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1 Characteristics of Instrument
cHapter | and Measurement Systems

THEORY

MEASUREMENTS

1.1 DEFINITION
Comparison, between predefined standard and quantity to be measured, e.g. measurement of time. Two
Requirement :
(a) Multiplying ratio
(b) Unit
Methods of Measurement

(i) Direct : For Mass, Length & Time having low accuracy and precision.
(ii) Indirect : 1In this measurement is carried out in stages, (high accuracy and sensitive)
1.2 TYPES OF MEASUREMENT
(i) © Mechanical- Large inertia, high weight, suitable for static and stable condition. Dynami¢ response

is poor and fail to respond to transient condition, They have high inertia, large time constant, high
response time. (can not sensed for 50 Hz AC)

() Electrical : Faster than mechanical. They have operating torque produced by some electrical principle
and then deflection by mechanical displacement. They are unfit for very fast measurement.

(ii)) Electronic : it uses semiconductor devices. FET, Vacuum tubes or electron beam in CRO, have very
low inertia and very fast response.

1.3 REQUIREMENT OF ELECTRONICS TYPE OF INSTRUMENTS
(1) High Sensitivity
(i) Light and Compact
(iii) Fast Response
(iv) Low Power Consumption
(v) Highly reliable
Speed : Electronic > Electrical > Mechanical Types
(i) Absolute instruments:

It gives magnitude of the quantity in terms of physical constant of instrument ¢.g. Tangent
Galvanometer, Raleigh's current balance, Used in labs. It doesn't requires calibration.

(ii) Secondary instruments :

These instruments measures by comparison with an absolute quantity. Normally used e.g. Ammeter,
Voltmeter, etc.

ToppersNotes / 9828-286-909 1



1.4 TYPES OF INSTRUMENT
(i) Indicating : Ammeter
(i) Recording : XY Recorder
(iii) Integrating : kWh meter (energy meter)
(iv) Unpolarized / Bipolar : Can be used on both AC. and DC.
(v) Unipolar/Polarized : Can not be used on both AC and DC.
(vi) Deflection :
In this type due to some operating force, there is a mechanical displacement which shows the
measurement. They are suited for dynamic conditions.
(vii) Null :
e.g. potentiometer, which is a comparison method. Its accuracy is better than deflection type. Its
sensitivity is high. It is suitable for static measurements..
1.5 TYPES OF SIGNAL
(i) Analog : Signal is continuous
(ii) Digital : Signal is discrete.
1.6 CHARACTERISTIC OF INSTRUMENT

(1) Static
(a) Accuracy
(b)  Sensitivity desired
(c)  Reproducibility
(d) Drift
(e)  Static error undesired

® Dead zone

(a) Accuracy and Precision : Accuracy is the closeness to true value get precision is a measure of
reproducibility of the measurement. Accuracy require precision but precision does not require
accuracy. Accuracy can be improved by calibration but precision cannot.

Accuracy 1s defined as closeness with the true value. True value 1s real value.
TYPE OF ACCURACY
(1)  Point :On a Particular Point
(2) FSD : On FSD(Full scale deflection)
(3)  True value :Error is same for any measurement.
(b) Sensitivity : It is the ratio of output signal / Input signal.
Small Change in output

Sensitivity = Small Change in input
*  Sensitivity should be-high, its reciprocal is inverse sensitivity or deflection factor.
*  Resolution : It is defined as smallest change in input which can be measured.

*  Scale Range and Scale Span : Scale Range = difference between largest and smallest reading
of instrument and span is Numerical difference between largest and smallest reading.

Range is 0 — 50 Amp
Ampere Span is 50 A
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(¢) Reproducibility : It is the degree of closeness with, which a given value may be repeatedly
measured or in other words measured value do not change with time.

(d) Drift : Drift means variation in reading with respect to time.

Span Zonal

Note: In a measured quantity number of significant figures indicates precision e.g. 300. has 3 significant
figures and 300.0 has 4 significant figures.
(e) Static error : Measured value - True value. Also called absolute error.

Absolute error

Relati rror =
clative erro True value

Where, M, = Measured value
T, = True value
Static Correction = —Static error

If Instrument is designed in terms of true value then error will be same for all the reading but if
it is designed for FSD then error would be high for low reading.

(f)  Dead zone : Defined as largest change of input for which there is no output.
Dead zone = 2 x Hysteresis
Deadtime : Time required to respond to change in measured.
Threshold : Tt is defined as smallest measurable input.
Example: 0-50 ammeter has accuracy of 1% of FSD. If current measured is 20 A find % error

Soluti Error = 0 _ 5o
olutions : rror = 100 =35
Measured current = 20 A
05

%error 2 x100=2.5%

Q0O
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2 Analog Instruments
CHAPTER

THEORY

ELECTRICAL INSTRUMENTS

2.1 THE EFFECTS UTILIZED FOR THE OPERATION OF INSTRUMENTS
(i) Magnetic effect (PMMC, MI, W)
(i) Induction effect (Energy meter)
(1) Hall effect (Transducer)
(iv) Thermal effect (For thermocouple instrument)
(v) Chemical effect (for D.C. Ampere hour meter )
(vi) Electrostatic effect (for electrostatic voltmeters only)
2.2 CLASSIFICATION OF INSTRUMENTS
2.2.1 Absolute Instruments :

Absolute instruments are those instruments which give the value of the quantity to be measured in terms
of constant, of the instruments & their deflection only. No previous calibration is required, example:
tangent galvanometer, Rayleigh's current balance method for current & Lorentz method for resistance.

2.2.2 Secondary Instruments :

One those in which the value of electrical quantity to be measured can be determined from the deflection
of the instruments only where they have been pre-calibrated by absolute instruments. Ordinary ammeter,
voltmeter & watt meters belong to this category.

(i) Indicating Instruments :

Indicating Instruments are those which indicate the instantaneous value of the electrical quantity
being measured at the time at which it is being measured. Example: Ammeters, voltmeter etc.

(ii) Recording Instruments :

Recording Instruments are those which instead of indicating by means of pointer and scale. The
instantaneous value of an electrical quantity give a continuous record of the variations of such a
quantity over a selected period of time.

(iii) Integrating Instruments :

Integrating Instruments are those which measures & registers by a set of dials & pointers either
the total quantity of electricity (ampere-hour) or the total amount of electrical energy (kWh) supplied
to a circuit in a given time.

Example: Ampere hour & watt hour meter.
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2.3 ANALOG INSTRUMENTS

(1)
(ii)

Analog : Continuous function of time.
Digital : Discrete or in steps.

2.3.1 Principles of Operations :

(a)

(b)

(©

(d)

(e)

*

()

(h)

Magnetic Effect :

) F
v v v Q

Current Carry Conductor Field Resultant

Current carrying conductor produced field. Dot shows upward current field is anti clockwise. If it
is placed in magnetic ficld as shown then a force exerts as per left hand law or motor law.

F = BIL Newton Used in Ammeters and voltmeters.

If magnet is permanent then it is used for D.C. (PMMC polarized). If magnet is electromagnet then
it can be used for A.C./D.C. (Moving Iron) unpolarized.

Electrodynamic effect :

It has two coils (fixed and moving), magnitude field produced due to the interaction of them (A.C./
D.C.) unpolarized.

Used in Ammeters, Voltmeters and wattmeter.
Electromagnetic effect :

Ammeter, Voltmeter, wattmeter, kWh meter.
Thermal effect :

Due to heating effect, it measures current or voltage, Power AC (high frequency)/D.C.
Chemical effect :

D.C. Amp hour meter.

Induction effect :

AC (Voltage, Current, Power or Energy).
Electrostatic effect :

High voltage D.C./A.C.

Hall effect :

If a current carrying conductor is placed in a transverse magnetic field then an emf is produced which
depends on current, flux density and material constant of conductor, called Hall effect.

2.3.2 Analysis of Motion :
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Where,
For torque,

Where,

2.3.3 Construction

(i) Moving System :

Should be light and friction should be less, weight can be reduced by using aluminum and friction

1

X)) 1 B M
F(s) ~ Ms?+fs+k 52+is+£
M M
0, = Vk/M
_f
5= 2JkM

S,
|

. = Natural frequency
& = Damping ratio
0(s) 1
T(s) Js? +Ds+k

J = Moment of Inertia
_ (K
0, = 1

D = Viscous friction

D
NI

Spring constant

7~
[

can be reduced by using spindle mounted between jeweled bearings.

(ii) Supports :

Used to support the moving system.

TYPES OF SUPPORTS :

(a)  Suspension: has fine, ribbon shaped metal filament for upper suspension and coil of fine wire
for lower part. This is used for high sensitivity work like in labs.

(b)  Jewel bearings: Moving system shaft mounted on bearings, friction is very less, arrangement

is delicate, not very reliable.

(¢)  Taut suspension: Taut suspension has a flat ribbon suspension above and below moving
clement. Not only supports but also provides controlling torque, advantages low friction, can

be used either in vertical or horizontal position, good sensitivity

(iii) Torque/Weight ratio :

J. F, K should be very small, so that weight is reduced hence inertia is less and torque is more
Torque/weight ratio reflects the sensitivity, Performance and reliability of instrument.

2.3.4 Types of Torque
(i) Deflecting Torque :

The deflection of the instrument (Deflecting Torque, Ty) is produced by utilizing the various effects
like magnetic, electrodynamic, thermal or inductive effect The deflecting torque causes the moving

system to move from its zero position
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(ii) Controlling Torque :

The deflection of the moving system would be indefinite if there were no controlling or restoring
torque. This torque opposes the deflecting torque & increases with the deflection of the moving

system.

The pointer is brought to rest at a position where the two opposing torque's are equal. In the
absence of controlling torque pointer would swing over to the maximum deflected position irrespective
of whatever the magnitude of measured quantities.

There are two types of mechanism by which controlling torque are obtained.

A hair spring usually of phosphor bronze is attached to the moving system of the instrument.
With the deflection of the pointer, the spring is twisted in the opposite direction.

This twist in spring produces controlling torque which is directly proportional to the angle of

The pointer comes to position of rest when deflecting torque

&4

S

Balance weight

3
Ebt’o
121

E = Young's modulus of spring material

Width of Spring (m)

t = Thickness of Spring (m)

Length of Spring (m )

6 = Angular deflectionn (in radian)

(a)  Spring Control :
deflection of the moving system.
& controlling torque are equal.
Control spring

T, =

Here,
b=
[ =
T, =
K =
Where, K =

Note : Spring material should be annealed to
used to nullify temperature effect

Ko

Ebt’

N-m/rad
1217

Spring constant or torsion constant

avoid fatigue and two springs in opposite direction are

Example: Spring has following dimensions, length = 370 mm, thickness = 0.073 mm, width = 0.51 mm,
E = 112.8 GN/m?, 6 = 90°. Find torque exerted.

ToppersNotes / 9828-286-909



3
Ebt o

Solution : Given data Te = 775

112.8x107(51x1073) x ((073x107)? T
12x370x107° 2

=79 x 10° N-m

Requirement of Spring :

(1) It should be nonmagnetic

(2)  Should not best-'subjected to much fatigue

(3)  Should have low temperature resistance coefficient
(4) It should have large number of turns

®)

Gravity Control :

Gravity control is obtained by attaching a small adjustable weight, to some part of the moving system
such that the to exert torque in the opposite direction.

A

—

Balance Weight

=t
N
S
1 ,
+ 7 -
o n,
’ AN
.

.
'
-
+

o,

Control weight

Controlling torque (T) is proportional to sinf.

T oc sind
If Tyoci
and Ty = T (At equilibrium condition)
then 1 oc sin®
Advantage of Gravity Control :
(1) It is cheap.
(2) It is unaffected by temperature
3) It is not subject to fatigue.
Disadvantages
(n It gives cramped scale.
(2)  The instrument has to be kept in vertical position.
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(iii) Damping Torque :

A damping force is one which acts on the moving system of the instrument when it is moving &
always opposes its motion. Such damping force is necessary to bring the pointer to rest quickly
otherwise due to the inertia of the moving system. The pointer will oscillate about its final position
for some time before coming to rest in the steady position. (Damping is less than 1, it should not
be critically damped).

TYPES OF DAMPING SYSTEMS

(a) Air Friction :

As shown in figure a light aluminum piston is attached to die moving system of the instrument
is arranged to travel in a fixed air chamber whose cross-section-may be rectangular or
circular, oscillations are damped out by compression & suction action of the piston on the air
enclosed in the chamber.

Piston

Air chamber

Spindle

(b)  Eddy Current Damping :

As shown in figure a thin disc of conducting but non magnetic material like copper/aluminum
mounted on the spindle which carries the moving system. The disc is so positioned that its
edges when in rotation at the magnetic flux between the poles of a permanent magnet hence
eddy current are produced in the disc which produces a damping force in such a direction
on to oppose the vary cause which is producing this (Lenz's Law). The cause is the rotation
of the disc hence the force retards the motion of the disc and the moving system on the
whole.

N
Disc l Ficld
\J_ due
I [ ] AR Y, to magnet
I \ A} L] r \
I T RRRAR
L
Spindle ——— T
] S Damping magnet
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Direction of rotation

(c) Fluid Friction :

Damping disc

Damping
magnet

This damping consist of the force which damped out the vibration by viscosity of the oil. It
is not preferable because of the creeping (disintegration) of the oil. Necessity of the instrument
to kept in vertical position.

Pointer

QOil chamber

e

Piston

Oil

Example: The torque of an ammeter varies as the square of the current through it. If current of 10 Amp
produces a deflection of 90°. What deflection will occur for a current of 6 amperes.

When the instrument is

(1) Spring controlled

(i1) Gravity controlled.
Solution : (i) Spring controlled:

for
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(ii)  Gravity Controlled
i oc sind
sin® oc i

sinB,

—
|MM

sin O, i

Ll )

2
sin6, =sin91-%
L
. 36 9
sinB, = 511190“’ﬁ =1 % = 036
8, = sin '0.36 = 21.1°
2.4 MOVING IRON INSTRUMENTS (AMMETER & VOLTMETER)

Moving iron type instrument may be attraction type or repulsion type. These are based on the principles
of minimum reluctance.

Section of coil

.

[ ———

Spindle

[ e st

RRRRRAA | APAAAAA

000000000000000
000000000000000
000000000000000
0000000000Q0000
000000000000000
Q00000000000000
000000000000000
Q00000000 000000

Force of attraction

2.4.1 Working Principle of an Attraction Type Moving Iron (M.1.) Instrument

As shown in figure. Its consist of two clectromagnets which produces a magnetic ficld according the
current given and its consist of an oval shaped disc of soft iron on a spindle between bearings near coils.
The iron disc will swing into the coil when the electric current passing through it pointer is' fixed to a
spindle camping, the disc then the passage of current through the coil will cause pointer to deflect.

The deflection is proportional to the current flow in the coil.

These instruments can be used on A.C. as well as D.C. [Power frequency(0-125)Hz, Cheapest. Square
response|

Deflecting Torque T, « I’
If spring control is used, then
Controlling torque To=K -0

Ty = T (At steady state)
Hence 0 o I’
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If gravity control is used, then I? o sind®
e In both the cases the scales would be uneven.
e Air friction damping is provided.
e  This instrument is of unpolarized tvpe.
2.4.2 Sources of Error :
(A) Error with both AC & DC
Temperature error : Swamping resistance (manganin) is connected in series with meter.
(B) Error with AC only:
(1) Change in frequency produced
(i)  Change in impedance of the coil
(i)  Change in the magnitude of eddy currents.

(iv)  Deflecting torque is not exactly proportional to the square of current due to nonlinear
characteristics of iron metal

Note : Impedance of the circuit becomes independent of the frequency,

[1C
|
o0 MW MW
L R R,
3 \Y >
L
C =041 R
Where, C = Capacitance
L = Inductance of circuit
R, = Swamping resistance
Advantages
(1) Cheap

(11) Robust

()  Reliable

(iv) Can be used on A.C. & D.C. (Universal use)

(v)  Low friction error (High t/w Ratio)

(vi)  Scale range is 0 - 240°

Disadvantages

(1) Nonlinear scale

(i)  Can not be calibrated with high degree of precision with D.C.

2.4.3 Deflecting Torque in Terms of change in Self-induction

T, = ipd g
4”5 g M
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2.4.4 Extension of Range

(@) Ammeter : The range of ammeter can be extended by a parallel low resistance (shunt).

R — R[]l

S N-1
Here, R, = Shunt resistance
R, = Meter resistance

N = Multiplication factor

€
N B I]‘l]
Here, I = Current to be measured
I, = Meter current

(b) Voltmeter : The range of voltmeter can be extended by a series high resistance (multiplier)

Required : Temperature coefficient of resistance should not change with time, low thermoelectric
emf Manganin (D.C.) and constantan (D.C.) are used in voltmeter,

R,=N-1) xR,
\Y
Y >
Where, V = Voltage to be measured

V,, = Voltage of the meter
R,, = Meter Resistance
: . . 12} . . .
Example: The inductance of a moving iron ammeter is | 8 +49 —59 micro henry where 0 is deflection in

radians. The controlling torque is (12 x 10 ®) N-meter/radian (spring controlled is used). Calculate
the deflection for current of 4 Amp.

1 ,dL dL d ( | 2]
jon : - rE o —=—|84+40-—6
Solution : T TR [ - 10 5
12 x 10° = %xﬁ>«4-mxlmﬁ
12 % 10° = %x4x4x(4—9)xﬂrﬁ
Loy
o =4-
15=4-96
6=4-15
. 180
6 = 2.5 radian (radlan = Tdeg]
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2.5 MOVING COIL INSTRUMENT

Moving coil instruments are classified into
2.5.1 Permanent Magnet Type Instruments : (Ammeter and Voltmeter)
(i) Principle :
The working principle of PMMC Instrument is based upon the principle that when a current carrying
conductor is placed in a magnetic field, it is acted upon by a force which tends to move it one side.
(i) Construction :

—— —_——

. =~ ~
Spring o AN
~ hY
~ . \
\ \
\ \
\
> \
N i
—_—
e
—_—
N > S

PMMC instrument consist of a permanent magnet and a rectangular coil of many turns wound on
a light aluminum or copper former inside which is an iron core as shown in figure. Magnet is U
shaped made of alnico & has soft iron end pole pieces which are bored out cylindrical to make
field radial & uniform to increase the magnetic flux. Surrounding the core rectangular coil of many
turns wound on a light aluminum frame which is supported by delicate bearings & to which is
attached a light pointer. Aluminum frame also provides eddy current damping: Control of coil
movement is done by two phosphor bronze hair springs which also leading the current in & out of
the coil. The two springs are spiraled in opposite direction nullify the temperature variation.
(iii) Deflecting Torque :

When current is passed through the coil a force act upon its both sides which produce a deflecting
torque.
Let B = Flux density (Weber / Meter?)

! = Length or depth of coil in meter

b = Width of the coil in meter

N = Number of turns in the coil
If T ampere current flow through the coil then force experienced by each of its sides

F =B x I x L newton

If N = Number of turns
F=N x B x I x L newton
Deflecting Torque T4 = Force x Distance

=NxBxIx/]xb
=N xBxI( xb)
= NBI x A N-m
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Ty el

T, « 6
So, IO
Hence, such instrument have uniform scale.
Damping used : Eddy current damping.

Error : Weak of magnets due to ageing, Springs, Change of rest. with respect to temperature.

Advantages :

(1
(2)
3)
4)
)
(6)

Low power consumption.

Uniform scale (0-270°).

High torque/ weight ratio.

They have no hysteresis loss.

They have very effective eddy current damping.

Not effected by stray magnetic fields.

Disadvantages

(D
)
Example :

Solution :

High cost due to delicate construction.
Cannot be used for A.C. measurement.

A moving coil-instrument has a resistance of 10 QQ & gives full scale deflection when carrying a
current of 50 milliampere, show how it can be adopted to measure voltage up to 750 volts & current
up to 100 Amp.

Ammeter (for 100 ampere measurement)

_ m
Rse - m—1

1L
- Im

10 10 10
= = = = 0.005Q

Re™ T 77100 oo

I 50x107°

Voltmeter (for 750 voltmeter)

Rse=(1n_1)me

\
m = 35

V[]l
V =750

V, =10 x50 x 107
=50 x 10" = 0.5 Volt

(@ - l] %10
0.5

1499 x 10 = 14990 Q

R
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2.6 DYNAMOMETER TYPE INSTRUMENT (FOR A.C. & D.C.) :

4
Y
A

nerr

A dynamometer type instrument is a moving coil instrument in which the operating field is produced not
by a permanent magnet but by another fixed coil. The instrument can be used either as an ammeter or
as a voltmeter but is generally used as a wattmeter. As shown in figure fixed coil is arranged in two

FC FC
equal section 5 and Y placed closed together & parallel to each other. The fixed coils are air cored

to avoid hysteresis effect. The moving coil is spring controlled the pointer is attached to it.

N

2.6.1 Deflecting Torque :

Let the current passed through the fixed coil is I; & through the moving coil is I, since there is no iron,
flux density is proportional to I,

B=KI (K 1is constant)
Force on each side of moving coil is N x B x I, x /
Deflecting torque = f x d
=NxBxIL,xIxb
=NxKxI, xI, x A
Putting N x K x Area = K;
T, =K, <1, x
It shows that T, is proportional to product of the currents flowing in fixed & moving coil. The instrument
is spring controlled.

Hence Teoc 6
T. = K,0
At equilibrium T, =Ty
K,-0=K, - I x1,
6ol <1,
. When the instrument is used as an ammeter than
L=L=1
Hence, 0 o IZor I OC\/g‘

. When used as voltmeter, 6 o« V2 or V o /0 hence whether the instrument is used as ammeter or
voltmeter the scale is uneven.

. Air friction damping is preffered.
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Advantages

(1) TIt can be used on A.C. & D.C. (non-polarized), square law response
(2) The Instrument is free from hysteresis & eddy current

(3) The instrument can-be used as transfer instrument.

(4) Highest accuracy, frequency <4 kHz, 6 o« I2, 6 o V?
Disadvantages

(1) Nonuniform scale.

(2) Small torque to weight ratio hence friction error is considerable.
(3) Power consumption is comparatively high.

(4) Flux produced is small hence torque & sensitivity are less.

(5) Costly.

Error

(1) Frictional Error : Due to small torque to weight ratio.

(2) Temperature Error : Due to heating of fixed & moving coil.

(3) Frequency Error : Change in frequency causes errors due to change in reactance of the coils.

. 2 dM
Deflecting torque T, =1 XE
dM ) _ ‘
o change of mutual inductance with the deflection.

Example : Mutual inductance of a 25 Ampere electrodynamic ammeter changes 0.0035 x 10°° Henry/ degree.

The torsion constant of the spring is 10°® newton meter/degree. Find the angular deflection or full
scale.

Solution : By Torsion constant is mean the deflection torque per degree of deflection.

If full scale deflection is 0 degree than deflecting torque on full scale is 10 x 0 newton-meter

T, - M
47 de
Given I =25 Amp
dM A
5~ 0.0035 x 10 Henry/degree

— 0.0035x107° X@Henryfrad
T

Ty =25 x 25 x 0.0035 x 10°°

106 x @ = 25%25%0.0035 1076 x 100
T

0 = 1254 radian

Example : A PMMC instrument gives reading of 25 mA When the potential difference is 75 mV, calculate

(1)  The shunt resistance for a full scale deflection corresponding to 150 Amp.
(2)  For full scale deflection with 500 volt.
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Solution : Given

For ammeter

For voltmeter

I=25x10° Amp.
V =75 x 107 Volt
\Y%

10°%x75=25x 107 xR
3

R = 3Q
— Rm _ Rm
Rse - m—]._ I
— 1
m
3
— _ — =5x 10"
Re™ 7150 75009
25%1073

\Y 500 5x10?

M= v, 75x1073  75x1073
500 5x10°
T 75x1072 75
=3 % 659 x 10°
=6.6 x 10°
R. =R, (m- 1)

=3 % (66 x 10° — 1) = 19.997 Q

Example : A spring controlled M.I. voltmeter reads true value on 250 V DC find reading on 250 V AC at

50Hz. Instrument has R = 2500 Q and L = 1 H, series resistance is 2000 Q.

Solution : On D.C.

on AC

Voltmeter reads on

To read correctly

Example : Current of 5 + 2 sin ot -3 sinot measured by M.I. and M.C. Find their reading.

Solution : MI read RMS value

1= 20 oA
2500

= /25007 + 2 x 50 1)2
= 2520 Q

SOxi =248
2520/0.1

0.41x1
- =0.1 uF
20002

RMS value - \j (]3]

= J25+2+45=431.5 Amp

M.C. read D.C. = 5 Amp.
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