages and Limitations of Moving-Iron
Instruments
Following are the disadvantages of moving-iron instruments:
(i) Have non-linear scale.

(i) Cannot be calibrated with a high degree of precision for d.c. on
account of the affect of hysteresis in the iron vanes.

(m)} Deflection of up to 240" only may be obtained with this instrument

(1v) The instrument will always have to be put in the vertical position if it uses
) P
gravity control.

3.5.5 Errors with Moving-Iron Instruments
Following are the errors of moving-iron instruments:
(i) Due to hysteresis when used in a.c. and d.c.
(ii) Due to stray fields when used both in a.c. and d.c.
(m} Due to frequency vanation when used in a.c.

(1v) Due to wave forms effect when used in a.c.

3.5.6  Applications of Moving-Iron Instruments

As an Ammeter 1t may be constructed for full-scale deflection of 0.1 to 30 A
without the use of shunts or current transformers. To obtain full-scale deflection
with currents less than 0.1 A, it requires a coil with a large number of fine wire
turns, which results in an ammeter with a high impedance.

The range of the instruments, when used as an ammeter, can be extended by
using a suitable shunt across its terminals. No problem arises during operation
with d.c. but the division of current between mstrument and shunt changes with
the change n applied frequency while using a.c.

The multiplying power (N) of the shunt is given by

P prgdl
Nes=pa (3.5)

&
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where, f= line current, in A
i = full-scale deflection of the meter, in A
R = resistance of the meter, in £2
R_= shunt resistance, in £2

In case of d.c., the range of the instrument - e T i
15 extended by using a suitable shunt across _T |
the meter, as shown in Fig. 3.5, 1 | A
According to Kirchhoff"s voltage law, =it
IR, =R, A,
K, 1, Fig. 3.5 Exiension of Range
_ Mgy g 3. xilension of Range
i R, = T (3.6) of Moving-iron
; : . Ammet
where, R, = shunt reistance, n L1 RReEE

I = shunt current, in A
R = meter resistance, in £2
I = meter full-scale deflection current, in A

As The moving-iron volimeter is a fairly low impedance instru-
ment, typumlly 50 Q/V for a 100 V instrument. The lowest full scale is of the
order of 50 V.

The range of the instrument, when used as a voltmeter, can be extended by
using a high non-inductive resistance R connected in senies with it, as shown in
Fig. 3.6. This series resistance is known as the "multiplier” when used in d.c.
circuits.

e — v -

- v -
Fig. 3.6 Extension of Range of Moving-iron Voltmeter
Suppose, the range of the instrument is to be extended from v 1o F, so excess

voltage (1 — v) will drop across R. If i i1s the full-scale deflection current of the
imstrument, then

iR=¥F-v
V= V=i
& R ¥ _ . ir
i i
(~* v =ir, where r 15 the meter resistance)
ar =¥ _; G
i
Also, iR=V-v
Now, dividing both sides by v
iR _F-v
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or L[ SEI
¥ V 1
or, {—R=£-1
i V
Yoot (3.8)
18 r

iy ’ p
where, = 1B known as voltage magnification, Hence, the greater the value of R,

the greater is the extension in the voltage range of the instrument.

There are two types of moving-coil instruments:
(1) Permanent magnet type
(it} Dynamometer type

3.6.1 Permanent Magnet Moving-Coil Instrument

mﬁg%ﬁﬂ! The operation of a permanent magnet moving-coil instru-
ment is based on the principle that when a current-carrying conductor is placed in

a magnetic field, a force acts on the conductor, which tends to move it to one side
and out of the field.

e 2 paeh

- It consists of a powerful U-shaped permanent magnet made of
Mmcn and soft iron pole pieces bored out cylindrically, as shown in Fig. 3.7 (a).
A soft iron core (cylinder) is fixed between the magnetic poles whose functions
are (1) to make the field radial and uniform, and (ii) to decrease the reluctance of
the air path between the poles and hence increase the magnetic flux. Surround-
ing the core 1s a rectangular coil of many turns wound on a light aluminium or
copper frame, supported by delicate bearings. A light pointer fixed to the frame
moves on the calibrated scale according to the amount of electricity passed
through the coil. The aluminium frame provides not only support for the coil but
also a damping torque by the eddy currents induced in it. The sides of the coil
are free to move in the two air gaps between the poles and the core, as shown in
I~1gs 3.7 {a} & {b}

[T BEA e .

[ " When the current is passed through the coil, forces act
upm\ lmth its sides and produce a deﬂectmg torque (Fig. 3.8).
Let, B = flux density, in weber/m”
!/ = length or depth of the coil, in m
b = breadth of the coil, in m
N = number of turns in the coil
{= current passing through the coil, in A
MNow, the magnitude of the force expenienced by each side of the coil 1s given
as,
Force = Bl newton
For N turns, the force on each side of the coil will be,
Force = N x Bl newton
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Nuw, Deflecting torque { T, = Force x Perpendicular distance
T,= NBIl x b

or T,= NBI (I x b)
But, [ % b= A = face area of the coil,
;= NBIAN-m (3.9)

It is seen that, if 8 is constant, T;1s proportional to the current passing through

the coil, i.e.
T;= KI (where K = NBA = constant)

or Tiee i
Such mstruments generally use spring control so that

Controlling torque T, = Deflection &
Since, at final deflection position, T,= T,
Tjoc Boc NBIA
or B o [

Since the deflection is directly proportional to the current, such instruments
have umiform scale.

Tm In this type of instrument, the controlling torque is pro-

vided I:-v a spring, as shown in Fig. 3.7(b).

It is obtained by two phosphor-bronze hair springs, one above and the other
below, which also serves the purpose of leading the current in and out of the coil.
Two springs are spiralled in opposite directions to neutralize the effects of tem-
perature {:hangc-

=

) - Damping is provided by currents induced in the aluminium
frame on which the coil is wound. Damping is very effective in this type of insiru-
ment.

Advantages Following are the advantages of permanent magnet moving-coil
instruments:

(i) Low power consumption.
(it} Uniform scale extendable over an arc of 2707 or so.
{m) High torque/weight ratio.
(iv) No hysteresis loss.
(v} Very effective and efficient eddy current damping.
(vi} Not affected much by stray and magnetic fields due to strong operating field.

Disadvantages and Limitations Following are the disadvantages and limita-
tions of the permanent magnet moving-coil instruments:

(i} Costlier compared to moving-iron instruments, due to delicate construction
and accurate machining and assembly of various parts.

(il) Some errors arise due to the ageing of control springs and the permanent
magnet.
(1)} Use limited to d.c. only.

(iv) Scale length of meter can be increased from 120° and 240° or even 2707 or
3007 only.
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'TOrs Following are the errors in permanent magnet moving-coil instruments:

{1} Du(: to friction of moving parts and temperature.

{1} Due to weakening of the permanent magnet with the passage of time but
can be eliminated by carefully ageing the magnet during its manufacture.

{(iii) An account of thermoelectric emf when they are shunted for current mea-
surement [thls error can be minimized with a well-designed shunt).

Weigh In order to reduce the load on the bearings and the
friction torque, whi;:;h 15 pmpnnmnal to the pressure on the bearing surface, the
weight of the moving parts should be as small as possible. The torque/weight
ratio is influenced by the axis of the moving sysiem being vertical or horizontal.

AL

Shoe

Applications The permanent-magnet moving-coil instrument may be applied in
the tollowing imstruments:

As an Ammeter The range of the instrument, when used as an ammeter, can
be increased by using a large number of turns in parallel with the instruments, as
shown in Fig. 3.9 below:

e ., Shunt =
A, |
|
T
e
= Spring Y
A
’ Meter
R |
=
]| R
L]
.-* Spring

Temperature compensating

resistance
Fig, 3.9 Evfension uf R.:H:II_..*:.' (!,I"ﬂ M:?aiiug-c‘uﬂ Ammeter

Let, R_= coil resistance, in £2
f= line current, in A
R, = shunt resistance, in £
[. = full-scale deflection current of the instrument, in A
I, = (f - 1) = shunt current, in A
Therefore, according to Kirchhoff's voltage law, from Fig. 3.9,
R.xI.=R x{I-1)
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s R, x1
=)
R, x1I,
or R, = —*—F—‘v (3.10)
The multiplier power of shunt 1s given as:
Fi T
——m | ] +— 3.11
"'-' [ R.'. ] { }

As a Voltmeter The range of this instrument, when used as a voltimeter, can be
increased by using a hagh resistance in series with it, as shown in Fig. 3.10.
Let. [, = full-scale deflection current of

" the instrument, in A,

R, = Resistance of the instrument, A T
in 2 Meter, A,
v =R, I = full-scale potential Y
difference across the v | A
mstrument, m volts —I—— g
R = Series resistance required, m £ v | .
Therefore, voltage drop across K 1s given as: e B
V-v=LR (3.12) v
F—v Fig. 3.10 Extension of Range
or = 7 (3.13) of a Moving-coil
£ Voltmeter
Dividing both sides of the Eq. (3.12) by v, we get
R ] "Ir*: - I".r -V
v v
or *y -t I
R I, ¥
i R
or, L [|+—] (3.14)
v R.l.'

The Eq. (3.14) is known as the voltage multiplication of the instrument. It
increases with increase in the senes resistance R.

3.6.2 Dynamometer-Type (or Electrodynamic) Moving
Coil Instrument

The difference between dynamometer type instruments and the permanent magnet
type 15 that in the former the air gap flux 15 produced by electromagnet i the form
of one or two hxed coils. The fixed coils carry the current to be measured, or
current proportional to the voltage to be measured, and are connected in senes or
parallel to the moving coil. The coils, in general, are air-cored to avoid errors due
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to hysteresis, eddy currents and other errors when the instrument is used for a.c.
measurement. Since the flux in this type of instrument is only about three to four
percent of that of the permanent magnet type, the number of ampere-tums re-
quired on the moving coil 1s large. But the torque/weight ratio decreases due to a
large number of ampere-tums. This instrument is used both for a.c. and d.c.

Measurements.

e

Construction Figure 3.11 shows a diagram of the dynamometer type moving-
cotl instrument. The different parts are discussed below.

Scale [
by @
=
e T, e =
N L
00| Fixed eoll
....... ol |
Moving coil
4
Painter [, e |
I { 220k
g | Fixed coil

__J ' j_. | |eoa

| e
(a)
] -
1 e
¥
S Scale
o
— Maoving coil
— - L - :-—|
| Y
Y i ;
= Ly | _-I" - !
Fixed coil
(b)

Fig. 3.11 Dynamometer Instrument {al Schematic Diagram (b) Connection Diagram
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Fixed Coils A field 15 produced by the fixed coil which 1s divided into two
sections to give a uniform field near the centre. The fixed coils are wound with
fine wire when used as a voltmeter and with heavy wire when used as an ammeter
and wattmeter. The wire is stranded, when necessary, to reduce eddy current
losses in conductors.

Moving Coil The moving coil is wound either as a self-sustaining coil or wound
on a non-metallic former. A metallic former cannot be used due to eddy current
loss. Both moving coils and hxed coils are air-cored.

Moving System The moving coil is mounted on an aluminium spindle which
carries the counter weights and truss-type pointer (Fig. 3.11{a)).

Control System The controlling torque is provided by two control springs,
which also act as leads to the moving coil.

Damping System This system provides for air-damping. Two light vanes are
mounted on the spindle and move 1n a double sector shaped box.

Working Principle The operating principle of electrodynamic (or dynamometer
type) instruments is the interaction between the currents in the moving coil, mounted

on a shaft, and the fixed coils.

When the two coils are energized, their magnetic fields mteract and the re-
sulting torque tends to rotate the moving coil. Since there is no iron, the field
strength 1s proportional to the current in the fixed coil and, therefore, the de-
flecting torque is proportional to the product of the currents in the fixed coil and
the moving coil.

When used as a wattmeier, the fixed coil 1s the current coil and the moving coil
18 the pressure coil. Thus the current in the latter is proportional to the voltage
applied. Henee, the deflecting torque 15 proportional to the product of voltage and
current (that is, power). As the restoring {or controlling) torque, which 1s pro-
vided by spiral springs, 1s proportional to the deflection, it follows that the deflec-
tion is proportional to the power.

ecting Torque The deflecting torque for sinusoidal currents is given by

T (3.15)
g =1 I, cos ¢ T :
where, I, = the current in fixed coil, in A

f5 = the current in moving coil, in A
¢ = the phase angle between [, and /5.

dn

~— = the rate of change of mutual inductance between fixed and

di
moving coils.
H = the angle of deflection.
In a dynamometer-type instrument, the fixed and moving coils are connected in
series and hence carry the same current and have zero phase angle,
Therefore, [ =I5 = [ (let)
and =1
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L dm
The above expression for T, will become as r,= !-d_ﬁ

But, the controlling torque is given as T.=Ko
Where K is a constant of the instrument
Now, for balance T;=T,

Therefore, Ild—m =K#@
dé
5 I* dm
or a= E ﬁ (3.16)

Thus, dynamometer-type instruments can be used in a.c. circuits, for which square
law is necessary.

Advantages Since the coils are generally air-cored, such instruments are free
from eddy current and hysteresis losses,

Disadvantages Although these instruments are useful for precise measure-
ments on alternating current circuits, they compare unfavourably with the perma-
nent magnet type due to the following disadvantages:

{i} The magnetic field strength obtained in these instruments, being small due
to the absence of iron, a large number of ampere-turns are required on the
moving coil in order to obtain the necessary deflecting torque, As a result,
the moving system becomes heavy and power loss becomes high.

{11} Torgue/weight ratio being small, there will be serious friction errors as well
as those due to internal heating.

(nm) Because the deflecting torque varies with the square of the current, the
scale is not uniform.

(iv) Such instruments are more expensive than the other types.

(¥) Such instruments have low sensitivity.
Eﬁiﬂ:‘; The errors in dynamometer-type moving-coil instruments are of the fol-
lowing types:

{i} Frictional errors due to heavy moving parts.

(ii) Temperature errors due to internal heating,

(iti) Errors due to stray magnetic field.
Applications

As an Ammeter This tvpe of mstrument can be used to measure a low range
current as well as a heavy amount of current. When 1t 15 used as an ammeter of
low range (about 0.2A), the moving and fixed coils are connected in series, as
shown in Fig, 3.12(a).

When this type of instrument is used to measure a heavy amount of current,
the moving coil is usually connected in series with its swamping resistance, across
a shunt, together with the fixed coils (Fig. 3.12{b)).

As a Voltmeter When this type of instrument is used as a voltmeter,
the fixed and moving coils are joined in series along with a high resistance (Fig. 3.13).



Electrical Measuring Instuments 11

E o A A A A R O T o A N O O T T g A T T T Ty

Movable coll L

| 3 | ..... | 4 ]
Fized eoil
(a)
Movable coil Swamping resistance
N
' | * | ' i
W AN )
Fixed coll Shunt
(o)
Fig. 312 Dhymamometer Instrument used as an Ammeter (a) For Low Range (b) For
Large Range
Movable coil
S |
I S I
- | -‘ L]
Fixed coil Series resistance
o Supply »

Fig. 3.13 Dynamometer Instrument used as a Volbmeter

The above circuit is used for the voltage range 30 to 300 V.
Dynamometer ammeters and voltmeters are not in common use, especially in
direct current circuits.

As a Watitmeter The most important application of the dynamometer instru-
ment as wattmeter has been discussed separately in this chapter.

EXBm HOT-WIRE INSTRUMENTS

These instruments utilize the principle of expansion of wire, heated due to the
current being measured, passing through the wire,

3.7.1 Construction

It consists of a hot wire of platinum iridium (because it can withstand high tem-
peratures of about 300°C without being oxidized), and about 0.2 mm in diameter. It
18 stretched between a fixed serew and a tension-adjusting screw (Fig. 3.14). A
phosphor-bronze wire 1s attached to the hot wire and a fine silk thread 1s attached
to the phosphor-bronze wire. This silk thread passes over a small pulley and is
then attached to a spring which keeps the whole system taut. A light pointer is
attached to the spindle upon which the pulley is mounted. Figure 3.14 shows the
diagram of a hot-wire instrument.



42 Industrial Instrumentation and Control

i i e e o e e ok s o e sl b e o e s e e ke o e e e sl e e o e e i o e sk ol e e e o i e ol o e e e s e e el s s e e ol e o e e e o e s e e el e e

an a0
$<
B, Scale crowded a &
R ends
o ¥ Hot wire (Platinum)
il “| ._ .
| L= ;s Pointer
Zero adjust-
ment pulley _ Phosphor-bronze
Silk thread 7 B WHE
. A, = _—_.—'"l .
.
pring ——
Fermament
Damping disc magnel

Fig. 3.14 Hot-wire Instrivment

372 Working Principle

Working of the hot-wire instrument is based on the heating effect of electric
currents. When the current to be measured passes through the hot wire, the wire
gets heated and then expands. Since the wire is fixed between two points, it sags
due to expansion which is magnified by the phosphor-bronze wire and silk thread.
This expansion 1s taken up by the spring and the silk thread, which causes the
pulley to rotate and the pointer is deflected.

3.7.3 Deflecting Torque

The deflection of the pointer of the hot-wire instrument is proportional to the
extension of the hot wire, which is itself proportional to the square of the current.
Hence,

Deflecting torque, T e I
If spring control 15 used, then

Controlling torque, T = #(deflection)
But, for balance T,=T,

@< I

Thus, these instruments have a square-law type scale. They read the rm.s

value of current and are independent of its frequency.

3.7.4 Damping

Damping 1s provided by a thin aluminmium disc fixed to the spindle and moving between
the poles of a permanent magnet, as shown mn Fig. 3.14. If there 15 any tendency to
oscillate, eddy currents are set up n the disc and the direction of these current 15 such
as to oppose the motion producing them. Adjustment is provided for the zero position
of the pointer by a spring moved by means of a screw at one end of the hot wire,
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These instruments are primarily meant for use as ammeters, but can be used as
voltmeters by connecting a high resistance in series with the instrument. These
mstruments are suited both for a.c. and d.c. work.

3.7.5 Advantages
Following are the advantages of hot-wire instruments:

(i} Since the deflection of the pointer depends on the r.m.s value of the alter-
nating current, it can be used both for a.c. and d.c.

(it} These instruments are free from wave-forms and frequency errors,

(i) As the instruments do not depend upon any magnetic effect for their opera-
tion, they are free from external stray magnetic field errors.

3.7.6 Disadvantages

Following are the disadvantages of hot-wire instruments:
(1) Very slow response of the circuits, as the wires take time to heat up.
(i) High power consumption as compared to moving coil instruments,

(i) Their zero position needs frequent adjustments due to changes in room
temperature,

(iv) Inability to withstand overload because the hot wire 15 so fine that it may
melt before the fuse.

(v) Inability to withstand mechanical shocks because the wire 15 very fragile.

Hot-wire instruments are now obsolete and have been replaced by the more
sensitive, more accurate and better-compensated combination of thermoelectric
heating element and PMMC movement.

EFB INDUCTION INSTRUMENTS

Induction type instruments are suitable for a.c, circuits only, as their working
depends on induced current due to an alternating flux.

3.8.1 Operating Principle

All induction-principle type instruments depend for their action upon the torgue
produced by the reaction between a flux, whose magnitude depends upon the
value of current or voltage to be measured, and eddy currents which are induced
in a metal disc or drum by another flux, whose value again is dependent upon the
current or voltage to be measured.

Since the magnitude of the eddy current is proportional to that of the flux
inducing it, the torque at any instant is proportional to the square of the current
or voltage to be measured, and the mean torque is proportional to the mean
square value of this current or voltage.

Therefore, T <o =TlcosB (3.17)
where T, is the mean torque
@, is the r.m.s value of flux
! is the r.m.s. value of current
@ is the phase displacement
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There are two general types of induction instruments:
(i) the Ferraris type
()} the shaded-pole type

3.8.2 Ferraris-Type Induction Instrument

This type of instrument employs splitting of the winding of the electromagnet, in
which the flux exists, into two portions; one of which 1s highly inductive while the
other is non-inductive.

Constriuction 1t consists of a drum and a moving system which are carried by a
spindle whose ends fit 1n jewelled cups or bearings. There 15 a cylindrical lami-
nated iron core inside the drum to strengthen the magnetic field cutting the drum.
This spindle also carries an aluminium damping disc, the edge of which moves in
the air-gaps of two permanent magnets to provide damping torques. Figure 3.15
shows a diagram of the Ferraris-type induction instrument.

Painter
Laminated magnet system
| Laminated iron core
» 4 :
X
l Fi
— /s
- ..
i | : Aluminium drum
.
L e TR _ _ _
Inductance i MNon-inductive resistance
.

Fig. 3.15 Ferraris-type Induction lnstrument

A control spring i1s provided to prevent the continuous rotation of the drum.
The drum will rotate only through some angle less than 360°.

Waorking Principle This type of instrument operates on the same principle
as the induction motor. A rotating field 15 produced by two pairs of coils
wound upon a laminated magnet system, as shown in Fig, 3.15. These pairs of
coils are both supplied from the same source, but a phase displacement of
approximately 907 is produced in the currents flowing in them by connecting
an inductance n series with one pair and a high resistance with the other, to
produce a rotating magnetic field. This rotating field induces currents in an
aluminium drum and causes this drum to follow its rotation. If the drum 1s free
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to rotate, it will rotate at a speed slightly less than that of the rotating field
but in the same direction of the field.

Cila

The mean deflecting torque of the Ferraris-type induction

A
ziven by
F=f
T, = 7 (3.18)
Vi f
Also T, = 2 (3.19)
Where, f=r.m.s. value of current

"= r.m.s. value of voltage
= frequency of the supply
Z = impedance

3.8.3 Shaded-Pole Type Induction Instrument
This type of instrument employs splitting of the phase of the working flux by a
copper band placed round a portion of the poles of the electromagnet.

Constriuction 1t consists of a thin aluminium disc mounted on a spindle which
18 supported by jewelled bearings. The spindle carries a pointer and a control
spring is attached to it. The edge of the disc moves in the air-gap of a laminated
electromagnet which 15 energized either by the current to be measured or by a
current proportional to the voltage to be measured. Figure 3.16 shows a diagram
of the shaded-pole type induction instrument.
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Fig. 3.16 Induction Type Meter
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Damping torque is produced by a permanent magnet which is placed at the
opposite side of the disc from the electromagnet, so that the dise serves for
damping as well as operating purposes.
As no torgue 1s produced by a flux from a single-phase current, a phase-
shifting arrangement is provided by shading a part of the pole core, as shown in
Fjg 3.16, About one-third of the pole is encircled by a copper strip,

ating P When alternating current 15 supplied to the clectromag-
I.'ILL l::dd:.-' EIJITL.:I'I.lh are induced in the shading ring, and the flux inside the shaded
portion of the core lags behind the main flux by an angle of 407 to 50°. This phase
displacement produces a torque on the disc which is proportional to the square of
the current or the voltage to be measured.

Therefore, deflecting torque T, = /*
and controlling torque T o< @(for spring control)
where #is the deflection.

For steady deflection 7.=T;
Therefore, B o [

3.84 Advantages of Induction Instruments
The following are the advantages of induction instruments:
(i) A full-scale deflection of about 300° obtainable, giving a long and open scale.
(i) Stray magnetic fields having limited effect upon their readings.
(m) Good and very etficient damping.

3.8.5 Disadvantages of Induction Instruments

The following are the disadvantages of induction instruments:
{1} Their power consumption being fairly high, they are more expansible.
() They can be used for a.c. measurement only.

(i1} The scale is cramped initially, because the deflecting torque is proportional
to the square of the current or voltage to be measured.

In order to improve the scale of the instrument, the disc is sometimes made
cam-shaped instead of being circular.

3.8.6 Errors in Induction Instruments
Following are the errors in induction instruments:

{(a) Error Due to Frequency Variation Variation of frequency directly affects
the deflecting torque for a given current because the deflecting torque is directly
proportional to the frequency. The value of impedance Z also varies with the
change in frequency.

some compensation for frequency error can be provided by shunting the in-
duction ammeter by non-inductive shunt.

(b) Error Due to Temperature Variation Since the resistance of the eddy
current paths in the disc are dependent upon the temperature, it may produce
SETIOUS EITOrS.
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Compensation for temperature error 1% obtained by shunting the instrument (in
case of an ammeter) with a shunt of material having a hagher temperature coetfi-
cient than that of aluminium of which the disc 15 made.
In voltmeters, a combination of shunt and swamping resistance is often used
in series with the instrument,

3.8.7 Applications of Induction Instruments

Induction instruments are used for the following purposes:
(i) as an ammeter
{ii} as a volimeter

(i) as a wattmeter

EXBB ELECTROSTATIC INSTRUMENTS

These are the only instruments that are directly voltage sensitive and do not
depend on a current for their operation. Although electrostatic instruments are
used for other measurements also, voltmeters are the most commonly used form.

3.9.1 Operating Principle
The operating principle of an electrostatic instrument depends on the force of
attraction between two or more electrically charged conductors between which a
potential difference is maintained, and this force gives rise to a deflecting torque.
The electrostatic mechanism resembles a variable capacitor, where the force exist-
ing between the two parallel plates is a function of the potential difference applied
to them.

Basically, there are two types of electrostatic (also known as electrometers)
Imstruments:

(1) Quadrant type
(ii) Attracted-disc type

3.9.2 Quadrant-Type Electrostatic Voltmeter

Quadrani-type electrometers are used for the measurement of voltage upto 10 1o
20 kV. F]gurL 3.17 illustrates the principle of this instrument.

i and It consists, essentially, of two sets of metal plates,
one mmable and the other fixed, the former being of very light construction (e. g
of aluminium). The movable plate, together with the end of the spiral spring, 1s
attached to the spindle carrying the pointer of the instrument (Fig. 3.17). These
two plates (fixed and movable) constitute a capacitor whose capacitance changes
as the pointer moves on the scale.

When the voltage to be measured is applied between the fixed and movable
plates, the plates acquire opposite charges that are proportional to the potential
difference or the voltage. The electric field set up between the plates causes the
movable plate and pointer to move to the right until the deflecting force is bal-
anced by a spring or other restoring force. The deflecting torque is directly pro-
portional to the square of the applied voltage and, thus, these instruments measure
r.m.5. voltages.
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Fig. 317 Quadrant-type Electroslalic Voltneter

The deflecting torque of this type of imstrument is very small, unless the ap-
plied voltage is extremely large. The force on the plates may be increased by
using a greater number of quadrants. Such an instrument, known as “Kelvin’s
multicellular electrostatic voltmeter™, is shown in Fig. 3.18.
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loin's Multicellular Electrostat itmeler Such voltmeters can be used
lo measure voltages as low as 30V, This reduction in the minimum limit of voli-

age is obtained due to the increase in the number of quadrants, which
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Fig. 3.18 Kelvin's Multicellular Electrostatic Voltmeter






