
Electronic	measurements	and	instrumentation	pdf	download

http://foaptoa.com/wb3?utm_term=electronic%20measurements%20and%20instrumentation%20pdf%20download


ELECTRONIC	MEASUREMENTS	AND	INSTRUMENTATION	(For	student	of	B.E.	/	B.Tech.)	Dr.	R.S.	SEDHA	B.E.	(Hons),	M.Tech.	(IIT	Delhi)	Ph.D.	(U.K.),	FIETE,	SMIEEE	SINGAPORE	S.	CHAND	&	COMPANY	PVT.	LTD.	(AN	 ISO	9001:	2008	COMPANY)	RAM	NAGAR,	NEW	DELHI-110055	S.	CHAND	&	COMPANY	PVT.	LTD.	(An	ISO	9001	:	2008
Company)	Head	Office:	7361,	RAM	NAGAR,	NEW	DELHI	-	110	055	Phone:	23672080-81-82,	9899107446,	9911310888	Fax:	91-11-23677446	Branches	:	Shop	at:	schandgroup.com;	e-mail:	[email	protected]	AHMEDABAD	:	1st	Floor,	Heritage,	Near	Gujarat	Vidhyapeeth,	Ashram	Road,	Ahmedabad	-	380	014,	Ph:	27541965,	27542369,	[email	protected]
BENGALURU	:	No.	6,	Ahuja	Chambers,	1st	Cross,	Kumara	Krupa	Road,	Bengaluru	-	560	001,	Ph:	22268048,	22354008,	[email	protected]	BHOPAL	:	Bajaj	Tower,	Plot	No.	243,	Lala	Lajpat	Rai	Colony,	Raisen	Road,	Bhopal	-	462	011,	Ph:	4274723.	[email	protected]	CHANDIGARH	:	S.C.O.	2419-20,	First	Floor,	Sector	-	22-C	(Near	Aroma	Hotel),
Chandigarh	-160	022,	Ph:	2725443,	2725446,	[email	protected]	CHENNAI	:	No.1,	Whites	Road,	Near	Clock	Tower,	Royapettah,	Chennai	600014	[email	protected]	:	1790,	Trichy	Road,	LGB	Colony,	Ramanathapuram,	Coimbatore	-6410045,	COIMBATORE	Ph:	0422-2323620,	4217136	[email	protected]	(Marketing	Office)	CUTTACK	:	1st	Floor,	Bhartia
Tower,	Badambadi,	Cuttack	-	753	009,	Ph:	2332580;	2332581,	[email	protected]	DEHRADUN	:	1st	Floor,	20,	New	Road,	Near	Dwarka	Store,	Dehradun	-	248	001,	Ph:	2711101,	2710861,	[email	protected]	GUWAHATI	:	Pan	Bazar,	Guwahati	-	781	001,	Ph:	2738811,	2735640	[email	protected]	HYDERABAD	:	Padma	Plaza,	H.No.	3-4-630,	Opp.	Ratna
College,	Narayanaguda,	Hyderabad	-	500	029,	Ph:	24651135,	24744815,	[email	protected]	JAIPUR	:	1st	Floor,	Nand	Plaza,	Hawa	Sadak,	Ajmer	Road,	Jaipur	-	302	006,	Ph:	2219175,	2219176,	[email	protected]	JALANDHAR	:	Mai	Hiran	Gate,	Jalandhar	-	144	008,	Ph:	2401630,	5000630,	[email	protected]	KOCHI	:	Kachapilly	Square,	Mullassery	Canal
Road,	Ernakulam,	Kochi	-	682	011,	Ph:	2378207,	[email	protected]	KOLKATA	:	285/J,	Bipin	Bihari	Ganguli	Street,	Kolkata	-	700	012,	Ph:	22367459,	22373914,	[email	protected]	LUCKNOW	:	Mahabeer	Market,	25	Gwynne	Road,	Aminabad,	Lucknow	-	226	018,	Ph:	2626801,	2284815,	[email	protected]	MUMBAI	:	Blackie	House,	103/5,	Walchand
Hirachand	Marg,	Opp.	G.P.O.,	Mumbai	-	400	001,	Ph:	22690881,	22610885,	[email	protected]	NAGPUR	:	Karnal	Bag,	Model	Mill	Chowk,	Umrer	Road,	Nagpur	-	440	032,	Ph:	2723901,	2777666	[email	protected]	PATNA	:	104,	Citicentre	Ashok,	Govind	Mitra	Road,	Patna	-	800	004,	Ph:	2300489,	2302100,	[email	protected]	PUNE	:	291/1,	Ganesh	Gayatri
Complex,	1st	Floor,	Somwarpeth,	Near	Jain	Mandir,	Pune	-	411	011,	Ph:	64017298,	[email	protected]	(Marketing	Office)	RAIPUR	:	Kailash	Residency,	Plot	No.	4B,	Bottle	House	Road,	Shankar	Nagar,	Raipur	-	492	007,	Ph:	09981200834,	[email	protected]	(Marketing	Office)	RANCHI	:	Flat	No.	104,	Sri	Draupadi	Smriti	Apartments,	East	of	Jaipal	Singh
Stadium,	Neel	Ratan	Street,	Upper	Bazar,	Ranchi	-	834	001,	Ph:	2208761,	[email	protected]	(Marketing	Office)	SILIGURI	:	122,	Raja	Ram	Mohan	Roy	Road,	East	Vivekanandapally,	P.O.,	Siliguri-734001,	Dist.,	Jalpaiguri,	(W.B.)	Ph.	0353-2520750	(Marketing	Office)	VISAKHAPATNAM	:	Plot	No.	7,	1st	Floor,	Allipuram	Extension,	Opp.	Radhakrishna
Towers,	Seethammadhara	North	Extn.,	Visakhapatnam	-	530	013,	(M)	09347580841,	[email	protected]	(Marketing	Office)	©	2013,	Dr.	R.S.	Sedha	All	rights	reserved.	No	part	of	this	publication	may	be	reproduced	or	copied	in	any	material	form	(including	photo	copying	or	storing	it	in	any	medium	in	form	of	graphics,	electronic	or	mechanical	means
and	whether	or	not	transient	or	incidental	to	some	other	use	of	this	publication)	without	written	permission	of	the	copyright	owner.	Any	breach	of	this	will	entail	legal	action	and	prosecution	without	further	notice.	Jurisdiction	:	All	disputes	with	respect	to	this	publication	shall	be	subject	to	the	jurisdiction	of	the	Courts,	tribunals	and	forums	of	New
Delhi,	India	only.	First	Edition,	2013	ISBN	:	81-219-9775-5	Code	:	10	561	By	Rajendra	Ravindra	Printers	Pvt.	Ltd.,	7361,	Ram	Nagar,	New	Delhi	-110	055	and	published	by	S.	Chand	&	Company	Pvt.	Ltd.,	7361,	Ram	Nagar,	New	Delhi	-110	055.	Preface	The	primary	focus	of	the	subject	“Electronic	Measurements	and	Instrumentation”	is	to	develop
understanding	of	various	instruments	used	for	measuring,	monitoring	and	recording	physical	phenomena.	The	scope	of	this	subject	is	vast	and	appears	to	be	growing	due	to	increased	use	of	sensors	and	automatic	control	in	manufacturing	and	process	control	applications.	However,	the	measurement	of	temperature,	pressure,	level	and	flow	is	common
among	most	of	the	engineering	industries	including	petrochemical,	power	plants,	Integrated	circuit	manufacturing	and	aircraft	engines	industry.	The	“Electronic	Instrumentation	and	Measurements”	curriculum	in	most	of	the	Indian	Universities	and	abroad	include	topics	ranging	from	Units,	Measurements	and	Standards,	Measurement	Errors,
Transducers	for	Electrical	and	Non-electrical	quantities,	Measurements	using	Electrical	and	Electronic	Instruments,	Measurement	of	Resistance,	Inductance	and	Capacitance,	Oscilloscopes,	Signal	Generators	and	Analysers,	Instrument	Calibration,	Graphic	Recording	Instruments,	Display	Devices,	Signal	conditioning,	Data	Acquisition	Systems,
Telemetry,	Biomedical	Instruments	and	Virtual	Instruments.	In	this	book,	I	have	included	all	the	basic	material	required	at	the	undergraduate	level	for	the	engineering	students.	To	help	students	for	preparing	and	doing	well	in	the	examination,	I	have	included	“Examination	questions”	from	several	Indian	Universities	until	Dec	2012,	as	solved
examples.	The	sections	on	“Descriptive	Questions”	and	“Multiple	Choice	Questions”	are	also	there	to	include	the	theory	type	examination	questions	and	objective	questions	respectively.	I	wish	to	express	my	sincere	thanks	to	my	friends	and	colleagues	in	various	technical	universities	and	engineering	colleges	for	their	valuable	feedback	in	preparing
this	book.	Any	errors,	omissions	and	suggestions	for	the	improvement	of	this	book	brought	to	my	notice	will	be	thankfully	acknowledged	and	incorporated	in	the	next	edition.	Dr.	R.S.	Sedha	Singapore	Email:	[email	protected]	Disclaimer	:	While	the	author	of	this	book	has	made	every	effort	to	avoid	any	mistake	or	omission	and	has	used	his	skill,
expertise	and	knowledge	to	the	best	of	his	capacity	to	provide	accurate	and	updated	information.	The	author	and	S.	Chand	do	not	give	any	representation	or	warranty	with	respect	to	the	accuracy	or	completeness	of	the	contents	of	this	publication	and	are	selling	this	publication	on	the	condition	and	understanding	that	they	shall	not	be	made	liable	in
any	manner	whatsoever.	S.Chand	and	the	author	expressly	disclaim	all	and	any	liability/responsibility	to	any	person,	whether	a	purchaser	or	reader	of	this	publication	or	not,	in	respect	of	anything	and	everything	forming	part	of	the	contents	of	this	publication.	S.	Chand	shall	not	be	responsible	for	any	errors,	omissions	or	damages	arising	out	of	the
use	of	the	information	contained	in	this	publication.	Further,	the	appearance	of	the	personal	name,	location,	place	and	incidence,	if	any;	in	the	illustrations	used	herein	is	purely	coincidental	and	work	of	imagination.	Thus	the	same	should	in	no	manner	be	termed	as	defamatory	to	any	individual.	Contents	Chapters	Pages	1.	UNITS,	DIMENSIONS	AND
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Standards	1.15.	Primary	Standards	1.16.	Secondary	Standards	1.17.	Working	Standards	Objectives	After	completing	this	chapter,	you	should	be	able	to:		Understand	the	meaning	of	unit.		Know	the	difference	between	the	fundamental	and	derived	unit.		Know	the	SI	units	for	various	physical	quantities.		List	the	advantages	and	disadvantages	of	S.I
units.	1.1 Introduction	There	are	several	types	of	quantities	in	the	field	of	engineering	which	need	to	be	measured	or	expressed	in	day-to-day	work.	This	includes	physical,	chemical,	mechanical	quantities	etc.	In	order	to	record	or	to	compare	magnitude	of	quantities	some	magnitude	of	each	kind	must	be	taken	as	basis	or	unit.	To	measure	or	to	define
any	quantity	we	need	a	well-defined	unit.	There	are	fundamental	and	supplementary	fundamental	units.	These	units	are	used	to	define	all	quantities.	Many	systems	like	SI	(International	System	of	Units),	CGS	(Centimetre-gram-second	System),	MKS	(Metre-kilogram-second)	etc.	are	developed	to	define	the	physical	quantity.	1.2 Unit	The	standard
measurement	of	any	physical	quantity	is	known	as	Unit.	The	number	of	times	the	unit	occurs	in	any	given	amount	of	the	same	quantity	is	the	number	of	measure.	For	example	100	1	2 	Electronic	Measurements	&	Instrumentation	metres,	we	know	that	the	metre	is	the	unit	of	length	and	that	the	number	of	units	of	length	is	one	hundred.	The	physical
quantity,	length,	is	therefore	defined	by	the	unit	metre.	1.3 	Fundamental	and	Derived	Units	The	units	which	are	independent	and	are	not	related	to	each	other	are	known	as	Fundamental	Unit.	These	units	do	not	vary	with	time,	temperature	and	pressure	etc.	There	are	seven	fundamental	units,	as	given	below:	Fundamental	Units:	length,	mass,	time,
electric	current,	temperature,	luminous	intensity	and	quantity	of	matter.	The	units	which	are	derived	from	fundamental	units	or	which	can	be	expressed	in	terms	of	the	fundamental	units	are	called	Derived	Unit.	Every	derived	unit	originates	from	some	physical	law	defining	that	unit.	This	unit	is	recognized	by	its	dimensions,	which	can	be	defined	as
the	complete	algebraic	formula	for	the	derived	unit.	Like	area,	volume,	velocity	etc.	For	example,	the	area	of	rectangle	is	proportional	to	its	length	(l)	and	breadth	(b)	or	A	=	l	×	b.	If	the	metre	has	been	chosen	as	the	unit	of	length,	then	the	unit	of	area	is	m2.	The	derived	unit	for	area	(A)	is	then	the	square	metre	(m2).	For	convenience,	some	derived
units	have	been	given	new	names.	For	example,	the	derived	unit	of	force	in	the	S.I.	system	is	called	the	Newton	(N),	instead	of	the	dimensionally	correct	name	kg-	m/s2.	1.4 	International	System	of	Units	The	International	System	of	Units	(abbreviated	S.I.	from	the	French	Système	international	d’unités)	is	the	modern	form	of	the	metric	system	and	is
generally	a	system	of	units	of	measurement	devised	around	seven	base	units	and	the	convenience	of	the	number	ten.	It	is	the	world’s	most	widely	used	system	of	measurement,	both	in	everyday	commerce	and	in	science.	Table	1.1	Definitions	of	Standard	Units	Physical	Quantity	Standard	Unit	Length	metre	The	length	of	path	travelled	by	light	in	an
interval	of	1/299	792	458	seconds	Mass	kilogram	The	mass	of	a	platinum–iridium	cylinder	kept	in	the	International	Bureau	of	Weights	and	Measures,	S`evres,	Paris	Time	second	9.192631770	×	109	cycles	of	radiation	from	vaporized	caesium-133	(an	accuracy	of	1	in	1012	or	1	second	in	36000	years)	Temperature	kelvin	The	temperature	difference
between	absolute	zero	and	the	triple	point	of	water	is	defined	as	273.16	kelvin	Current	ampere	One	ampere	is	the	current	flowing	through	two	infinitely	long	parallel	conductors	of	negligible	cross-section	placed	1	metre	apart	in	a	vacuum	and	producing	a	force	of	2	×	10–7	Newtons	per	metre	length	of	conductor	Luminous	intensity	candela	One
candela	is	the	luminous	intensity	in	a	given	direction	from	a	source	emitting	monochromatic	radiation	at	a	frequency	of	540	terahertz	(×1012	Hz)	and	with	a	radiant	density	in	that	direction	of	1.4641	mW/steradian.	(1	steradian	is	the	solid	angle	which,	having	its	vertex	at	the	centre	of	a	sphere,	cuts	off	an	area	of	the	sphere	surface	equal	to	that	of	a
square	with	sides	of	length	equal	to	the	sphere	radius)	Matter	The	number	of	atoms	in	a	0.012	kg	mass	of	carbon-12	mole	Definition	Units,	Dimensions	and	Standards 	3	The	system	has	been	nearly	globally	adopted.	Three	countries	which	have	not	adapted	are	Burma	(Myanmar),	Liberia,	and	the	United	States.	The	International	System	(or	S.I.
system)	of	Units	consists	of	a	set	of	units	together	with	a	set	of	prefixes.	The	units	of	S.I.	can	be	divided	into	two	subsets.	There	are	seven	base	units:	Every	base	unit	represents	different	kinds	of	physical	quantities.	From	these	seven	base	units,	several	other	units	are	derived.	In	addition	to	the	S.I.	units,	there	is	also	a	set	of	non-S.I.	units	accepted	for
use	with	SI	which	includes	some	commonly	used	units	such	as	the	litre.	Table	1.1	shows	the	standard	units	and	definition.	The	S.I.	system	is	divided	into	three	classes:	Fundamental	Unit	shown	in	Table	1.2,	Supplementary	Unit	shown	in	Table	1.3	and	Derived	Unit	shown	in	Table	1.4.	Table	1.2	S.I.	Fundamental	Units	Quantity	Standard	Unit	Symbol
Length	metre	m	Mass	kilogram	kg	Time	second	s	Electric	current	ampere	A	Temperature	Kelvin	K	Luminous	intensity	candela	cd	Matter	mole	mol	There	are	two	supplementary	units	which	are	added	to	the	S.I.	system	of	units.	Radian	for	the	plane	angles:	The	plane	angles	subtended	by	an	arc	of	a	circle	equal	in	length	to	the	radius	of	the	circle.	It	is
denoted	as	rad.	The	solid	angle	subtended	at	the	centre	of	a	sphere	by	the	surface	whose	area	is	equal	to	the	square	of	the	radius	of	the	sphere.	It	is	denoted	as	sr.	Supplementary	units	are	neither	base	units	nor	derived	from	base	units.	It	is	given	in	Table	1.3	below:	Table	1.3	Supplementary	Fundamental	Units	Quantity	Standard	unit	Symbol	Plane
angle	radian	rad	Solid	angle	steradian	sr	The	number	of	quantities	in	science	is	without	limit,	and	it	is	not	possible	to	provide	a	complete	list	of	derived	units.	However,	Table	1.4	shows	some	examples	of	derived	unit:	Table	1.4	S.I.	Derived	Units	Quantity	Standard	Unit	Unit	Standard	2	Area	square	metre	m	Volume	cubic	metre	m3	Velocity	metre	per
second	m/s	Acceleration	metre	per	second	squared	m/s2	Angular	velocity	radian	per	second	rad/s	Angular	acceleration	radian	per	second	squared	rad/s2	Density	kilogram	per	cubic	metre	kg/m3	4 	Electronic	Measurements	&	Instrumentation	Specific	volume	cubic	metre	per	kilogram	m3/kg	Mass	flow	rate	kilogram	per	second	kg/s	Volume	flow	rate
cubic	metre	per	second	m3/s	Force	Newton	N	Pressure	Newton	per	square	metre	N/m2	Torque	Newton	metre	Nm	Momentum	kilogram	metre	per	second	kgm/s	Moment	of	inertia	kilogram	metre	squared	kgm2	Kinematic	viscosity	square	metre	per	second	m2/s	Dynamic	viscosity	Newton	second	per	square	metre	Ns/m2	Work,	energy,	heat	joule	J
Specific	energy	joule	per	cubic	metre	J/m3	Power	watt	W	Thermal	conductivity	watt	per	metre	Kelvin	W/mK	Electric	charge	coulomb	C	Voltage,	e.m.f.,	pot.	diff.	volt	V	Electric	field	strength	volt	per	metre	V/m	Electric	resistance	ohm		Electric	capacitance	farad	F	Electric	inductance	Henry	H	Electric	conductance	siemen	S	Resistivity	ohm	metre	m
Permittivity	farad	per	metre	F/m	Permeability	Henry	per	metre	H/m	Current	density	ampere	per	square	metre	A/m2	Magnetic	flux	Weber	Wb	Magnetic	flux	density	tesla	T	Magnetic	field	strength	ampere	per	metre	A/m	Frequency	hertz	Hz	Luminous	flux	lumen	lm	Luminance	candela	per	square	metre	cd/m2	Illumination	lux	lx	Molar	volume	cubic
metre	per	mole	m3/mol	Molarity	mole	per	kilogram	mol/kg	Molar	energy	joule	per	mole	J/mol	1.5 	Advantages	of	S.I.	Units	Although	there	are	several	advantages	of	S.I.	units	yet	the	following	are	important	from	the	subject	point	of	view:	1.	S.I.	unit	measurement	is	a	coherent	system	of	units,	i.e.,	a	system	based	on	a	certain	set	of	fundamental	units,
from	which	all	derived	units	are	obtained	by	multiplication	or	division	without	introducing	numerical	factors.	Units,	Dimensions	and	Standards 	5	2.	S.I.	unit	measurement	is	a	rational	system	of	units,	as	it	assigns	only	one	unit	to	a	particular	quantity.	For	example,	joule	is	the	unit	assign	to	all	types	of	energies.	This	is	not	so	in	other	system	of	units.
For	example,	in	MKS	system	of	units,	mechanical	energy	is	in	joules,	heat	energy	is	in	calories	and	electrical	energy	is	in	Kilowatt	hour.	3.	S.I.	unit	measurement	system	is	an	absolute	system	of	units.	There	are	no	gravitational	systems	of	units	in	this	system.	Thus	the	use	of	factor	‘g’	is	eliminated.	4.	S.I.	unit	measurement	system	is	a	metric	system,
i.e.,	the	multiples	and	the	submultiples	of	units	are	expressed	as	the	exponents	of	10.	5.	In	the	current	electricity,	the	absolute	unit	of	electrical	quantities	like	ampere	(A)	for	electric	current,	volt	(V)	for	potential	difference,	ohm	()	for	resistance,	Henry	(H)	for	inductance,	farad	(f)	for	capacitance	and	so	on,	happens	to	be	the	practical	units	of	these
quantities.	The	S.I.	system	of	units	applies	to	all	branches	of	science,	but	the	MKS	system	of	units	is	confined	to	mechanics	only.	1.6 	Disadvantages	of	S.I.	Units	Following	are	some	of	the	disadvantages	of	S.I	units:	1.	The	non	S.I.	“time	units”	minute	and	hour	will	still	continue	to	be	used	until	the	clocks	and	watches	are	all	changed	to	kilo	seconds
and	mega	second	etc.	2.	The	base	unit	kilogram	(kg)	includes	a	prefix,	which	creates	an	ambiguity	in	the	use	of	multipliers	with	gram.	1.7 	Prefixes	and	Suffixes	It	is	often	convenient	to	use	units	which	are	a	multiple	or	fraction	of	the	basic	unit.	The	metric	system,	formally	known	as	the	International	System	of	Units,	defines	a	number	of	prefixes	to
denote	powers	of	ten.	The	current	official	set	is	tabulated	here:	Prefixes	used	by	the	International	System	of	Units	(S.I.)	Prefixes	used	by	the	International	System	of	Units	(S.I.)	are	shown	in	Table	1.5.	Table	1.5	Prefix	Factor	Symbol	18	E	Peta	10	15	P	Tera	1012	T	Exa	10	Giga	10	9	G	Mega	106	M	kilo	10	3	k	Hector	102	h	Deca	10	da	Deci	10–1	d	–2	c
Milli	10	–3	m	Micro	10–6		–9	n	Pico	10	–12	p	Femto	10–15	f	–18	a	Centi	Nano	Atto	10	10	10	6 	Electronic	Measurements	&	Instrumentation	1.8 	S.I.	Electrical	Units	Table	1.6	below	shows	the	S.I	Units	for	electrical	quantities.	Table	1.6	Physical	Quantity	SI	Unit	frequency	Quantity	symbol	v,	f	hertz	Unit	Expression	in	Alternative	Symbol	SI	base	units
expressions	Hz	s–1	-	force	F	newton	N	kg	m	s–2	J	m–1	pressure	p	pascal	Pa	kg	m–1	s–2	N	m–2	energy	(all	forms)	E,	U,	V,	W	etc.	joule	J	2	–2	Nm	=	C	V	=	V	A	s	2	–3	J	s–1	=	VA	2	–3	kg	m	s	power	P	watt	W	kg	m	s	electric	charge	Q	coulomb	C	As	–1	J	A–1	s–1	=	J	C–1	electric	potential	difference	E,	j,	z,	F,	h	etc.	volt	V	kg	m	s	A	electrical	capacitance	C	farad
F	A2	s4	kg–1	m–2	C	V–1	electrical	resistance	R	ohm	W	kg	m2	s–3	A–2	siemens	S	A2	s3	kg–1	m–2	A	V–1	=	–1	electrical	conductance	G	V	A–1	magnetic	flux	F	weber	Wb	kg	m2	s–2	A–1	V	s	=	T	m2	magnetic	induction	B	tesla	T	kg	s–2	A–1	Wb	m–2	=	N	A–1	m–1	inductance	L,	M	henry	H	kg	m	s	A	V	A–1	s	=	Wb	A–1	luminous	flux	F	lumen	lm	cd	sr	-	degree
Celsius	°C	K	-	radian	mm–1	dimensionless	2	dimensionless	lux	Celsius	temperature	t	plane	angle	a,	b,	g,	q,	F	lx	steradian	rad	sr	–2	–2	lm	m–2	E	w,		–2	cd	sr	m	illumination	solid	angle	2	–2	m	m	1.9 	S.I.	Unit	for	Temperature	The	S.I.	unit	for	temperature	is	the	Kelvin	(K).	Temperature	can	be	expressed	using	three	different	scales:	Fahrenheit,	Celsius,
and	Kelvin.	Although	0	K	is	much	colder	than	0°C,	a	change	of	1°	K	is	equal	to	a	change	of	1°C.	Three	temperature	scales	are	shown	in	Fig.	1.1.	Fahrenheit	Water	boils	...............................	212°	Celsius	............................	100°	Kelivin	............................	303	.............	Body	temperature	....................	98.6°	..............................	37°	............................	310
.............	Room	temperature	....................	68°	..............................	20°	............................	293	.............	Water	freezes	.............................	32°	................................	0°	............................	273	.............	Fig.	1.1.	Units,	Dimensions	and	Standards 	7	Table	1.7	shows	the	conversion	of	temperature	from	degree	Celsius	to	Farenheit	or	Kelvin	and	vice	versa.	Go
through	the	examples	for	more	clarity.	Table	1.7	To	convert	Use	this	equation	Example	Celsius	to	Fahrenheit	°C		°F	æ9	ö	°F	=	ç	×	°C		+	32	è5	ø	Convert	45°C	to	°F.	Fahrenheit	to	Celsius	°F		°C	°C	=	5	×	(°F	–	32)	9	9	°F	=	æç	×	45°C	ö	è5	ø	Convert	68°F	to	°C	5	°C	=	×	(68°F	–	32)	=	20°C	9	Celsius	to	Kelvin	°C		K	K	=	°C	+	273	Convert	45°C	to	K.	K	=
45°C	+	273	=	318	K	Kelvin	to	Celsius	K		°C	°C	=	K	–	273	Convert	32	K	to	°C.	°C	=	32	K	–	273	=	–241	°C	1.10 	Other	Unit	Systems	There	are	various	unit	systems	that	have	been	derived	in	the	past	and	were	used	in	different	parts	of	the	world.	These	systems	are	given	below:	Systems	of	Mechanical	Units	There	are	four	general	systems	of	mechanical
units	used	in	engineering.	All	these	systems	are	given	below:	(a)	FPS	System.	In	FPS	system	the	units	of	fundamental	quantities,	length,	mass	and	time	are	foot,	pound	and	second	respectively.	(b)	English	System.	The	English	system	of	units	uses	the	foot	(ft),	the	pound-mass	(lb),	and	the	second	(s)	as	the	three	fundamental	units	of	length,	mass	and
time	respectively.	For	example	the	unit	of	density	will	be	expressed	in	lb/ft3	and	unit	of	acceleration	in	ft/s2.	(c)	CGS	System.	In	CGS	system	the	units	of	fundamental	quantities,	length,	mass	and	time	are	centimetre,	gram	and	second	respectively.	(d)	MKS	System.	In	MKS	system	the	units	of	fundamental	quantities,	length,	mass	and	time	are	metre,
kilogram	and	second	respectively.	Systems	of	Electrical	Units	The	three	basic	concepts	and	three	fundamental	units	are	sufficient	for	description	and	measurement	in	mechanical	science,	experience	shows	that,	in	electrical	science,	four	concepts	or	dimensions	and	four	arbitrarily	defined	fundamental	units	are	necessary	to	obtain	a	complete	system
of	dimensions	and	units.	At	least	one	of	these	four	units	must	be	electrical	in	character.	The	various	electrical	unit	systems	used	are:	(a)	The	CGS	Electrostatic	System	of	Units	(CGS	ESU).	It	is	an	absolute	system	based	on	the	centimetre,	gram	and	second	as	the	fundamental	mechanical	units	and	permittivity	(ε)	of	medium	as	fourth	fundamental	unit.
The	unit	of	permittivity	is	of	such	a	size	that	the	measured	number	of	permittivity	for	free	space	is	unity.	(b)	The	CGS	Electromagnetic	System	of	Units	(CGS	EMU).	It	is	another	absolute	system	based	on	the	centimetre,	gram	and	second	as	the	fundamental	mechanical	units	and	permeability	()	of	medium	as	fourth	fundamental	unit.	The	unit	of
permeability	is	of	such	a	size	that	the	measured	number	of	permeability	for	free	space	is	unity.	8 	Electronic	Measurements	&	Instrumentation	(c)	The	MKS	System	of	Units.	It	is	an	absolute	system	based	on	the	metre,	kilogram	and	second	as	the	fundamental	mechanical	units	and	permeability	()	of	medium	as	fourth	fundamental	unit.	The	unit	of
permeability	is	of	such	a	size	that	the	measured	number	of	permeability	for	free	space	is	10–7.	1.11 Dimensions	The	unique	quality	of	every	quantity	which	distinguishes	it	from	all	other	quantities	is	called	dimension.In	mechanics	the	three	fundamental	units	are	length,	mass	and	time.	Their	dimensional	symbols	are:	Length	=	[L],	Mass	=	[M],	Time
=	[T]	There	are	some	more	units	which	are,	charge,	temperature	and	current.	Charge	=	[Q],	Temperature	=	[K],	Current	=	[I]	The	square	brackets	indicate	the	dimensional	notation	only.The	system	of	unit	employs,	mass,length,	time	and	charge	as	four	fundamental	concepts.	The	system	of	unit	employing	mass,	length,	time	and	current	as	four
fundamental	concepts	is	termed	as	S.I.	system.	The	dimension	of	various	electrical	and	magnetic	quantities	can	be	derived	from	the	known	relationship	between	them.	Some	are	given	below:	1.	Current	=	[I]	2.	Charge	Charge	is	the	quantity	of	electricity	=	Current	×	Time	[Q]	=	[IT]	3.	Potential	Difference	Potential	Difference	=	(Work	done)/(Quantity
of	electricity)	[V]	=	[E	]	[M	L2	T	−2	]	=	=	[M	L2	T–3	I–1]	[Q]	[IT	]	4.	Resistance	Resistance	=	Potential	Difference	Current	[V]	[M	L2	T	−3	I	−1	]	=	=	[M	L2	T–3	I–2]	[	I]	[	I]	The	various	powers	of	the	fundamental	units	represent	the	dimensions	of	any	derived	unit.	For	example	the	dimension	symbols	for	the	derived	unit	of	speed	is	LT–1	and	that	for
acceleration	is	LT–2.	All	other	mechanical	quantities	are	expressed	in	terms	of	three	fundamental	quantities	i.e.	length,	mass	and	time.	[R]	=	1.12 Standards	A	standard	of	measurement	is	a	physical	representation	of	a	unit	of	measurement.	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	international	system	(SI)	is	the	kilogram,	defined	as	the	mass	of	a	cubic	decimetre	of	water	as	its	temperature	of	maximum	density	of	400°C.	1.13 	Classification	of	Standards	The	standards	are	classified	according	to	their	function	and	application	in	following	type:	1.
International	Standards	2.	Primary	Standards	Units,	Dimensions	and	Standards 	9	3.	Secondary	Standards	4.	Working	Standards	1.14 	International	Standards	The	international	standards	are	defined	by	international	agreement.	They	represent	certain	units	of	measurement	to	the	closest	possible	accuracy	that	production	and	measurement
technology	allow.	These	standards	are	periodically	checked	by	absolute	measurements	in	terms	of	the	fundamental	units.	These	standards	are	maintained	at	international	bureau	of	weights	and	measure	and	are	not	available	to	the	ordinary	users	for	measurements.	International	ohm:	It	is	defined	as	the	resistance	offered	by	a	column	of	mercury
having	a	mass	of	14.4521	grams,	uniform	cross-section	areas	length	of	106.300	cm,	to	the	flow	of	constant	current	at	the	melting	point	of	ice.	International	ampere:	It	is	an	unvarying	current,	which	when	passed	through	a	solution	of	silver	nitrate	in	water	deposits	silver	at	the	rate	0.00111800	grams/sec	(g/s).	1.15 	Primary	Standards	The	primary
(basic)	standards	are	maintained	by	national	standards	laboratories	in	different	parts	of	the	world.	A	primary	standard	is	a	standard	that	is	accurate	enough	that	it	is	not	calibrated	by	or	subordinate	to	other	standards.	The	main	function	of	the	primary	standards	is	the	calibration	and	verification	of	secondary	standards.	These	standards	are	not
available	for	use	outside	the	national	laboratories.	1.16 	Secondary	Standards	Secondary	standards	are	the	basic	reference	standards	used	in	industrial	measurement	laboratories.	These	standards	are	maintained	by	the	particular	involved	industry	and	are	checked	locally	against	other	reference	standards	in	area.	Secondary	standards	are	generally
sent	to	the	international	standards	laboratories	on	a	periodic	basis	for	calibration	and	comparison	against	the	primary	standards.	They	are	then	returned	to	the	industrial	user	with	certification	of	their	measured	value	in	terms	of	the	primary	standard.	1.17 	Working	Standards	Working	standards	are	the	principle	tools	of	a	measurement	laboratory.
They	are	used	to	check	laboratory	instruments	for	accuracy	and	performance.	These	standards	are	used	to	perform	comparison	measurements	in	industrial	application.	For	example,	manufacturers	of	components	such	as	capacitors,	resistors	etc.	use	a	standard	called	a	working	standard	for	checking	the	component	values	being	manufactured,	e.g.	a
standard	capacitor	for	checking	of	capacitance	value	manufactured.	SUMMARY	In	this	chapter	you	have	learned	that:	1.	The	standard	measurement	of	each	kind	of	physical	quantity	is	known	as	Unit.	2.	The	units	which	are	independent	and	are	not	related	to	each	other	are	known	as	fundamental	units.	3.	The	international	system	of	units	consists	of	a
set	of	units	together	with	a	set	of	prefixes.	4.	The	unique	quality	of	every	quantity	which	distinguishes	it	from	all	other	quantities	is	called	dimension.	5.	A	standard	of	measurement	is	a	physical	representation	of	a	unit	of	measurement.	6.	The	international	standards	are	defined	by	international	agreement.	10 	Electronic	Measurements	&
Instrumentation	7.	The	main	function	of	the	primary	standards	is	the	calibration	and	verification	of	secondary	standards.	8.	Secondary	standards	are	maintained	by	the	particular	involved	industry	and	are	checked	locally	against	other	reference	standards	in	area.	9.	Working	standards	are	used	to	check	and	laboratory	instruments	for	accuracy	and
performance.	GLOSSARY	Derived	units:	The	units	which	are	derived	from	fundamental	units	or	which	can	be	expressed	in	terms	of	the	fundamental	units	are	called	derived	units.	Dimension:	The	unique	quality	of	every	quantity	which	distinguishes	it	from	all	other	quantities	is	called	dimension.	Fundamental	Unit:	The	units	which	are	independent	and
are	not	related	to	each	other	are	known	as	fundamental	units.	International	System:	The	international	system	of	units	consists	of	a	set	of	units	together	with	a	set	of	prefixes.	Primary	Standards:	The	primary	(basic)	standards	are	maintained	by	national	standards	laboratories	in	different	parts	of	the	world.	Secondary	standards:	Secondary	standards
are	the	basic	reference	standards	used	in	industrial	measurement	laboratories.	Standard:	A	standard	of	measurement	is	a	physical	representation	of	a	unit	of	measurement.	Unit:	The	standard	measurement	of	each	kind	of	physical	quantity	is	known	as	Unit.	DESCRIPTIVE	QUESTIONS	1.	What	is	a	unit?	Explain	briefly.	2.	What	are	the	different	types
of	the	units?	3.	What	is	a	Derived	unit?	4.	What	are	the	Fundamental	units?	5.	Which	types	of	the	units	are	mostly	used	in	the	field	of	engineering?	6.	What	are	the	Standards?	7.	Describe	the	Classification	of	different	Standards?	8.	What	is	the	difference	between	the	unit	and	standard?	9.	Explain	the	Difference	between	the	Primary	and	Secondary
Standard.	10.	Explain	the	Difference	between	the	Fundamental	and	Derived	Unit.	MULTIPLE	CHOICE	QUESTIONS	1.	The	unit	of	quantity	of	electricity	is	(a)	volt	(b)	coulomb	2.	Electromotive	force	is	provided	by	(a)	resistance	(c)	an	electric	current	3.	The	coulomb	is	a	unit	of	(a)	power	(c)	energy	(c)	ohm	(d)	joule	(b)	a	conducting	path	(d)	an	electrical
supply	source	(b)	voltage	(d)	quantity	of	electricity	Units,	Dimensions	and	Standards 	11	4.	In	order	that	work	may	be	done	(a)	a	supply	of	energy	is	required	(c)	coal	must	be	burnt	5.	The	ohm	is	a	unit	of	(a)	charge	(c)	power	6.	The	unit	of	current	is	the	(a)	volt	(c)	joule	7.	Value	of	Femto	is	(a)	10–9	(c)	10–15	(b)	the	circuit	must	have	a	switch	(d)	two
wires	are	necessary	(b)	resistance	(d)	current	(b)	coulomb	(d)	ampere	(b)	10–12	(d)	10–18	ANSWERS	1.	(b)	7.	(c)	2.	(c)	3.	(d)	4.	(a)	5.	(b)	6.	(d)	Chapter	2	Measurement	Errors	Outline	2.2.	Methods	of	Measurements	2.4.	Classification	of	Secondary	Instruments	2.6.	Static	Characteristics	2.8.	Conformity	2.10.	Resolution	2.12.	Measurement	Error	2.14.
Systematic	Errors	2.16.	Absolute	Error	2.18.	Concept	Map	2.20.	Statistical	Analysis	2.22.	Deviation	from	the	Mean	2.24.	Standard	Deviation	2.1.	Introduction	2.3.	Classification	of	Instruments	2.5.	Characteristics	of	Measurement	Systems	2.7.	Accuracy	and	Precision	2.9.	Significant	Figures	2.11.	Dynamic	Characteristics	2.13.	Gross	Error	2.15.
Random	Errors	2.17.	Relative	error	2.19.	Basis	of	Statistical	Analysis	2.21.	Arithmetic	Mean	2.23.	Average	Deviation	2.25.	Variance	or	Mean	Square	Deviation	Objectives	After	completing	this	chapter,	you	should	be	able	to:		Understand	the	concept	of	an	error	in	the	instruments.		Explain	the	different	types	of	errors.		Understand	the	difference
between	accuracy	and	precision.		Explain	the	significant	figure	and	resolution.		Describe	the	statistical	analysis	of	errors.		Understand	the	arithmetic	mean,	deviation	mean,	average	deviation,	standard	deviation	and	variance	2.1 Introduction	An	instrument	is	a	device	for	determining	the	value	or	magnitude	of	a	quantity	or	variable.	As	technology
expands	the	demand	for	more	accurate	instruments	increase	and	produces	new	developments	in	instrument	design	and	application.	On	the	other	hand,	measurement	is	a	process	by	which	one	can	convert	physical	parameters	to	meaningful	number.	12	Measurement	Errors 	13	This	chapter	provides	an	introduction	to	different	types	of	error	in
measurement	and	to	the	methods	generally	used	to	express	errors,	in	term	of	the	most	reliable	value	of	the	measured	variable.	2.2 	Methods	of	Measurements	The	methods	of	measurements	may	be	classified	according	to	following	types:	1.	Direct	Methods.	In	the	direct	method	of	measurement,	we	compare	the	unknown	quantity	directly	with	the
primary	or	secondary	standard.	For	example	if	we	want	to	measure	the	length	of	the	bar,	we	will	measure	it	with	the	help	of	the	standard	measuring	tape	or	scale	that	acts	as	the	secondary	standard.	Here	we	compare	the	unknown	quantity	directly	with	the	standard	scale.	The	scale	is	expressed	as	a	numerical	number	and	a	unit.	The	direct
comparison	method	of	measurement	is	not	always	accurate.	In	above	example	of	measuring	the	length,	there	is	limited	accuracy	with	which	our	eye	can	read	the	readings,	which	can	be	about	0.01	inch.	Here	the	error	does	not	occur	because	of	the	error	in	the	standards,	but	because	of	the	human	limitations	in	taking	the	readings.	2.	Indirect	Methods.
There	are	number	of	quantities	that	cannot	be	measured	directly	by	using	some	instrument.	For	instance	we	cannot	measure	the	strain	in	the	bar	due	to	applied	force	directly.	In	such	cases	indirect	methods	of	measurements	are	used.	In	this	method	the	unknown	quantity	to	be	measured	is	converted	into	some	other	measurable	quantity.	Then	we
measure	the	measureable	quantity.	For	example	the	strain	can	be	measured	in	terms	of	the	electrical	resistance	of	the	bar.	2.3 	Classification	of	Instruments	The	instruments	may	be	classified	according	to	the	following	types:	1.	Electrical	and	Electronic	Instruments.	The	measuring	instrument	that	uses	mechanical	movement	of	electromagnetic
meter	to	measure	voltage,	current,	power,	etc.	is	called	electrical	measuring	instrument.	These	instruments	use	the	d’Arsonval	meter.	While	any	measurement	system	that	uses	d’Arsonval	meter	with	amplifiers	to	increase	the	sensitivity	of	measurements	is	called	electronic	instrument.	2.	Analogue	and	Digital	Instruments.	An	analogue	instrument	is
the	instrument	that	uses	analogue	signal	to	display	the	magnitude	of	quantity	under	measurement.	The	digital	instrument	uses	digital	signal	to	indicate	the	results	of	measurement	in	digital	form.	3.	A	bsolute	and	Secondary	Instruments.	In	absolute	instrument	the	measured	value	is	given	in	term	of	instrument	constants	and	the	deflection	of	one	part
of	the	instrument	e.g.	tangent	galvanometer.	In	these	instruments	no	calibrated	scale	is	necessary.	While	in	secondary	instruments,	the	quantity	of	the	measured	values	is	obtained	by	observing	the	output	indicated	by	these	instruments.	2.4 	Classification	of	Secondary	Instruments	The	secondary	instrument	may	be	classified	into	the	following
categories:	1.	Indicating	Instruments.	The	magnitude	of	quantity	being	measured	is	obtained	by	deflection	of	the	pointer	on	scale,	and	the	output	is	indicated	either	in	analogue	or	digital	form	like	ammeter,	voltmeter,	and	wattmeter.	Three	forces	were	acting	on	the	pointer	to	deflect	it	in	proportional	to	the	quantity	being	measured,	these	forces	are	of
the	following	types:	(a)	Deflecting	Force.	This	force	gives	the	pointer	the	initial	force	to	move	it	from	zero	position,	it’s	also	called	deflecting	force.	(b)	Controlling	Force.	This	force	control	and	limits	the	deflection	of	the	pointer	on	scale	which	must	be	proportional	to	the	measured	value,	and	also	ensure	that	the	deflection	is	always	the	same	for	the
same	values.	14 	Electronic	Measurements	&	Instrumentation	(c)	Damping	Force.	This	force	is	necessary	to	bring	the	pointer	quickly	to	the	measured	value,	and	then	stop	without	any	oscillation.	2.	Recording	Instruments.	An	instrument	which	makes	a	record	in	any	recorded	medium	of	the	quantity	being	measured	in	order	to	save	information	and
use	it	in	another	time.	The	instruments	like	recording	devices,	X-Y	plotter,	and	oscilloscope	and	recording	instruments.	3.	Controlling	Instruments.	These	instruments	give	information	to	control	the	original	measured	quantity	or	control	the	other	devices,	like	a	computer.	2.5 	Characteristics	of	Measurement	Systems	The	characteristics	of
measurement	systems	are	classified	in	to	the	following	two	types:	1.	Static	Characteristics	2.	Dynamic	Characteristics	Both	characteristics	of	measurements	systems	are	discussed	one	by	one	in	the	following	pages.	2.6 	Static	Characteristics	The	static	characteristic	of	a	measurement	instrument	is	the	characteristics	of	the	system	when	the	input	is
either	held	constant	or	varying	very	slowly.	The	static	characteristics	are	of	the	following	types:	1.	Sensitivity.	The	sensitivity	of	measurement	is	a	measure	of	the	change	in	instrument	output	that	occurs	when	the	quantity	being	measured	changes	by	a	given	amount	2.	Linearity.	It	is	normally	desired	that	the	output	reading	of	the	instrument	is
linearly	proportional	to	the	quantity	being	measured.	An	instrument	is	considered	linear	if	the	relationship	between	output	and	input	can	be	fitted	in	a	line	if	it	is	not	a	straight	line	it	should	not	be	concluded	that	the	instrument	is	inaccurate,	it	is	a	misconception.	3.	Reproducibility.	In	the	measurement,	the	given	value	may	be	repeated	or	measured
assuming	that	environmental	conditions	are	same	for	each	measurement.	We	say	that	the	measuring	instruments	have	a	certain	amount	of	inherent	uncertainty	in	their	ability	to	reproduce	the	same	output	reading	after	some	time.	4.	Range	and	Span.	It	defines	the	maximum	and	minimum	values	of	the	inputs	or	the	outputs	for	which	the	instrument	is
recommended	to	use.	For	example,	for	a	temperature	measuring	instrument	the	input	range	may	be	100-500°C	and	the	output	range	may	be	4-20	mA.	Span	is	algebraic	difference	of	the	upper	and	lower	limits	of	the	range.	5.	Static	Error.	This	error	shows	the	deviation	of	the	true	value	from	the	desired	value.	6.	Loading	Effects.	It’s	the	change	of
circuit	parameter,	characteristic,	or	behaviour	due	to	instrument	operation.	7.	Accuracy	and	Precision.	Refer	to	Art	2-7	for	details	about	accuracy	and	precision.	8.	Resolution.	Refer	to	Art	2-10	for	details	on	resolution.	2.7 	Accuracy	and	Precision	Accuracy	is	a	closeness	with	which	the	instrument	reading	approaches	the	true	value	of	the	variable
under	measurement.	Accuracy	is	the	degree	to	which	instrument	reading	match	the	true	or	accepted	values.	It	indicates	the	ability	of	instrument	to	indicate	the	true	value	of	the	quantity.	Accuracy	refers	to	how	closely	the	measured	value	of	a	quantity	corresponds	to	its	“true”	value.	Precision	is	a	measure	of	the	reproducibility	of	the	measurement
i.e.,	its	measure	of	the	degree	to	which	successive	measurements	differ	from	one	other.	It	is	the	degree	of	agreement	within	a	group	of	measurements	or	instruments.	For	example	if	any	resistance	has	true	value	3.385,695	W,	it	always	read	3.4	MW	in	scale	reading.	Measurement	Errors 	15	Let	us	consider	two	voltmeters	of	the	same	model,	both
meters	have	knife-edged	pointers	and	mirror-backed	scales	to	avoid	parallax,	and	they	have	calibrated	scales.	They	may	therefore	be	read	to	the	same	precision.	If	the	value	of	the	resistance	in	one	meter	changes	considerably,	its	reading	may	be	in	error	by	a	fairy	large	amount.	Therefore	the	accuracy	of	the	two	meters	may	be	quite	different.	The
precision	is	composed	of	two	characteristics	1.	Conformity	2.	Significant	Figures	Both	conformity	and	significant	figures	are	discussed	one	by	one	in	the	following	pages.	2.8 Conformity	Consider,	for	example	that	a	resistor,	whose	true	resistance	is	3,385,695	W	is	measured	by	an	ohmmeter.	This	consistently	and	repeatedly	indicates	3.4	MW.	The
observer	cannot	read	the	true	value	from	the	scale.	He	estimates	from	the	scale	reading	consistently	a	value	of	3.4	MW.	This	is	as	close	to	the	true	value	as	he	can	read	the	scale	by	estimation.	Although	there	are	no	deviations	from	the	observed	value,	the	error	created	by	the	lamination	of	the	scale	reading	is	a	precision	error.	The	conformity	is
necessary	in	measurements.	2.9 	Significant	Figures	An	indication	of	the	precision	of	the	measurement	is	obtained	from	the	number	of	significant	figures	in	which	the	result	is	expressed.	Significant	figures	convey	actual	information	regarding	the	magnitude	and	the	measurement	precision	of	a	quantity.	For	example,	if	a	resistor	is	specified	as	having
a	resistance	of	65	W,	its	resistance	value	should	be	closer	to	65	W	than	to	64	W	or	66	W.	If	the	value	of	resistor	is	described	as	65.0	W,	it	means	that	its	resistance	is	close	to	65.0	W	than	it	is	to	64.9	W	or	65.1	W.	In	65	W	there	are	two	significant	figures	6	and	5,	while	in	65.0	W	there	are	three	significant	figures	6,	5	and	0.	Example	2.3.	Three	resistors
have	values	72.3,	2.73	and	0.612	W	respectively	with	uncertainty	of	one	unit	in	the	last	figure	in	each	case.	Find	the	sum	of	three	resistors	connected	in	series.	Solution.	Given:	R1	=	72.3	W,	R2	=	2.73	W	and	R3	=	0.612	W.	We	know	that	the	resistors	are	in	series,	RS	=	R1	+	R2	+	R3	=	72.3	+	2.73	+	0.612	=	75.642	W	The	result	cannot	be	expressed
as	75.642	W	as	even	the	figure	in	the	tenth	place	i.e.	6	is	in	doubt.	Therefore	the	resultant	resistance	is	75.6	W	with	6	as	first	doubtful	figures.	Ans.	2.10 Resolution	Resolution	is	the	smallest	amount	of	input	signal	change	that	the	instrument	can	detect	reliably.	If	the	input	is	slowly	increased	from	some	arbitrary	input	value,	it	will	again	be	found
that	output	does	not	change	at	all	until	a	certain	increment	is	exceeded.	This	increment	is	called	resolution	or	discrimination	of	the	instrument.	Thus	the	smallest	increment	in	input	which	can	be	detected	with	certainty	by	an	instrument	is	its	resolution	or	discrimination.	Example	2.4.	A	digital	voltmeter	has	a	read-out	reading	from	0	to	9,999	counts.
Determine	the	resolution	of	the	instrument	in	volt	when	the	full	scale	reading	is	9.999	V.	Solution.	The	resolution	of	this	instrument	is	1	or	1	count	in	9,999.	1	1	Resolution	=	count	=	×	9.999	volt	9999	9999	=	10–3	V	=	1	mV	Ans.	16 	Electronic	Measurements	&	Instrumentation	2.11 	Dynamic	Characteristics	The	dynamic	characteristics	of	a
measurement	instrument	describe	the	behavior	of	the	instrument	when	the	desired	input	is	not	constant	but	varies	rapidly	with	the	time.	Following	are	the	main	types	of	dynamic	characteristics:	1.	Speed	of	Response.	It	is	defined	as	a	rapidity	with	which	a	measurement	system	responds	to	a	change	in	measured	quantity.	It	gives	information	about
how	fast	the	system	reacts	to	the	changes	in	the	input.	2.	Measuring	lag.	Every	instrument	takes	some	time	to	respond	to	the	change	in	the	measured	variable.	This	retardation	or	delay	in	the	response	of	the	instrument	is	called	measuring	lag.	The	measuring	lag	is	of	the	following	two	types:	(a)	Retardation	Lag.	The	response	of	measurement	system
begins	immediately	after	a	change	in	measured	quantity	has	occurred.	(b)	Time	Delay	Lag.	The	measurement	lags	of	this	type	are	very	small	and	are	of	the	order	of	a	fraction	of	a	second	and	hence	can	be	ignored.	In	this	case,	response	begins	after	the	application	of	input	and	is	called	after	“dead	time”.	Such	a	delay	shifts	the	response	along	time	axis
and	hence	causes	the	dynamic	error.	The	largest	change	of	input	quantity	for	which	there	is	no	change	in	the	measured	quantity	is	known	as	dead	zone.	3.	Fidelity.	It	is	the	ability	of	an	instrument	to	produce	a	wave	shape	identical	to	wave	shape	of	input	with	respect	to	time.	It	also	shows	the	change	in	quantity	without	dynamic	error.	4.	Dynamic
Error.	It	is	the	difference	between	the	true	value	changing	with	time	&	value	indicated	by	measuring	system	without	static	errors.	2.12 	Measurement	Error	No	measurement	can	be	made	with	perfection	and	accuracy,	but	it	is	important	to	find	out	what	the	accuracy	actually	is	and	how	different	errors	have	entered	into	the	measurement.	Error
occurs	due	to	several	sources	like	human	carelessness	in	taking	reading,	calculating	and	in	using	instrument	etc.	Some	of	the	time	error	is	due	to	instrument	and	environment	effects.	Errors	come	from	different	sources	and	are	classified	in	three	types:	1.	Gross	Error	2.	Systematic	Errors	3.	Random	Errors	2.13 	Gross	Error	The	gross	error	occurs
due	to	the	human	mistakes	in	reading	or	using	the	instruments.	These	errors	cover	human	mistakes	like	in	reading,	calculating	and	recordings	etc.	It	sometimes	occurs	due	to	incorrect	adjustments	of	instruments.	The	complete	elimination	of	gross	errors	is	impossible,	but	we	can	minimize	them	by	the	following	ways:	1.	It	can	be	avoided	by	taking
care	while	reading	and	recording	the	measurement	data.	2.	Taking	more	than	one	reading	of	same	quantity.	At	least	three	or	more	reading	must	be	taken	by	different	persons.	2.14 	Systematic	Errors	A	systematic	error	is	divided	in	three	different	categories:	instrumental	errors,	environmental	errors	and	observational	errors.	Measurement	Errors 
17	1.	Instrumental	Errors	The	instrument	error	generate	due	to	instrument	itself.	It	is	due	to	the	inherent	shortcomings	in	the	instruments,	misuse	of	the	instruments,	loading	effects	of	instruments.	For	example	in	the	D’	Arsonval	movement	friction	in	bearings	of	various	moving	components	may	cause	incorrect	readings.	There	are	so	many	kinds	of
instrument	errors,	depending	on	the	type	of	instrument	used.	Instrumental	errors	may	be	avoided	by	(a)	Selecting	a	suitable	instrument	for	the	particular	measurement	application	(b)	Applying	correction	factors	after	determining	the	amount	of	instrumental	error	(c)	Calibrating	the	instruments	against	a	standard.	2.	Environmental	Errors
Environmental	errors	arise	as	a	result	of	environmental	effects	on	instrument.	It	includes	conditions	in	the	area	surrounding	the	instrument,	such	as	the	effects	of	changes	in	temperature,	humidity,	barometric	pressure	or	of	magnetic	or	electrostatic	fields.	For	example	when	making	measurements	with	a	steel	rule,	the	temperature	when	the
measurement	is	made	might	not	be	the	same	as	that	for	which	the	rule	was	calibrated.	Environmental	errors	may	be	avoided	by	(a)	Using	the	proper	correction	factor	and	information	supplied	by	the	manufacturer	of	the	instrument.	(b)	Using	the	arrangement	which	will	keep	the	surrounding	condition	constant	like	use	of	air	condition,	temperature
controlled	enclosures	etc.	(c)	Making	the	new	calibration	under	the	local	conditions.	3.	Observational	Errors	These	errors	occur	due	to	carelessness	of	operators	while	taking	the	reading.	There	are	many	sources	of	observational	errors	such	as	parallax	error	while	reading	a	meter,	wrong	scale	selection,	the	habits	of	individual	observers	etc.	To
eliminate	such	observational	errors,	one	should	use	the	instruments	with	mirrors,	knife	edged	pointers,	etc.	Now	a	day’s	digital	display	instruments	are	available,	which	are	much	more	versatile.	2.15 	Random	Errors	These	errors	are	due	to	unknown	causes	and	occur	even	when	all	systematic	errors	have	been	accounted	for.	In	some	experiments
some	random	errors	usually	occur,	but	they	become	important	in	high-accuracy	work.	These	errors	are	due	to	friction	in	instrument	movement,	parallax	errors	between	pointer	and	scale,	mechanical	vibrations,	hysteresis	in	elastic	members	etc.	When	we	measure	a	volume	or	weight,	you	observe	a	reading	on	a	scale	of	some	kind.	Scales	by	their	very
nature	are	limited	to	fixed	increments	of	value,	indicated	by	the	division	marks.	The	actual	quantities	we	are	measuring,	in	contrast,	can	vary	continuously.	So	there	is	an	inherent	limitation	in	how	finally	we	can	discriminate	between	two	values	that	fall	between	the	marked	divisions	of	the	measuring	scale.	The	same	problem	remains	if	we	substitute
an	instrument	with	a	digital	display.	There	will	always	be	some	point	at	which	some	value	that	lies	between	smallest	divisions	must	arbitrarily	toggle	between	two	numbers	on	the	readout	display.	This	introduces	an	element	of	randomness	into	the	value	we	observe,	even	if	the	true	value	remains	unchanged.	These	errors	are	of	variable	magnitude	and
sign	and	do	not	obey	any	known	law.	The	presences	of	random	errors	become	evident	when	different	results	are	obtained	on	repeated	measurements	of	one	and	the	same	quantity.	18 	Electronic	Measurements	&	Instrumentation	2.16 	Absolute	Error	Measurement	is	the	process	of	comparing	an	unknown	quantity	with	an	accepted	standard
quantity.	Absolute	error	may	be	defined	as	the	difference	between	the	measured	value	of	the	variable	and	the	true	value	of	the	variable.	dA	=	Am	–	A	where	dA	=	absolute	error	Am	=	expected	value	A	=	measured	value	2.17 	Relative	Error	The	relative	error	is	the	ratio	of	absolute	error	to	the	true	value	of	the	quantity	to	be	measured.
Mathematically,	the	relative	error	can	be	expresses	as,	Absolute	error	δA	=	Relative	error	er	=	true	value	A	when	absolute	error	is	negligible	dA	=	eo,	then	Am	=	A	Relative	limiting	error	er	=	eo	/Am	=	dA/Am	Percentage	error	=	er	×	100	=	eo	/Am	×	100	It	may	be	carefully	noted	that	relative	error	is	the	ratio	of	absolute	error	and	original	value,
where	absolute	error	is	the	difference	between	original	value	and	approximated	value	Absolute	value	×	100	%	Error	=	Expected	value	=	A	−A	δA	×	100	=	m	×	100	Am	Am	The	relative	accuracy,	Relative	Accuracy	=	1	−	Am	−	A	Am	Example	2.1.	A	voltage	has	a	true	value	of	1.50	V.	An	analog	indicating	instrument	with	a	scale	range	of	0-2.50	V	shows
a	voltage	of	1.46	V.	What	is	the	value	of	absolute	error?	Solution.	Given:	Am	=	1.46	and	A	=	1.50.	We	know	that	the	absolute	error,	dA	=	1.46	–	1.50	=	–	0.04	V	Ans.	Example	2.2.	The	expected	value	of	the	voltage	across	a	resistor	is	80	V.	However,	the	measurement	gives	a	value	of	79	V.	Calculate	(i)	absolute	error,	(ii)	%	error,	(iii)	relative	accuracy,
and	(iv)%	of	accuracy.	Solution.	Given:	Am	=	80	and	A=79.	(i)	Absolute	Error	We	know	that	the	absolute	error	is	given	by,	dA	=	Am	–	A	=	80	–	79	=	1	V	Ans.	(ii)	%	Error	We	know	that	the	percentage	error,	Measurement	Errors 	19	%	Error	=	=	A	−A	δA	×	100	=	m	×	100	Am	An	80	−	79	×	100	=	1.25	%	Ans.	100	(iii)	Relative	accuracy	We	know	that
the	relative	accuracy,	Relative	Accuracy	=	1	–	=	1	–	Am	−	A	Am	80	−	79	=	0.9875	Ans.	80	(iv)	%	of	accuracy	We	know	that	%	accuracy,	a	=	Relative	Accuracy×100	=	0.9875	×	100	=	98.75	%	Ans.	Alternatively	percentage	accuracy	by	following	method	also	a	=	100	%	–	%	error	=	100	%	–	1.25	%	=	98.75	%	Ans.	2.18 	Concept	Map	The	different	types



of	error	in	the	measurement	system	are	shown	in	a	concept	map	in	the	Fig.	2.1.	As	seen	from	the	map,	it	describes	how	the	numerical	results	of	measurements	differ	from	pure	numbers,	uncertainty	that	arise	from	systematic	and	random	errors.	It	also	show	what	causes	systematic	error	and	random	error	and	so	on.	2.19 	Basis	of	Statistical	Analysis
Statistical	analysis	is	about	making	sense	of	a	set	of	data	or	a	series	of	observations.	Most	people	whether	they	realize	it	or	not,	have	conducted	some	kind	of	statistical	analysis,	even	something	as	basic	as	balancing	a	cheque	book.	Statistical	analysis	can	summarize	and	even	illuminate	a	set	of	data,	depending	on	type	of	analysis	performed.
Techniques	of	analysis	range	from	simple	measure,	such	as	means	and	standard	deviations,	to	more	complex	analysis	as	regression.	Steps	in	Statistical	Analysis.	The	major	steps	involved	are	statistical	analysis	including	data	collection	and	entry,	examination	of	the	data,	summarizing	the	data	and	reporting	finding.	Steps	in	statistical	analysis	are
given	below:	1.	Data	Collection	and	Entry.	This	is	the	first	step	involved	in	statistical	analysis.	In	some	cases,	data	will	be	available	for	the	problem	under	investigation.	You	might,	for	example,	keep	data	as	a	routine	task.	For	example,	a	teacher	who	keeps	a	record	of	student	grades	on	class	work,	test	and	homework	assignments	is	conducting
statistical	analysis.	In	other	cases,	however,	you	must	collect	your	own	data.	Once	you	collect	your	data,	you	might	need	to	alter	its	format	to	meet	your	analytical	needs.	Data	from	a	customer	satisfaction	survey,	for	example,	has	to	be	numerically	coded	in	such	a	way	that	you	can	analyze	customer	responses.	The	data	for	your	analysis	can	be	entered
into	a	spreadsheet	such	as	Excel.	20 	Electronic	Measurements	&	Instrumentation	Numerical	Results	of	Measurements	differ	from	“pure	numbers	in	that	there	is	always	some	uncertainty	in	the	value	which	can	be	expressed	as	arising	from	Absolute	Uncertainty	Systematic	Error	Random	Error	caused	by	result	in	causes	Relative	Uncertainty	scatter
of	repeated	measurements	“noise”	(fluctuations	in	value)	limit	on	observing	a	continuous	range	of	values	on	a	measuring	scale	having	finite	increments	characterized	by	mean	value	deviation	of	mean	from	“true	value”	range	of	observed	values	determines	determines	accuracy	of	measurement	precision	of	measurement	increases	with	number	of
replicate	measurements	Fig.	2.1.	2.	Visual	Examination.	The	second	step	in	performing	statistical	analysis	is	visual	examination.	It’s	strange	that	even	trained	statisticians	sometimes	do	not	take	the	time	to	examine	their	data	before	conducting	analyses.	At	this	stage	of	the	analysis,	it	is	sometimes	useful	to	produce	some	kind	of	visual	display	or	graph
that	will	tell	you	more	about	data	being	collected.	The	most	appropriate	type	of	graph	will	depend	on	the	type	of	data.	Pie	charts,	for	example,	are	an	excellent	choice	with	financial	or	budget	data.	Other	graphs	include	bar	graphs	and	line	charts.	3.	Data	Summaries.	The	third	step	involved	in	statistical	analysis	is	summarizing	the	data	for	making
meaning	out	of	this	data.	The	purpose	of	summarizing	the	data	is	to	arrive	at	one	of	two	numbers	that	describe	the	characteristics	of	a	much	larger	set	of	data.	A	classroom	teacher,	for	example,	might	calculate	an	average	grade	for	each	student	to	summarize	the	quantity	of	each	student’s	work	over	a	semester	grading	period.	Key	summaries	in	basis
statistical	analyses	include	measures	of	central	tendency	and	measures	of	dispersion	or	spread.	4.	Central	Tendency.	Measures	of	central	tendency	are	generally	known	as	averages	and	include	such	measures	as	the	mean	and	median.	The	mean	is	calculated	by	summing	the	values	in	a	set	of	data	and	dividing	the	total	by	the	number	of	values.	If	the
data	are	arrayed	in	order	from	the	highest	value	to	the	lowest,	the	median	is	the	middle	value,	where	half	of	the	values	are	higher	and	the	other	half	are	lower.	Measurement	Errors 	21	5.	Dispersion.	Measures	of	spread	or	dispersion	include	the	range,	which	is	difference	between	the	highest	and	lowest	values	in	the	data,	and	the	standard	deviation.
The	latter	measure	is	more	complex	to	calculate	and	generally	requires	a	computer	or	at	least	a	calculator.	The	standard	deviation	is	the	square	root	of	the	variance,	which	is	the	mean	of	the	sum	of	squared	deviations	from	the	mean	score.	6.	Presenting	Findings.	You	can	present	the	results	of	your	statistical	analyses	in	the	form	of	tables	or	graphs.
Spreadsheet	programs	such	as	Excel	can	perform	most	basic	statistical	analyses,	as	well	as	present	the	finding	in	tables	or	graphs.	Excel	can	perform	a	variety	of	statistical	procedures,	both	basic	and	advanced.	Spreadsheet	programs,	however,	are	not	specifically	designed	for	more	complicated	analyses.	Many	scientists	and	university	researches	use
specialized	statistical	software	packages	such	as	SPSS	and	SAS	to	analyses	data.	2.20 	Statistical	Analysis	We	have	already	discussed	in	the	last	article	that	statistical	analysis	is	about	making	sense	of	a	set	of	data	or	a	series	of	observations.	The	statistical	analysis	of	“measurement	data”	is	important	because	it	allows	an	analytical	determination	of
the	uncertainty	of	the	final	test	result.	To	make	statistical	analysis	meaningful,	a	large	number	of	measurements	are	usually	required.	The	systematic	and	random	errors	are	evaluated	and	studied	by	statistical	procedures.	The	systematic	errors	should	be	small	as	compared	to	random	errors,	because	statistical	data	cannot	remove	fixed	bias	contained
in	all	the	measurements.	The	mathematical	analysis	of	the	various	measurements	is	called	statistical	analysis	of	data.	For	statistical	analysis,	the	same	reading	is	taken	number	of	times	by	using	different	instruments	in	different	ways.	The	analysis	of	data	is	done	by	different	method	as	listed	below:	1.	Arithmetic	Mean	2.	Deviation	from	the	Mean	3.
Average	Deviation	4.	Standard	Deviation	5.	Variance	Now	we	shall	discuss	all	these	methods	one	by	one	in	the	following	pages.	2.21 	Arithmetic	Mean	The	arithmetic	mean	is,	also	called	the	average	or	average	value,	it	is	the	quantity	obtained	by	summing	two	or	more	numbers	or	variables	and	then	dividing	by	the	number	of	numbers	or	variables.
The	arithmetic	mean	is	important	in	statistics.	The	best	approximation	will	be	made	when	the	number	of	readings	of	the	same	quantity	is	very	large.	Theoretically,	an	infinite	number	of	readings	would	give	the	best,	although	in	practice,	only	a	finite	number	of	measurements	can	be	made.	The	arithmetic	mean	is	given	by	the	following	expression.	x	+
x2	+	x3	+	x4	+	....	+	xn	∑x	x	=	1	=	n	n	Where	and	x	=	arithmetic	mean	x1,	x2,	x3,	...,	xn	=	the	readings	taken	n	=	number	of	readings	22 	Electronic	Measurements	&	Instrumentation	2.22 	Deviation	from	the	Mean	Deviation	is	the	departure	of	a	given	reading	from	the	arithmetic	mean	of	the	group	of	readings.	Let	the	deviation	of	the	first	reading,
x1	be	d1,	and	for	the	second	reading,	x2	be	d2	and	so	on.	Then	deviations	from	the	mean	can	be	expressed	as	d1	=	x1	−	x	d2	=	x2	−	x	dn	=	xn	−	x	and	where	d1,	d2,	d3,	...,	dn	=	deviation	The	deviation	from	the	mean	may	have	a	positive	or	a	negative	value	and	the	algebraic	sum	of	all	deviations	must	be	zero.	2.23 	Average	Deviation	The	average
deviation	is	an	indication	of	the	precision	of	the	instruments	used	in	making	the	measurements.	The	average	deviation	is	the	sum	of	the	absolute	values	of	the	deviations	divided	by	the	number	of	readings.	The	absolute	value	of	the	deviation	is	the	value	without	the	sign.	Average	deviation	is	expressed	as	|	d	|	+	|	d	2	|	+	|	d3	|	+	...	+	|	d	n	|	∑|	d	|	=	D	=
1	n	n	where	D	=	average	deviation	2.24 	Standard	Deviation	It	shows	how	much	variation	there	is	from	the	average	(mean)	value.	It	also	knows	as	rootmean–square	deviation.	The	standard	deviation	s	of	an	infinite	number	of	data	is	the	square	root	of	the	sum	of	all	the	individual	deviations	squared,	divided	by	the	number	of	readings.	Standard
deviation	is	expressed	as	s	=	d12	+	d	22	+	d32	+	...	+	d	n2	=	n	∑	dt2	n	where	s	=	Standard	deviation	and	d1,	d2,	d3	....	dn	=	deviations	from	the	mean	value.	In	actual	practice,	the	possible	number	of	observations	is	finite.	The	standard	deviation	of	a	finite	number	of	data	is	given	by,	s	=	d12	+	d	22	+	d32	+	...	+	d	n2	=	n	−1	∑	dt2	n	−1	2.25 
Variance	or	Mean	Square	Deviation	It	describes	how	far	values	lie	from	the	mean.	The	variance	is	the	square	of	the	standard	deviation.	It	is	denoted	as	V.	d	2	+	d	22	+	d32	+	...	+	d	n2	V	=	s2	=	1	n	Variance	for	finite	number,	d	2	+	d	22	+	d32	+	...	+	d	n2	V	=	s2	=	1	n	−1	where	V	=	Variance	Measurement	Errors 	23	Example	2.5.	By	using	a
“micrometer	screw”,	the	following	readings	were	taken	of	a	certain	physical	length:	1.34,	1.38,	1.56,	1.47,	1.42,	1.44,	1.53,	1.48,	1.40,	1.59	mm.	Calculate	the	following:	(i)	Arithmetic	mean,	(ii)	Average	deviation,	(iii)	Standard	deviation,	and	(iv)	Variance.	Solution.	Given:	x1	=	1.34,	x2	=	1.38,	x3	=	1.56,	x4	=	1.47,	x5	=	1.42,	x6	=	1.44,	x7	=	1.53,	x8	=
1.48,	x9	=	1.40	and	x10	=	1.59.	(i)	Arithmetic	mean	We	know	that	the	arithmetic	mean,	x	=	∑x	n	=	x1	+	x2	+	x3	+	x4	+	x5	+	x6	+	x7	+	x8	+	x9	+	x10	n	=	1.34	+	1.38	+	1.56	+	1.47	+	1.42	+	1.44	+	1.53	+	1.48	+	1.40	+	1.59	10	=	14.61	=	1.461	mm	Ans.	10	(ii)	Average	deviation	We	know	that	the	Average	deviation,	d1	=	x1	−	x	=	1.34	−	1.461	=	−
0.121	d2	=	x2	–	x	=	1.38	–	1.461	=	–0.081	d3	=	x3	–	x	=	1.56	–	1.461	=	+0.099	d4	=	x4	–	x	=	1.47	–	1.461	=	+0.009	d5	=	x5	–	x	=	1.42	–	1.461	=	–0.041	d6	=	x6	–	x	=	1.44	–	1.461	=	–0.021	d7	=	x7	–	x	=	1.53	–	1.461	=	+0.069	d8	=	x8	–	x	=	1.48	–	1.461	=	+0.019	d9	=	x9	–	x	=	1.40	–	1.461	=	–0.061	d10	=	x10	–	x	=	1.59	–	1.461	=	+0.129	D	=	=	|	d1	|
+	|	d	2	|	+	|	d3	|	+	|	d	4	|	+	|	d5	|	+	|	d	6	|	+	|	d	7	|	+	|	d8	|	+	|	d9	|	+	|	d10	|	n	0.121	+	0.081	+	0.099	+	0.009	+	0.041	+	0.021	+	0.069	+	0.019	+	0.061	+	0.129	10	=	0.065	(iii)	Standard	deviation	We	know	that	standard	deviation	of	a	finite	number	of	data	is,	σ	=	2	d12	+	d	22	+	d32	+	d	42	+	d52	+	d	62	+	d	72	+	d82	+	d92	+	d10	n	−1	24 	Electronic
Measurements	&	Instrumentation	(−0.121)	2	+	(−0.081)	2	+	(0.099)	2	+	(0.091)	2	+	(−0.041)	2	+	(−0.021)	2	+	(0.069)	2	+	(0.019)	2	+	(−0.121)	2	+	(0.129)	2	=	10	−	1	=	0.05869	=	0.0807	mm	Ans.	9	(iv)	Variance	We	know	that	variance	is	the	square	of	the	standard	deviation,	V	=	s2	=	0.08072	=	0.00651	mm2	Ans.	SUMMARY	In	this	chapter	you
have	learned	that:	1.	Measurement	generally	involves	using	an	instrument	as	a	physical	means	of	determining	a	quantity	or	variable.	2.	The	gross	errors	are	human	mistakes	like	in	reading,	calculating	and	recordings	etc.	3.	The	instrument	error	is	generated	due	to	instrument	itself.	4.	Environmental	errors	arise	as	a	result	of	environmental	effects	on
instrument.	5.	Observational	errors	like	parallax	error	occurs	while	reading	a	meter,	wrong	scale	selection,	the	habits	of	individual	observers	etc.	6.	Random	error	is	due	to	friction	in	instrument	movement,	parallax	errors	between	pointer	and	scale,	mechanical	vibrations,	hysteresis	in	elastic	members	etc.	7.	Absolute	error	may	be	defined	as	the
difference	between	the	measured	value	of	the	variable	and	the	true	value	of	the	variable.	dA	=	Am	–	A	8.	The	relative	error	is	the	ratio	of	absolute	error	to	the	true	value	of	the	quantity	to	be	measured.	Absolute	error	δA	=	Relative	error	er	=	true	value	A	9.	The	relative	accuracy	Am	−	A	Am	10.	Accuracy	is	the	degree	to	which	instrument	reading
match	the	true	or	accepted	values.	11.	Precision	is	the	degree	to	which	successive	measurements	differ	from	one	other.	12.	The	smallest	increment	in	input	which	can	be	detected	with	certainty	by	an	instrument	is	its	resolution	or	discrimination.	13.	Statistical	analysis	is	about	making	sense	of	a	set	of	data	or	a	series	of	observations.	14.	Arithmetic
Mean	Relative	Accuracy	=	1	−	x	=	x1	+	x2	+	x3	+	x4	+	...	+	xn	=	n	∑x	n	15.	The	average	deviation	is	the	sum	of	the	absolute	values	of	the	deviations	divided	by	the	number	of	readings.	Measurement	Errors 	25	|	d1	|	+	|	d	2	|	+	|	d3	|	+	...	+	|	d	n	|	=	n	∑|	d	|	n	16.	Standard	deviation	is	expressed	as,	D	=	d12	+	d	22	+	d32	+	...	+	d	n2	=	s	=	n	∑	dt2	n
17.	The	variance	is	the	square	of	the	standard	deviation.	It	is	denoted	as	V.	V	=	s2	=	d12	+	d	22	+	d32	+	...	+	d	n2	n	GLOSSARY	Absolute	error:	Absolute	error	is	the	difference	between	the	measured	value	of	the	variable	and	the	true	value	of	the	variable.	Accuracy:	Accuracy	is	a	closeness	with	which	the	instrument	reading	approaches	the	true	value
of	the	variable	under	measurement.	Arithmetic	Mean:	It’s	obtained	by	summing	two	or	more	numbers	or	variables	and	then	dividing	by	the	number	of	numbers	or	variables	Average	Deviation:	The	average	deviation	is	the	sum	of	the	absolute	values	of	the	deviations	divided	by	the	number	of	readings.	Deviation:	It	is	the	departure	of	a	given	reading
from	the	arithmetic	mean	of	the	group	of	readings.	Environmental	errors:	This	includes	conditions	in	the	area	surrounding	the	instrument,	such	as	the	effects	of	changes	in	temperature,	humidity,	barometric	pressure	or	of	magnetic	or	electrostatic	fields.	Gross	Error:	The	gross	error	occurs	due	to	the	human	mistakes	in	reading	or	using	the
instruments.	Instrumental	errors:	It	is	due	to	the	inherent	shortcomings	in	the	instruments,	misuse	of	the	instruments,	loading	effects	of	instruments.	Observational	errors:	These	errors	occur	due	to	carelessness	of	operators	while	taking	the	reading.	Precision:	Precision	is	a	measure	of	the	reproducibility	of	the	measurement.	Random	Errors:	These
errors	are	due	to	unknown	causes	and	occur	even	when	all	systematic	errors	have	been	accounted	for.	Relative	Error:	The	relative	error	is	the	ratio	of	absolute	error	to	the	true	value	of	the	quantity	to	be	measured.	Resolution:	The	smallest	increment	in	input	which	can	be	detected	with	certainty	by	an	instrument	is	its	resolution	or	discrimination.
Standard	Deviation:	It	shows	how	much	variation	there	is	from	the	average	(mean)	value.	Statistical	analysis:	Statistical	analysis	is	about	making	sense	of	a	set	of	data	or	a	series	of	observations.	Variance	or	mean	square	deviation:	It	describes	how	far	values	lie	from	the	mean.	NUMERICAL	PROBLEMS	1.	A	moving	coil	voltmeter	has	a	uniform	scale
with	100	divisions,	the	full	scale	reading	is	200	V	and	1/10	of	a	scale	division	can	be	estimated	with	a	fair	degree	of	certainty.	Determine	the	resolution	of	the	instrument	in	volt.	(Ans.	0.2	V)	2.	Eight	different	students	tuned	in	the	circuit	for	resonance	and	the	values	of	resonant	frequency	in	kHz	were	recorded	as:	412,	428,	423,	415,	426,	411,	423,
416	26 	Electronic	Measurements	&	Instrumentation	Calculate	the	following:	(i)	Arithmetic	mean	(ii)	Average	deviation	(iii)	Standard	deviation	(iv)	Variance.	(Ans.	419.25	kHz;	5.75	kHz;	6.54	kHz;	42.77	(kHz)2)	DESCRIPTIVE	QUESTIONS	1.	What	are	the	different	type	of	the	errors	in	the	field	of	instrumentation	and	measurements?	2.	What	is	the
measurement	of	the	error?	3.	Explain	the	cause	of	Gross	error?	4.	Explain	the	cause	of	Systematic	error?	5.	Explain	the	following	by	suitable	example	(i)	Gross	Errors	(ii)	Systematic	Errors	(iii)	Random	Errors	(GBTU,	2008-09)	6.	Explain	the	causes	of	random	error?	(Nagpur	University,	Summer	2008)	7.	List	the	various	steps	to	minimize	errors.	8.
What	is	the	accuracy?	9.	What	is	the	Precision?	10.	Explain	the	difference	illustrate	it	between	accuracy	and	precision.	(GBTU,	2008-09)	11.	Define	the	Accuracy	and	Precision	within	Application?	12.	How	the	different	statistical	Analysis	is	Classify?	13.	What	are	the	Different	statistical	Analysis	are	occurred	in	the	Measurement	of	Error?	14.	What	is
the	statistical	Analysis?	Explain	briefly.	15.	What	are	the	different	types	of	the	statistical	Analysis?	Explain	briefly.	16.	Define	the	following	terms	(i)	Average	value	(ii)	Arithmetic	mean	(iii)	Deviation	(iv)	Standard	deviation	17.	Enlist	the	main	static	characteristics	of	instruments.	Explain	any	seven	static	characteristics.	(Nagpur	University,	Summer
2011)	18.	Explain	dynamic	characteristics	of	instruments	in	detail.	(Nagpur	University,	Summer,	2010)	19.	What	are	the	different	type	of	errors	in	the	measurement	and	how	will	you	minimize	these	errors?	(Nagpur	University,	Summer	2011)	20.	Define	the	following	terms	(i)	Linearity	(ii)	Fidelity	(iii)	Dead	zone	(Nagpur	University,	Summer	2008,
2009)	21.	Explain	the	terms	accuracy,	sensitivity	and	resolution	as	under	indicating	instruments.	(GBTU/MTU,	2010-11)	22.	Define	accuracy,	precision,	sensitivity,	resolution	and	error	with	respect	to	the	measurement.	(Nagpur	University,	Summer	2010)	23.	What	do	you	mean	by	accuracy	in	instrument?	Differentiate	it	with	term	Precision.
(GBTU/MTU,	2009-10)	Measurement	Errors 	27	24.	Explain	different	types	of	errors	that	may	occur	in	measurements.	(GBTU/MTU,	2010-11)	25.	What	is	meant	by	arithmetic	mean,	average	deviation	and	standard	deviation.	(GBTU/MTU,	2010-11)	26.	Define	the	following:	(a)	Accuracy	(b)	Precision	(c)	Repeatability	(d)	Reproducibility	(e)	Speed	of
response	(f)	Response	time	(Nagpur	University,	Summer	2011,	2008,	Winter	2008)	MULTIPLE	CHOICE	QUESTIONS	1.	The	purpose	of	instrument	is	to	(a)	Allow	measurements	to	be	made	(b)	Transmit	the	information	(c)	Change	signals	(d)	Any	of	the	above	2.	The	measurement	refers	to	which	of	the	following	(a)	Primary	signal	(b)	Measured	variable
(c)	Output	(d)	All	of	the	above	3.	Which	of	the	following	errors	can	arise,	as	a	result	of	mistake	in	reading,	parallax	improper	instrument	location	and	inadequate	lighting?	(a)	Construction	errors	(b)	Transmission	errors	(c)	Observation	errors	(d)	Translation	errors	4.	The	use	of	electronic	instrument	becoming	more	extensive	because	they	have	(a)	A
high	sensitivity	and	reliability	(b)	A	fast	response	and	compatibility	with	digital	computers	(c)	The	capability	to	respond	to	signals	from	remote	places	(d)	All	of	the	above	5.	The	arithmetic	mean	of	given	n	numbers	is	given	by	the	following	expression	(a)	x	=	(c)	x	=	∑x	(b)	x	=	∑	x2	(d)	x	=	n	−1	n	∑x	n	∑x	n2	6.	Relation	between	standard	deviation	and
variance	is	σ	(a)	V	=	(c)	V	=	1	/	s	(b)	V	=	s2	(d)	V	=	1	/	σ	ANSWERS	1.	(a)	2.	(c)	3.	(c)	4.	(d)	5.	(b)	6.	(b)	Chapter	3	Measurements	using	Electrical	Instruments	Outline	3.1.	Introduction	3.2.	PMMC	meter	3.3.	Characteristics	of	Moving	Coil	Meter	3.4.	Advantages	of	PMMC	Movement	3.5.	Disadvantages	of	PMMC	3.6.	Galvanometer	3.7.	D’	Arsonval	or
Moving	Coil	Galvanometer	3.8.	Torque	Equation	of	Galvanometer	3.9.	Use	of	Galvanometer	3.10.	Variations	of	Basic	Meter	Movement	3.11.	DC	Ammeter	3.12.	Properties	of	Shunt	Resistor	3.13.	Multi-range	Ammeter	3.14.	Universal	or	Ayrton	Shunt	3.15.	DC	Voltmeter	3.16.	Multi-range	Voltmeter	3.17.	Sensitivity	3.18.	Loading	Effect	3.19.	Ohmmeter
3.20.	Series	Ohm	meter	3.21.	Shunt	Type	Ohmmeter	3.22.	Wattmeter	3.23.	Dynometer	Type	Wattmeter	3.24.	Induction	Type	Wattmeter	3.25.	Measurement	of	Power	in	Three	Phase	3.26.	Power	in	Three	Phase	Circuit	with	Balanced	Circuit	Load	3.27.	Three	Wattmeter	Method	3.28.	Two	Wattmeter	Method	3.29.	One	Wattmeter	Method	3.30.	Blondel’s
Theorem	3.31.	Instrument	Transformer	3.32.	Current	Transformer	3.33.	Secondary	Side	of	Current	Transformer	3.34.	Phasor	Diagram	for	a	Current	Transformer	should	not	be	Open	3.35.	Error	in	Current	Transformer	3.36.	Characteristics	of	Current	Transformer	3.37.	Potential	Transformer	3.38.	Phasor	Diagram	for	a	Potentiometer	Transformer
3.39.	Characteristics	of	Potential	Transformer	3.40.	Error	in	Potentiometer	Transformer	3.41.	Design	Feature	of	Potentiometer	3.42.	Capacitor	Potential	Transformer	Transformer	to	Reduce	Errors	3.43.	Testing	of	Potential	Transformer	3.44.	Absolute	Method	for	Testing	Potential	Transformer	3.45.	Comparison	Method	for	Testing	Potential	3.46.
Testing	of	Current	Transformer	Transformer	3.47.	Difference	Between	Current	and	3.48.	Advantages	and	Disadvantages	of	Instrument	Potentiometer	Transformers	Transformers	28	Measurement	using	Electrical	Instruments 	29	Objectives	After	completing	this	chapter,	you	should	be	able	to:		Know	the	permanent-magnet	moving-coil.		Explain	the
construction	and	operation	of	PMMC	instrument.		Describe	the	galvanometer	in	details.		Understand	the	working	and	construction	of	DC	ammeter,	shunt	resistor	and	multirange	ammeter.		Discuss	how	DC	voltmeter	uses	to	measure	the	potential	difference.		Understand	the	working	of	series	ohmmeter.		Explain	the	wattmeter.		Describe	the
instrumentation	transformer.	3.1 Introduction	The	electronic	instruments	generally	have	higher	sensitivity,	faster	response	and	greater	flexibility	than	mechanical	or	electrical	instruments	in	indicating,	recording	and,	where	required,	in	controlling	the	measured	quantity.	The	deflection	type	instruments	with	a	scale	and	movable	pointer	are	called
analog	instruments.	The	deflection	of	the	pointer	is	a	function	of	(and,	hence,	analogous	to)	the	value	of	the	electrical	quantity	being	measured.	In	PMMC	meter	or	(D’Arsonval)	meter	or	galvanometer	all	are	the	same	instruments,	a	coil	of	fine	wire	is	suspended	in	a	magnetic	field	produced	by	permanent	magnet.	According	to	the	fundamental	law	of
electromagnetic	force,	the	coil	will	rotate	in	the	magnetic	field	when	it	carries	an	electric	current	by	electromagnetic	(EM)	torque	effect.	A	pointer	is	attached	to	the	movable	coil.	This	pointer	will	deflect	according	to	the	amount	of	current	to	be	measured	which	is	applied	to	the	coil.	The	(EM)	torque	is	counterbalanced	by	the	mechanical	torque	of
control	spring	attached	to	the	movable	coil	also.	When	the	torques	are	balanced,	the	moving	coil	will	stop	rotating	and	its	angular	deflection	represent	the	amount	of	electrical	current	to	be	measured	against	a	fixed	reference,	called	a	scale.	If	the	permanent	magnet	field	is	uniform	and	the	spring	is	linear,	the	pointer	deflection	will	also	be	linear.
3.2 	PMMC	Meter	It	is	also	called	D’	Arsonval	meter	movement	or	a	permanent-magnet	moving-coil	(PMMC)	meter	movement.	Since	it	is	widely	used	in	electronic	instruments,	it	is	worthwhile	to	discuss	its	construction	and	principle	of	operation.	The	basic	PMMC	movement	is	often	called	the	D’Arsonval	movement,	after	its	inventor.	This	design
offers	the	largest	magnet	in	a	given	space	and	is	used	when	maximum	flux	in	the	air	gap	is	required.	It	provides	an	instrument	with	very	low	power	consumption	and	low	current	required	for	full-scale	deflection.	It	can	be	used	for	D.C.	measurements	only.	1.	Construction	As	shown	in	Fig.	3.1,	it	consists	of	a	permanent	horse-shoe	magnet	with	soft	iron
pole	pieces	attached	to	it.	Between	the	two	pole-pieces	a	cylinder-shaped	soft	iron	core	is	situated.	A	coil	of	fine	wire	wound	on	a	light	metal	frame	moves	around	the	cylinder-shaped	soft	iron	core.	The	metal	frame	is	mounted	in	jewel	bearings	so	that	it	can	rotate	freely.	A	light	pointer	attached	to	the	moving	coil	moves	up-scale	as	the	coil	rotates
when	current	is	passed	through	it.	The	rotating	coil	is	prevented	from	continuous	rotation	by	a	spring	which	provides	restoring	torque.	The	moving	coil	movement	described	above	is	being	increasingly	replaced	by	tautband	movement	in	which	the	moving	coil	and	the	pointer	are	suspended	between	bands	of	spring	30 	Electronic	Measurements	&
Instrumentation	metal	so	that	the	restoring	force	is	tensional.	The	bands	perform	two	functions	(i)	to	support	the	coil	and	(ii)	to	provide	restoring	torque	thereby	eliminating	the	pivots	and	jewels	used	with	coil	spring	movement.	As	compared	to	pivoted	movement,	the	taut-band	has	the	advantages	of	1.	Greater	sensitivity	i.e.	small	full-scale	deflection
current	2.	Ruggedness,	3.	Minimal	friction,	4.	Easy	to	manufacture.	Permanent	Magnet	Core	N	S	Pole	Piece	S	N	I	(a)	(b)	Fig.	3.1.	2.	Principle	of	Operation	This	meter	movement	works	on	the	motor	principle	and	is	a	current-responding	device.	The	deflection	of	the	pointer	is	directly	proportional	to	the	amount	of	current	passing	through	the	coil.	When
direct	current	flows	through	the	coil,	the	magnetic	field	so	produced	reacts	with	the	field	of	the	permanent	magnet.	The	resultant	force	turns	the	coil	alongwith	its	pointer.	The	amount	of	deflection	is	directly	proportional	to	the	amount	of	current	in	the	coil.	Hence,	their	scale	is	linear.	With	correct	polarity,	the	pointer	reads	up-scale	to	the	right
whereas	incorrect	polarity	forces	the	pointer	off-scale	to	the	left.	3.	Deflecting	Torque	If	the	coil	is	carrying	a	current	of	i	A,	the	force	on	a	coil	side	=	Bil	N	torque	due	to	both	coil	sides	=	(2r)(Bil	N)	=	Gi	G	=	2rBlN	=	NBA	Where	G	=	constant	A	=	2rl	=	area	of	the	coil	N	=	no.	of	turns	of	the	coil.	B	=	flux	density	in	Wb/m2.	l	=	length	of	the	vertical	side
of	the	coil,	m.	2r	=	breadth	of	the	coil,	m	i	=	current	in	ampere.	Measurement	using	Electrical	Instruments 	31	4.	Controlling	Torque	The	value	of	control	torque	depends	on	the	mechanical	design	of	the	control	device.	For	spiral	springs	and	strip	suspensions,	the	controlling	torque	is	directly	proportional	to	the	angle	of	deflection	of	the	coil.	Control
torque	=	C	q	Where,	q	=	deflection	angle	in	radians	C	=	spring	constant	3.3 	Characteristics	of	Moving	Coil	Meter	Movement	We	will	discuss	the	following	three	characteristics:	(i)	full-scale	deflection	current	(Im),	(ii)	internal	resistance	of	the	coil	(Rm),	(iii)	sensitivity	(S).	1.	Full-scale	Deflection	Current	(Im)	It	is	the	current	needed	to	deflect	the
pointer	all	the	way	to	the	right	to	the	last	mark	on	the	calibrated	scale.	Typical	values	of	Im	for	D’	Arsonval	movement	vary	from	2	mA	to	30	mA.	It	should	be	noted	that	for	smaller	currents,	the	number	of	turns	in	the	moving	coil	has	to	be	more	so	that	the	magnetic	field	produced	by	Rm	the	coil	is	strong	enough	to	react	with	the	field	of	the	permanent
magnet	for	producing	reasonable	deflection	of	the	pointer.	Fine	wire	has	to	be	used	for	reducing	the	weight	of	the	moving	coil	but	it	increases	its	resistance.	Heavy	currents	need	thick	wire	but	lesser	number	of	turns	so	that	resistance	of	the	moving	coil	is	comparatively	less.	The	schematic	symbol	is	shown	in	Fig.	3.2.	Fig.	3.2.	2.	Internal	Resistance
(Rm)	It	is	the	dc	ohmic	resistance	of	the	wire	of	the	moving	coil.	A	movement	with	smaller	Im	has	higher	Rm	and	vice	versa.	Typical	values	of	Rm	range	from	1.2	W	for	a	30	mA	movement	to	2	kW	for	a	50	mA	movement.	3.	Sensitivity	(S)	It	is	also	known	as	current	sensitivity	or	sensitivity	factor.	It	is	given	by	the	reciprocal	of	full-scale	deflection
current	Im.	1	S	=	ohm/volt.	Im	For	example,	the	sensitivity	of	a	50-mA	meter	movement	is	1	ohm	S	=	=	20,000	W/V	=	20	kW/V	50	×	10−6	volt	The	above	figure	shows	that	a	full-scale	deflection	of	50	mA	is	produced	whenever	20,000	W	of	resistance	is	present	in	the	meter	circuit	for	each	volt	of	applied	voltage.	It	also	represents	the	ohms-per-volt
rating	of	the	meter.	The	sensitivity	of	a	meter	movement	depends	on	the	strength	of	the	permanent	magnet	and	number	of	turns	in	the	coil.	Larger	the	number	of	turns,	smaller	the	amount	of	current	required	to	produce	full-scale	deflection	and,	hence,	higher	the	sensitivity.	A	high	current	sensitivity	means	a	high	quality	meter	movement.	It	also
determines	the	lowest	range	that	can	be	covered	when	the	meter	movement	is	modified	as	an	ammeter	or	voltmeter.	32 	Electronic	Measurements	&	Instrumentation	3.4 	Advantage	of	PMMC	Following	are	some	of	the	advantages	of	PMMC	which	are	important	from	the	subject	point	of	view:	1.	It	has	uniform	scale.	2.	Operating	current	is	small.	3.
It	has	high	sensitivity.	4.	It	consumes	low	power,	of	order	of	25	W	to	200	mW.	5.	It	has	high	accuracy.	6.	Extension	of	instrument	range	is	possible.	7.	Not	affected	by	eternal	magnetic	fields	called	stray	magnetic	fields.	3.5 	Disadvantage	of	PMMC	PMMC	has	some	disadvantages	too.	These	are	given	below	:	1.	Used	only	for	D.C	measurements.	The
torque	reverse	if	the	current	reverses.	If	the	instrument	is	connected	to	A.C.,	the	pointer	cannot	follow	the	reversals	and	the	deflection	corresponds	to	mean	torque,	which	is	zero,	hence	it	cannot	be	used	for	A.C.	2.	The	cost	of	the	instrument	is	high.	3.6 Galvanometer	A	moving	coil	galvanometer	is	an	instrument	used	for	detection	and	measurement
of	small	electric	currents.	A	galvanometer	is	a	type	of	ammeter,	an	instrument	for	detecting	and	measuring	electric	current.	It	is	an	analog	electromechanical	transducer	that	produces	a	rotary	deflection	of	some	type	of	pointer	in	response	to	electric	current	flowing	through	its	coil.	The	Galvanometer	is	an	electromechanical	instrument	which	is	used
for	the	detection	of	electric	currents	or	voltage	through	electric	circuits.	Being	a	sensitive	instrument,	Galvanometer	cannot	be	used	for	the	measurement	of	heavy	currents.	However	we	can	measure	very	small	currents	or	voltages	by	using	galvanometer	but	the	primary	purpose	of	galvanometer	is	the	detection	of	electric	current	not	the
measurement	of	current.	The	Galvanometer	may	be	classified	into	three	categories	1.	DC	Galvanometers	There	are	two	types	of	galvanometer:	(i)	moving-magnet	galvanometer	and	(ii)	moving	coil	galvanometer.	(i)	In	moving-magnet	galvanometer	the	magnet	moves	due	to	the	magnetic	field	set	up	by	the	flow	of	current	through	a	fixed	coil.	The
damping	in	this	galvanometer	is	poor	but	may	be	improved	by	using	conducting	plates	near	the	moving	magnets.	Tangent	galvanometer	is	the	example	of	moving-magnet	galvanometer.	(ii)	In	moving	coil	galvanometer	a	magnetic	coil	moves	in	the	field	of	permanent	magnet.	The	current	to	be	detected	is	passes	through	the	coil.	D’	Arsonval
galvanometer	is	the	example	of	moving	coil	galvanometer.	2.	AC	Galvanometers	The	AC	Galvanometers	is	used	for	measuring	the	effective	or	rms	value	of	small	current	or	in	most	case	null	detectors	in	bridge	and	potentiometer	circuits.	There	are	two	types	of	ac	galvanometers:	(i)	phase	sensitive	and	(ii)	frequency	sensitive	galvanometer.	The	phase
sensitive	is	a	dynamometer	type	galvanometer	and	the	frequency	sensitive	is	a	tuned	detector	or	vibration	type	galvanometer.	It	is	important	type	of	galvanometer	for	frequencies	below	200	Hz.	Measurement	using	Electrical	Instruments 	33	3.	Ballistic	Galvanometers	It	is	used	for	the	measurement	of	charge	or	quantity	of	electricity	passed	through
it.	This	quantity	of	electricity	in	magnetic	measurements	is	due	to	the	induced	emf	or	change	in	magnetic	flux	in	the	coil.	It	is	used	in	almost	all	the	dc	magnetic	measurements.	3.7 	D’	Arsonval	or	Moving	Coil	Galvanometer	Galvanometer	is	an	instrument	used	to	indicate	the	presence,	direction,	or	strength	of	a	small	electric	current.	A	typical
Galvanometer	is	a	sensitive	instrument	used	in	laboratory,	mainly	to	detect	and	compare	currents.	It	makes	use	of	the	fact	that	an	electric	current	flowing	through	a	wire	sets	up	a	magnetic	field	around	the	wire.	This	is	based	on	the	principle,	discovered	in	1820	by	Hans	Christian	Oersted	when	he	observed	that	a	magnetic	needle	could	be	deflected
by	an	electric	current.	The	first	galvanometer	was	made	in	1820	by	Johann	Schweigger.	Fig.	3.3	shows	the	D’Arsonval	galvanometer	type.	The	description	of	the	different	parts	is	given	below:	Permanent	magnet	Iron	core	(Fixed)	Upper	suspension	Moving	coil	Mirror	l	N	S	Lower	suspension	Former	r	N	Iron	core	S	r	Moving	coil	Fig.	3.3.	1.	Moving	Coil
The	moving	coil	is	the	current	carrying	element.	It	is	rectangular	or	circular	in	shape	and	consists	of	a	number	of	turns	of	fine	wire.	It	is	arranged	in	a	uniform,	radial,	horizontal	magnetic	field	in	the	air	gap	between	pole	pieces	of	a	permanent	magnet	and	iron	core.	This	coil	is	suspended	so	that	it	is	free	to	turn	about	its	vertical	axis	of	symmetry.	2.
Damping	The	damping(or	more	precisely	eddy	current	damping)	is	obtained	by	connecting	a	low	resistance	across	the	galvanometer	terminals.	Damping	torque	depends	upon	the	resistance	and	we	obtain	critical	damping	by	adjusting	the	values	of	resistance.	3.	Suspension	The	coil	is	supported	by	a	flat	ribbon	suspension	which	also	carries	current	to
the	coil.	This	is	called	the	lower	suspension	and	has	a	negligible	torque.	The	upper	suspension	consists	of	gold	or	copper	wire	of	nearly	0.0125	or	0.025	mm	diameter	rolled	into	the	form	of	a	ribbon.	This	is	mechanically	not	strong,	so	that	galvanometer	must	be	34 	Electronic	Measurements	&	Instrumentation	handled	carefully	without	jerks.
Sensitive	galvanometer	provided	with	coil	clamps	to	take	the	strain	from	suspension.	4.	Indication	The	suspension	carries	a	small	mirror	upon	which	a	beam	of	light	is	cast.	This	beam	of	light	is	reflected	on	to	a	scale	upon	which	the	deflection	is	measured.	This	scale	is	usually	about	1	meter	away	from	the	instrumentation.	5.	Zero	Setting	A	torsion
head	is	provided	for	adjusting	the	position	of	the	coil	and	also	for	zero	setting.	3.8 	Torque	Equation	of	Galvanometer	Galvanometer	works	on	the	principle	of	conversion	of	electrical	energy	into	mechanical	energy.	When	a	current	or	voltage	flows	in	a	magnetic	field	it	experiences	a	magnetic	torque.	If	it	is	free	to	rotate	under	a	controlling	torque,	it
rotates	through	an	angle	proportional	to	the	current	flowing	through	it.	Fig.	3.4.	shows	the	quantities	that	enter	the	torques	equation	of	a	galvanometer.	Mirror		2	r	Arc	d	Scale	in	mm	Light	Fig.	3.4.	Where	l,	r	=	length	of	respectively	vertical	and	horizontal	side	of	coil	N	=	number	of	turns	in	the	coil	B	=	flux	density	in	the	air	gap	i	=	current	through
moving	coil	K	=	spring	constant	of	suspension	qF	=	final	steady	state	deflection	of	moving	coil	We	know	that	the	force	on	the	coil	is	given	by,	F	=	NBil	sin	a	where	a	=	angle	between	direction	of	magnetic	field	and	conductor.	When	the	field	is	radial,	a	=	90°,	then	the	force	is	given	by	F	=	NBil	Measurement	using	Electrical	Instruments 	35	The
deflecting	torque	is	given	by	Td	=	force	×	distance	=	NBilr	=	NBAi	where	A	=	lr	=	area	of	coil	1.	Deflection	torque	Td	=	Gi	where	G	is	called	the	displacement	constant	of	the	galvanometer.	It’s	value	is	given	by	G	=	NBA	=	NBlr	2.	Controlling	torque	Controlling	torque	exerted	by	the	suspension	at	deflection	qF	Tc	=	KqF	In	steady	state	deflection	Tc
=	Td	KqF	=	Gi	Gi	qF	=	K	For	small	deflection,	the	radius	of	arc	and	angle	of	turning,	decide	the	deflection.	If	the	mirror	is	turned	through	qF	the	angle	through	which	the	beam	gets	reflected	is	2qF.	d	in	mm	=	2	qF	×	r	2	Gir	mm	K	where	r	=	1m	=	1000	mm	for	the	galvanometer.	d	=	3.9 	Use	of	Galvanometer	There	are	many	uses	of	galvanometer.
Some	of	the	important	ones	are	as	given	below	:	1.	Galvanometer	instrument	used	to	determine	the	presence,	direction,	and	strength	of	an	electric	current	in	a	conductor.	2.	A	major	early	use	for	galvanometers	was	for	finding	faults	in	telecommunications	cables.	They	were	superseded	late	in	the	20th	century	by	time-domain	reflectometers.	3.	Used
in	positioning	and	control	systems.	4.	Mirror	galvanometer	systems	are	used	as	beam	positioning	elements	in	laser	optical	systems.	5.	An	automatic	exposure	unit	from	an	8	mm	movie	camera,	based	on	a	galvanometer	mechanism	(center)	and	a	CdS	photoresistor	in	the	opening	at	left.	3.10	Variations	of	Basic	Meter	Movement	The	basic	moving-coil
system	can	be	converted	into	an	instrument	to	measure	dc	as	well	as	ac	quantities	like	current,	voltage	and	resistance	etc.	Without	any	modification,	it	can	carry	a	maximum	current	of	Im	can	withstand	a	maximum	dc	voltage	v	=	ImRm.	DC	instruments	(a)	it	can	be	made	into	a	dc	ammeter,	milliammeter	or	micrommeter	by	adding	a	suitable	shunt
resistor	Rsh	in	parallel	with	it	as	shown	in	Fig.	3.5(a),	(b)	it	can	be	changed	into	a	dc	voltmeter	by	connecting	a	multiplier	resistor	Rmult	in	series	with	it	as	shown	in	Fig.	3.5(b),	36 	Electronic	Measurements	&	Instrumentation	(c)	it	can	be	converted	into	an	ohmmeter	with	the	help	of	a	battery	and	series	resistor	R	as	shown	in	Fig.	3.5(c).	Rm	Rm	R
Rm	Shunt	Rmult	Rsh	DC	Ammeter	(a)	DC	Volt-meter	(b)	Ohm-Meter	(c)	Fig.	3.5.	D.C.	Instruments	(a)	D.C.	ammeter:	by	using	a	shunt	resistor.	(b)	D.C.	voltmeter:	by	using	series	multiplier	resistor.	(c)	Ohmmeter:	by	using	battery	and	series	resistor.	3.11 	D.C.	Ammeter	The	D’Arsonval	galvanometer	is	a	moving	coil	ammeter.	It	uses	magnetic
deflection,	where	current	passing	through	a	coil	causes	the	coil	to	move	in	a	magnetic	field.	The	voltage	drop	across	the	coil	is	kept	to	a	minimum	to	minimize	resistance	across	the	ammeter	in	any	circuit	into	which	it	is	inserted.	A	Symbol	Ammeter	Fig.	3.6.	Ammeter	Shunt	Resistor	The	basic	movement	of	a	dc	ammeter	is	a	PMMC	D’Arsonval
galvanometer.	The	coil	winding	of	a	basic	movement	is	very	small	and	light	it	can	carry	very	small	value	of	currents.	When	the	large	currents	are	to	be	measured	it	is	necessary	to	bypass	the	major	part	of	the	current	through	a	low	resistance	called	shunt	resistor.	The	shunt	resistor	is	connected	parallel	with	D’Arsonval	movement.	The	ammeter	is
always	connected	in	series	with	the	load	in	the	circuit.	Measurement	using	Electrical	Instruments 	37	The	dc	ammeter	is	shown	in	Fig.	3.7.	The	resistance	of	the	shunt	can	be	calculated	by	circuit	analysis.	Where	Rm	=	internal	resistance	of	the	movement	coil	Rsh	=	resistance	of	the	shunt	Im	=	Ifsd	=	full	scale	deflection	current	of	the	movement	Ish
=	shunt	current	I	=	current	to	be	measured	+	Since	the	shunt	resistance	is	in	parallel	with	the	meter	movement,	the	voltage	drop	across	the	shunt	and	movement	is	the	same.	Ish	Vshunt	=	Vmovement	Rsh	Ish	Rsh	=	Im	Rm	and	I	R	–	Rsh	=	m	m	I	sh	We	know	that	Ish	=	I	–	Im,	so	we	can	write	I	R	Rsh	=	m	m	I	−	Im	Im	Rm	D’	Arsonval	movement	Fig.
3.7.	DC	Ammeter	Rearranging	the	above	equation	we	get,	R	I	=	1	+	m	Rsh	Im	The	ratio	of	total	current	to	the	movement	current	is	known	as	multiplying	power	of	shunt.	R	I	=	1+	m	m	=	Im	Rsh	Rsh	=	Rm	(m	−	1)	3.12 	Properties	of	shunt	resistor	Main	properties	of	shunt	resistor	are	given	below:	1.	Resistance	of	the	shunt	should	not	vary	with	time.
2.	Temperature	co-efficient	of	shunt	and	instrument	should	be	low	and	should	be	same.	Example	1.	A	1	mA	meter	movement	with	an	internal	resistance	of	100	W	is	to	be	converted	into	0–100	mA.	Calculate	the	value	of	shunt	resistance	required.	Solution.	Given:	Rm	=	100	W,	Im	=	1	mA	and	I	=	100	mA	We	know	that	the	value	of	shunt	resistance,	Rsh
=	=	I	m	Rm	I	−	Im	1	mA	×	100	Ω	100	mA	Ω	=	=	1.01	W	Ans.	100	mA	−	1	mA	99	mA	38 	Electronic	Measurements	&	Instrumentation	3.13 	Multi-range	Ammeter	The	current	range	of	the	dc	ammeter	is	further	extended	by	a	number	of	shunts,	selected	by	a	range	switch.	This	type	of	meter	is	called	a	multi-range	ammeter.	Fig.	3.8	shows	the	multi-
range	ammeter	and	circuit	diagram	is	shown	in	Fig.	3.9.	It	has	four	shunts	(Rsh1,	Rsh2,	Rsh3,	Rsh4)	parallel	with	the	meter	movement	and	gives	four	different	current	ranges	(I1,	I2,	I3,	I4).	If	m1,	m2,	m3	and	m4	be	the	shunt	multiplying	powers	for	currents	I1,	I2,	I3	and	I4	then,	Rm	Rsh1	=	(m1	−	1)	Rsh2	=	Rm	(m2	−	1)	Rsh3	=	Rm	(m3	−	1)	Rsh4	=
Rm	(m4	−	1)	and	+	Fig.	3.8.	Multi-range	Ammeter	I	Im	Rsh1	Rsh2	Rsh3	Rsh4	Rm	D’	Arsonval	movement	Switch	–	Fig.	3.9.	Multi-range	Ammeter	Ammeter	uses	a	multiposition	make-before-break	switch.	This	type	of	switch	is	essential	in	order	that	the	meter	movement	is	not	damaged	when	it	change	from	one	resistor	to	other	resistor.	If	we	used
ordinary	switch	the	meter	remain	without	shunt	when	we	change	from	one	resistor	to	other	resistor,	this	may	damage	the	ammeter.	This	ammeter	used	for	ranges	1	–	50	A.	While	using	the	multi-range	ammeter	we	use	the	highest	current	range	first	then	decrease	the	current	range.	Example	3.2.	Design	a	multi-range	DC	milli-ammeter	with	a	basic
meter	having	a	resistance	75	Ω	and	full	scale	deflection	for	the	current	of	2	mA.	The	required	ranges	are	0-10	mA,	0-50	mA	and	0-100	mA.	Solution.	Given:	Im	=	10	mA;	Rm	=	75	W;	I1	=	10	mA;	I2	=	50	mA	and	I3	=	100	mA.	For	current	range	0-10	mA	We	know	that	for	multi-range	DC	ammeter,	I	R	R1	=	m	m	(	I1	−	I	m	)	Measurement	using	Electrical
Instruments 	39	=	2	×	75	=	18.75	W	(10	−	2)	For	current	range	0-50	mA	We	know	that	for	multi-range	DC	ammeter,	I	R	R2	=	m	m	(I2	−	Im	)	=	2	×	75	=	3.125	W	(50	−	2)	For	current	range	0-100	mA	We	know	that	for	multi-range	DC	ammeter,	I	m	Rm	R3	=	(	I3	−	I	m	)	=	+	R1	R2	Im	R3	Rm	2	×	75	=1.53	W	(100	−	2)	The	design	of	multi-range
ammeter	is	shown	in	Fig.	3.10.	–	Fig.	3.10	3.14 	Universal	or	Ayrton	Shunt	We	can	use	universal	shunt	in	the	multi-range	ammeter.	Fig.	3.11	shows	the	multi-range	ammeter	with	universal	shunt.	The	advantage	of	using	universal	shunt	is	that	it	eliminates	the	possibility	of	meter	being	in	the	circuit	without	shunt.	I1	1	Im	Rm	2	R3	D’Arsonval
movement	R2	3	R1	I1	–	Im	Fig.	3.11.	Ammeter	with	universal	shunt	When	the	switch	is	in	position	1	then	Im	Rm	=	(I1	–	Im)R1	In	position	2,	then,	Im	(R1	–	R2	+	Rm)	=	(I2	–	Im)R2	In	position	3,	then,	Im	(R1	–	R3	+	Rm)	=	(I3	–	Im)R3	Precautions	when	using	ammeter	in	measurement	work,	1.	Never	connect	an	ammeter	across	a	source	of	EMF.
Because	of	its	low	resistance	it	draws	damaging	high	currents	and	destroys	the	delicate	movement.	It	is	always	connected	in	series	with	a	load.	40 	Electronic	Measurements	&	Instrumentation	2.	Always	connect	in	right	polarity.	Reverse	polarity	may	damage	the	pointer	3.	When	using	the	multi-range	meter,	first	use	the	highest	current	range;	then
decrease	the	current	range	until	substantial	deflection	is	obtained.	V	3.15 	DC	Voltmeter	Voltmeter	is	used	for	measuring	voltage	or	the	potential	difference.	Fig.	3.12	shows	the	instrument	and	symbol	of	voltmeter.	Fig.	3.13	shows	the	circuit	diagram	of	dc	voltmeter.	The	high	resistor	is	connected	in	series	with	the	D’	Arsonval	movement.	This
resistor	is	called	multiplier.	The	multiplier	limits	the	current	so	that	it	does	not	exceed	the	full-scale	deflection	current.	The	voltmeter	is	always	connected	across	the	source	of	emf	or	a	circuit.	where	Rm	=	internal	resistance	of	the	movement	coil	Rs	=	multiplier	resistance	Im	=	Ifsd	=	full	scale	deflection	current	of	the	movement	V	=	full	range	voltage
of	the	instrument	From	the	circuit	shown	in	Fig	3.13,	V	=	Im	(Rs	+	Rm)	Rearranging	the	above	equation,	V	−	I	m	Rm	Rs	=	Im	Symbol	Fig.	3.12.	Voltmeter	Multiplier	+	Rs	V	Im	Rm	–	Fig.	3.13.	DC	Voltmeter	Example	3.3.	Calculate	the	value	of	multiplier	resistance	on	the	50	V	range	of	a	dc	voltmeter	that	uses	a	200	mA	meter	movement	with	an
internal	resistance	of	100	W	Solution.	Given:	Ifsd	=	200	mA,	Rm	=	100	W	and	V	=	50	V.	We	know	that	sensitivity,	1	1	=	Sensitivity	=	=	5000	W/V	I	fsd	200	µA	We	also	know	that	the	relation	between	sensitivity	and	multiplier	resistance,	R	+	Rm	S	=	s	V	or	Rs	=	S	×	V	–	Rm	=	[(5000	×	50)	–	100	W]	=	249.9	kW	Ans.	Example	3.4.	A	basic	D’Arsonval
movement	with	a	full	deflection	of	50	mA	and	internal	resistance	of	500	W	is	used	as	a	voltmeter.	Determine	the	value	of	the	multiplier	resistance	needed	to	measure	a	voltage	range	of	0–10	V.	Solution.	Given:	Im	=	50	mA;	Rm	=	500	W	and	V	=	10	V.	We	know	that	the	multiplier	resistance	for	voltmeter	is	given	by,	V	−	I	m	Rm	Rs	=	Im	Measurement
using	Electrical	Instruments 	41	=	10	−	50	µA	×	500	Ω	=	0.2	×	106	–	500	50	µA	=	199.5	kW	Ans.	3.16 	Multi-range	Voltmeter	Fig.	3.14	shows	the	multi-range	voltmeter.	The	range	of	dc	voltmeter	is	extended	by	using	number	of	multipliers	and	a	selector	switch.	R1	R2	R3	R4	Im	Rm	V3	V2	V4	V1	+	–	Fig.	3.14.	Multi-range	Voltmeter	A	multi-range
voltmeter	using	four	position	switch	and	four	multipliers,	R1,	R2,	R3	and	R4,	for	the	voltage	ranges	V1,	V2,	V3	and	V4	respectively.	Precautions	when	using	voltmeter	in	measurement	work	1.	Place	the	voltmeter	across	the	circuit	or	component	whose	voltage	is	to	be	measured.	2.	When	using	a	multi-range	voltmeter,	always	use	the	highest	voltage
range	and	then	decrease	the	range	until	a	good	up-scale	reading	is	obtained.	3.	Always	be	aware	of	the	loading	effect.	Example	3.5.	Calculate	the	value	of	multiplier	resistance	for	the	multiple	range	dc	voltmeter	circuit	shown	in	Fig	3.15.	Rs	1	Rs	2	Rs	3	Ifsd	=	50	A	Rm	=	1	k	10	V	5V	50	V	+	–	Fig.	3.15.	Solution.	Given:	Ifsd	=	50	mA	and	Rm	=	1	kW.	We
know	that	the	sensitivity	of	the	meter	movement,	1	1	=	Sensitivity	=	=	20	kW/V	I	fsd	50	µA	42 	Electronic	Measurements	&	Instrumentation	We	know	that	the	value	of	multiplier	resistance	for	5	V	range,	Rs	=	S	×	V	–	Rm	1	=	(20	k	×	5)	–	1	kW	=	100	k	–	1	kW	=	99	kW	Ans.	We	know	that	the	value	of	multiplier	resistance	for	10	V	range,	Rs	=	S	×	V	–
Rm	2	=	20	k	×	10	–	1	kW	=	200	k	–	1	kW	=	199	kW	Ans.	We	know	that	the	value	of	multiplier	resistance	for	50	V	range,	Rs	=	S	×	V	–	Rm	3	=	20	k	×	50	–	1	kW	=	1000	k	–	1	kW	=	999	kW	Ans.	Example	3.6.	A	basic	D’arsonval	movement	with	internal	resistance,	Rm	=	100	W,	and	fullscale	current,	Ifsd	=	1	mA,	is	to	be	converted	into	a	multirange	dc
voltmeter	with	voltage	ranges	of	0-10	V,	0-50	V,	0-250	V,	and	0-500	V.	The	circuit	arrangement	is	shown	in	Fig	3.16.	Solution.	Given:	Rm	=	100	W;	Ifsd	=	1	mA	and	voltage	ranges	=	0-10	V,	0-50	V,	0-250	V,	and	0-500	V.	R1	R2	R3	R4	Im	V2	V1	V3	Rm	V4	+	–	Fig.	3.16.	For	the	10-V	range,	switch	is	on	position	V4	We	know	that	value	of	total	resistance,
10	V	RT	=	=	10	kW	1	mA	Then	the	value	of	resistance	R4,	R4	=	RT	–	Rm	=	10000	W	–	100	W	=	9,900	W	=	9.9	kW	Ans.	For	the	50-V	range,	switch	is	on	position	V3	We	know	that	value	of	total	resistance,	50	V	RT	=	=	50	kW	1	mA	Then	the	value	of	resistance	R3,	R3	=	RT	–	(R4	+	Rm)	Measurement	using	Electrical	Instruments 	43	=	50	kW	–	(9.9	kW
+	0.1	kW)	=	40	kW	Ans.	For	the	250-V	range,	switch	is	on	position	V2	We	know	that	value	of	total	resistance,	250	V	RT	=	=	250	kW	1	mA	Then	the	value	of	resistance	R2,	R2	=	RT	–	(R3	+	R4	+	Rm)	=	250	kW	–	(40	kW	+	9.9	kW	+	0.1	kW)	=	200	kW	Ans.	For	the	500-V	range,	switch	is	on	position	V1	We	know	that	value	of	total	resistance,	500	V	RT	=
=	500	kW	1	mA	Then	the	value	of	resistance	R1,	R1	=	RT	–	(R2	+	R3	+	R4	+	Rm)	=	500	kW	–	(200	kW	+	40	kW	+	9.9	kW	+	0.1	kW)	=	250	kW	Ans.	3.17 Sensitivity	The	sensitivity	of	a	voltmeter	is	given	in	ohms	per	voltage.	It	is	the	reciprocal	of	the	full-scale	deflection	current.	ohms	1	=	Sensitivity	=	Volt	I	fsd	The	sensitivity	of	the	dc	voltmeter	is
given	by	1	Sensitivity	=	I	fsd	Rs	+	Rm	V	Rs	=	S	×	V	–	Rm	The	sensitivity	of	the	dc	ammeter	is	given	by	Rm	1	=	Sensitivity	(S)	=	I	fsd	I	sh	Rsh	S	=	Example	3.7.	Calculate	the	sensitivity	of	a	200	mA	meter	movement	which	is	to	be	used	as	a	dc	voltmeter.	Solution.	Given:	Ifsd	=	200	mA	We	know	that	the	sensitivity,	1	Sensitivity	=	I	fsd	=	1	=	5	kW/	V
Ans.	200	µA	44 	Electronic	Measurements	&	Instrumentation	Example	3.8.	In	the	circuit	shown	in	Fig.	3.17,	the	voltage	across	the	resistor	of	value	25	kW	is	to	be	measured	by	using	a	voltmeter	5	k	of	sensitivity	of	1	kΩ.V.	Calculate	the	reading	+	of	the	voltmeter	in	each	case	and	the	%	error	in	the	measurement.	Solution.	Given:	S	=	1	kW	V	75	V	2.5
k	V	True	value	of	the	voltage	across	2.5	kW	=	75	×	2.5k	/	(5k	+	2.5k)	=	25	V.	Voltmeter	resistance	in	25	V	range	–	=	25	×	1	kW	=	25	kW	Fig.	3.17.	We	know	that	the	voltage	measured	by	the	voltmeter	2.5	k	Ω	||	25	k	Ω	×	75	=	23.44	V	Ans.	=	5.0	k	Ω	+	(2.5	k	Ω	||	25	k	Ω)	We	also	know	that	the	%	error	in	the	measurement.	25	−	23.44	×	100	=	6.24	%
Ans.	%	error	=	25	Example	3.9.	A	milli-ammeter	of	2.5	ohms	resistance	reads	upto	100	milli-amperes.	Calculate	the	resistance	which	is	necessary	to	enable	it	to	use	as:	(i)	A	voltmeter	reading	upto	10	V	(ii)	An	ammeter	reading	upto	10	A	Solution.	Given:	Im	=	100	mA	and	Rm	=	2.5	W.	A	voltmeter	reading	upto	10	V	We	know	that	the	value	of
resistance	is	given	by,	V	−	I	m	Rm	10	−	0.1	×	2.5	=	Rs	=	=	97.5	W	Ans.	Im	0.1	urrent	to	be	measured	is	10	A	C	We	know	that	the	value	of	resistance	for	ammeter,	I	R	0.1	×	2.5	Rsh	=	m	m	=	=	0.02525	W	Ans.	I	−	Im	10	−	0.1	3.18 	Loading	Effect	When	the	voltmeter	resistance	is	not	high	as	compared	to	the	resistance	of	the	circuit	across	which	it	is
connected,	the	measured	voltage	becomes	less.	The	decrease	in	voltage	may	be	negligible	or	it	may	be	appreciable	depending	on	the	sensitivity	(ohms-per-volt	rating)	and	input	resistance	of	the	voltmeter.	It	is	called	voltmeter	loading	effect	because	the	voltmeter	loads	down	the	circuit	across	which	it	is	connected.	Since	input	resistance	of	electronic
voltmeter	is	very	high	(10	MW	or	more),	loading	is	not	a	problem	in	their	case.	When	selecting	a	meter	for	a	certain	voltage	measurement,	it	is	important	to	consider	the	sensitivity	of	a	dc	voltmeter.	A	low	sensitivity	meter	may	give	a	correctly	reading	when	measuring	voltages	in	a	low	resistance	circuit,	but	it	is	certain	to	produce	unreliable	readings
in	a	high	resistance	circuit.	A	voltmeter	when	connected	across	two	points	in	a	highly	resistive	circuits,	acts	as	shunt	for	that	portion	of	the	circuit,	reducing	the	total	equivalent	resistance	of	that	portion.	The	meter	then	indicates	a	lower	reading	than	what	existed	before	the	meter	was	connected.	This	is	caused	mainly	by	low	sensitivity	instruments.
Measurement	using	Electrical	Instruments 	45	Example	3.10.	Fig.	3.18	shows	a	simple	series	+	circuit	of	R1	and	R2	connected	to	a	100	V	dc	source.	If	the	voltage	across	R2	is	to	be	measured	by	voltmeter	having	10	k	(a)	A	sensitivity	of	1000	W/V,	and	100	V	(b)	A	sensitivity	of	20,000	W/V,	Find	which	voltmeter	will	read	the	accurate	value	of	voltage
across	R2.	Both	meters	are	used	on	the	10	k	50	V	range.	Solution.	Given:	R1	=	10	kW;	R2	=	10	kW	and	V	–	=	100	V.	We	know	that	the	voltage	across	R2	resistance	is	10	k	=	×	100	=	50	V	10	k	+	10	k	R1	+	R2	–	Voltmeter	Fig.	3.18.	True	voltage	of	resistance	R2	is	50	V	(a)	Voltmeter	with	sensitivity	of	1000	W/V	It	has	resistance	of	1000	×	50	=	50	kW
on	its	50	V	range	Voltmeter	is	connected	across	R2,	then	equivalent	parallel	resistance	is	given	by	10	k	×	50	k	Req	=	10	k	+	50	k	=	8.33	kW	We	know	that	the	voltage	across	total	combination,	Req	V1	=	R1	+	Req	=	8.33	k	×	100	V	=	45.43	V	10	k	+	8.33	k	Thus	the	voltmeter	with	sensitivity	of	1000	W/V	will	indicate	45.43	V.	(b)	Voltmeter	with
sensitivity	of	20,000	W/V	It	has	resistance	of	20,000	×	50	=	1000	MW	on	its	50	V	range	Voltmeter	is	connected	across	R2,	then	equivalent	parallel	resistance	is	given	by	10	k	×	1	M	Req	=	=	9.9	kW	10	k	+	1	M	Voltage	across	total	combination,	V2	=	=	Req	R1	+	Req	9.9	k	×	100	V	=	49.74	V	10	k	+	9.9	k	Thus	the	voltmeter	with	sensitivity	of	20000	W/V
will	indicate	49.74	V.	The	reading	49.74	V	is	near	to	50	V.	Thus	the	reading	of	high	sensitivity	voltmeter	is	near	to	the	true	voltage	of	resistance	R2.	46 	Electronic	Measurements	&	Instrumentation	3.19 Ohmmeter	The	basic	meter	movement	can	be	used	to	measure	resistance	if	it	is	combined	with	a	battery	and	current-limiting	resistance	as	shown
in	Fig.	3.19	(a).	In	that	case,	it	is	known	as	an	ohmmeter.	Ohmmeter	15	00	5k	1400		1.5	V	X	Y	Leads			0.5	mA	200	k	100		OHMS	0	1	0	Leads	Open	(a)	(b)	Fig.	3.19.	For	measuring	resistance,	the	ohm-meter	leads	X-Y	are	connected	across	the	unknown	resistance	after	switching	off	the	power	in	the	circuit	under	test.	Only	in	that	case,	the	ohmmeter
battery	can	provide	current	for	the	meter	movement.	Since	the	amount	of	current	depends	on	the	amount	of	external	resistance,	the	meter	scale	can	be	calibrated	in	ohms	(instead	of	mA).	When	the	leads	X-Y	are	shorted,	meter	current	is	1.5V/(100	+	1400)	W	=	1	mA.	The	meter	shows	full-scale	deflection	to	the	right.	The	ohmmeter	reading
corresponds	to	0	W	because	external	resistance	is	zero.	When	leads	X-Y	are	open	i.e.	do	not	touch	each	other,	meter	current	is	zero.	Hence,	it	corresponds	to	infinite	resistance	on	the	ohmmeter	scale.	Following	points	about	the	ohmmeter	are	worthnoting	:	1.	The	resistance	scale	is	non-linear	i.e.	it	is	expanded	at	the	right	near	zero	ohm	and	crowded
at	the	left	near	infinite	ohm.	This	nonlinearity	is	due	to	the	reciprocal	function	I	=	V/R.	2.	The	ohmmeter	reads	up-scale	regardless	of	the	polarity	of	the	leads	because	direction	of	current	is	determined	by	the	internal	battery;	3.	At	half-scale	deflection,	external	resistance	equals	the	internal	resistance	of	the	ohmmeter.	4.	The	test	leads	should	be
shorted	and	‘ZERO	OHMS’	control	adjusted	to	bring	the	pointer	to	zero	on	each	range.	3.20 	Series	Ohmmeter	This	instrument	essentially	consists	of	a	sensitive	dc	instrument	connected	in	series	with	a	resistance	and	a	battery	to	a	pair	of	terminals	to	which	the	resistance	under	test	is	connected.	So	that	indication	of	the	instrument	depends	on	the
magnitude	of	current	flowing	through	the	meter	which	ultimately	depends	on	the	value	of	resistance	under	test,	provided	the	instrument	is	properly	calibrated.	Circuit	diagram	of	a	simple	series	type	ohmmeter	is	shown	in	Fig.	3.20.	When	terminals	A	and	B	are	shorted	together	and	the	value	of	shunt	resistor	Rsh	is	adjusted	so	that	the	instrument
indicates	the	full-scale	reading	on	the	scale	then	this	position	of	the	pointer	corresponding	to	zero	resistance.	When	terminals	A	and	B	are	left	open	no	current	flows	through	the	meter	and	it	does	not	give	any	movement	on	the	scale	and	the	position	of	pointer	corresponds	to		resistance.	A	convenient	quantity	to	use	to	design	of	a	series	type	ohmmeter
is	the	value	of	Rx	which	causes	half-full	scale	deflection	of	the	instrument.	At	this	position	the	resistance	across	terminals	A	and	B	is	defined	as	the	half-scale	position	resistance	Rh.	IF	full-scale	deflection	current	of	the	Measurement	using	Electrical	Instruments 	47	meter,	fm,	internal	resistance	of	the	meter,	Rm,	the	battery	emf	E	and	the	half-scale
resistance	Rh	are	given	then	the	circuit	can	be	analyzed	and	the	values	of	Rse	and	Rsh	can	be	determined.	A	Rse	Meter	Rm	Rsh	Rx	+	–	V	B	Fig.	3.20.	When	the	terminal	A	and	B	is	shorted	When	the	terminal	A	and	B	is	shorted	(unknown	resistor	Rx	=	0),	the	maximum	current	is	flows	in	the	circuit.	In	this	condition	the	shunt	resistor	is	adjust	until	the
movement	indicates	full-scale	current	(Ifsd).	The	full	scale	current	position	of	the	pointer	is	marked	“0	W”	on	the	scale.	When	the	terminal	A	and	B	is	opened	When	the	terminal	A	and	B	is	opened	(unknown	resistor	Rx	=	),	the	current	in	the	circuit	drops	to	zero	and	the	movement	indicates	zero	current,	which	is	then	marked	“	W”	on	the	scale.	By
connecting	different	known	resistance	across	the	terminals	A	B,	intermediate	marking	can	be	done	on	scale.	The	accuracy	of	the	instrument	can	be	checked	by	measuring	different	values	of	the	standard	resistance.	The	current	is	inversely	proportional	to	the	resistance,	the	scale	is	marked	from		to	0	as	shown	in	Fig	3.21.	Rh	0		Zero	current	Full	scale
deflection	Fig.	3.21.	values	of	Rse	R1	and	Rsh	R2	can	be	determined	from	the	value	of	Rx.	A	convenient	quantity	to	use	in	design	of	a	series	type	ohmmeter	is	the	value	if	Rx	which	causes	half-scale	deflection	of	the	meter.	At	this	position,	the	resistance	across	terminals	A	and	B	is	defined	as	the	half-scale	position	resistance	Rh.	Its	value	is	equal	to	the
total	resistance	R1	in	series	with	parallel	combination	of	Rm	and	Rsh.	Rsh	Rm	Rh	=	Rse	+	…(i)	Rsh	+	Rm	The	total	resistance	presented	to	the	battery	then	equals	2Rh,	and	the	battery	current	needed	to	supply	the	half-scale	deflection	is	E	Ih	=	2	Rh	48 	Electronic	Measurements	&	Instrumentation	for	full	scale	deflection,	the	battery	current	must	be
doubled	E	If	=	2Ih	=	Rh	shunt	current	through	Rsh	R2	is	Ish	=	If	–	Ifm	I2	=	It	–	Ifsd	voltage	across	the	shunt	(Esh)	is	equal	to	the	voltage	across	the	movement	Esh	=	Em	Ish	Rsh	=	Ifm	Rm	I	fm	Rm	Rsh	=	I	sh	…(ii)	…(ii)	substituting	eq	(ii)	in	above	equation	we	get	Rsh	=	I	fm	Rm	Rh	I	m	Rm	=	I	f	−	I	fm	E	−	I	fm	Rh	…(iii)	solving	equation	(i)	using	above
equation	Rse	=	Rh	−	I	fm	Rm	Rh	…(iv)	E	The	value	of	resistance	Rse	R1	and	Rsh	R2	determined	by	equation	(iii)	and	(iv).	Example	3.11.	A	50	W	basic	movement	requiring	a	full	scale	current	of	1	mA	is	to	be	used	as	series	ohmmeter.	The	internal	battery	voltage	is	3	V.	A	half	scale	deflection	marking	desired	is	1000	Ω.	Calculate	(i)	Values	of	Rse	and
Rsh	(ii)	Maximum	value	of	Rsh	R2	to	compensate	for	a	5	%	drop	in	battery	voltage	Solution.	Given:	Rh	=	1000	W;	Rm	=	50	W;	V	=	3	V	and	Ifm	=	1	mA.	Values	of	Rse	and	Rsh	We	know	that	the	value	of	Rse	resistance	in	ohmmeter,	I	fm	Rm	Rh	Rse	=	Rh	–	E	=	1000	–	1	×	10−3	×	50	×	1000	3	=	983.33	W	Ans.	we	also	know	that	the	value	of	Rsh,	Rsh	=	=
I	fm	Rm	Rh	E	−	I	fm	Rh	1	×	10−3	×	50	×	1000	3	−	1	×	10−3	×	1000	=	25	W	Ans.	Maximum	value	of	R2	to	compensate	for	a	5	%	drop	in	battery	voltage	Due	to	5	%	drop	in	battery	voltage,	then	the	voltage	become	V	=	3	–	0.05	×	3	=	2.85	V	Measurement	using	Electrical	Instruments 	49	We	know	that	the	value	of	Rsh	Rsh	=	=	I	fm	Rm	Rh	E	−	I	fm
Rh	1	×	10−3	×	50	×	1000	2.85	−	1	×	10−3	×	1000	=	27.027	W	Ans.	3.21 	Shunt	Type	Ohmmeter	Fig.	3.22	Show	the	shunt	type	ohmmeter.	It	consists	of	a	battery	in	series	with	an	adjustable	resistance	Rse	and	a	D’Arsonval	movement.	The	known	resistance	is	connected	in	parallel	with	the	meter.	The	switch	disconnects	the	battery	when	the
instrument	is	not	in	use.	A	Im	Rse	+	V	Rm	–	Rx	Meter	B	Fig.	3.22.	When	the	terminal	A	and	B	is	shorted:	When	the	terminal	A	and	B	is	short	than	the	entire	current	flows	through	the	short	circuit	and	the	meter	current	is	zero.	This	pointer	position	is	marked	as	zero	and	the	corresponding	RX	=	0	as	terminals	AB	are	shorted.	When	the	terminals	A	and
B	are	open:	When	the	terminals	A	and	B	are	open,	then	the	entire	current	flows	through	the	meter	and	pointer	deflects	to	maximum.	The	resistance	Rse	is	then	adjusted	such	that	current	through	the	meter	is	full	scale	deflection	current.	This	position	of	pointer	is	marked	as	∞.	The	scale	is	marked	as	0	to		as	shown	in	Fig.	3.23.	When	the	terminals	A
and	B	open-circuited,	the	current	flowing	through	the	meter	0		V	Ifm	=	Rse	+	Rm	with	terminals	A	and	B	connected	across	resistance	under	test,	Rx	V	Battery	Current,	IB	=	Rm	Rx	Rse	+	Rm	+	Rx	and	current	flowing	through	the	meter,	Im	Im	=	Rx	V	×	Rm	Rx	Rm	+	Rx	Rse	+	Rm	+	Rx	Fig.	3.23.	50 	Electronic	Measurements	&	Instrumentation	The
meter	current	expressed	as	a	fraction	of	the	full-scale	deflection	current,	I	Rx	(	Rse	+	Rm	)	S	=	m	=	I	fm	Rse	(	Rm	+	Rx	)	+	Rm	Rx	Rx	Rx	=	Rse	Rm	Rx	+	R	p	Rx	+	(	Rse	+	Rm	)	Rse	Rm	Rp	=	(	Rse	+	Rm	)	=	where,	From	the	above	expression	for	S	it	is	obvious	that	the	half-way	mark	on	the	scale	occurs	when	Rx	=	Rp.	The	distribution	of	scale	marking	is
almost	linear	in	the	lower	part	i.e.	for	Rx	>	Rm	Rm	RV	Thus	the	measured	value	of	unknown	resistance,	Rm	is	lesser	than	its	true	value.	RX	=	1	+	2.	Voltmeter	is	connected	directly	across	the	ammeter	and	resistor:	Figure	4.4	shows	the	voltmeter	connected	directly	across	the	ammeter	and	unknown	resistance,	RX,	the	voltmeter	measures	the	voltage
drop	across	the	ammeter	and	unknown	resistance.	The	ammeter	is	connected	so	that	it	indicates	only	the	current	flowing	through	the	unknown	resistance.	I	V	Measured	resistance	A	Rx	Variable	resistance	Fig.	4.4.	V	=	I	RA	+	I	RX	=	I	(RA	+	RX)	V	RX	=	–	RA	…(ii)	I	where	RA	is	the	resistance	of	the	ammeter.	The	value	of	unknown	resistance	is
determined	by	the	equation	(ii).The	ammeter-voltmeter	method	of	measuring	resistance	is	capable	of	fair	accuracy,	depending	on	care	in	taking	the	reading	and	on	the	accuracy	and	range	of	the	instruments	used	Precise	Resistance	Measurements 	83	for	measurement	of	voltage	and	current.	This	method	is	useful	in	some	laboratory	work	in	which
high	accuracy	is	not	required.	4.9 	Advantages	and	Disadvantages	of	Ammeter-Voltmeter	Method	Advantages	Some	of	the	main	advantages	of	ammeter-voltmeter	method	are	given	below	:	1.	It	does	not	require	skilled	operation.	2.	Accuracy	of	the	order	±	1	%	can	be	achieved.	Disadvantages	Some	of	the	main	disadvantages	of	ammeter-voltmeter	are
given	below	:	1.	A	correction	factor	needs	to	apply	on	the	measured	value	to	obtain	the	true	value	of	the	resistance.	2.	The	low	values	of	resistances	invariably	have	a	high	percentage	of	error.	Example	4.1.	The	ammeter-voltmeter	method	is	used	to	measure	the	of	an	aircraft	instrument	resistance.	With	the	voltmeter	connected	across	the	resistance,
the	readings	on	the	ammeter	and	voltmeter	are	0.3	A	and	2.4	V	respectively.	The	resistance	of	the	voltmeter	is	450	W.	Calculate	(i)	the	true	value	of	resistance	and	(ii)	percentage	error	in	the	value	of	resistance,	if	the	voltmeter	current	is	ignored.	Solution.	Given:	V	=	2.4	V;	I	=	0.3	A	and	RV	=	450	W	(i)	True	value	of	resistance.	We	know	that	the	value
of	unknown	resistance,	2.4	V	=	RX	=	=	8.14	W	Ans.	æ	æ	2.4	ö	V	ö	0.3	ç1	−	I	ç1	−	0.3	×	450	ø	è	I	RV	ø	è	(ii)	Percentage	error	in	the	value	of	resistance,	if	the	voltmeter	current	is	ignored.	If	current	through	the	voltmeter	is	ignored	then,	V	2.4	R	=	=	=8W	I	0.3	the	percentage	error	is	given	by	the	equation,	R	−	RX	8	−	8.14	%	Error	=	×	100	=	×	100	RX
8.14	=	–1.72	%	Ans.	4.10 	Potentiometer	Method	In	potentiometer	method	the	unknown	resistance	is	compared	with	a	standard	resistance	of	the	same	order	of	magnitude.	Fig.	4.5	shows	the	circuit	diagram	of	potentiometer	method.	As	seen	from	the	diagram,	the	unknown	resistance	RX,	ammeter	A,	a	rheostat	R	(to	limit	the	current)	and	a	standard
resistance	are	connected	in	series	with	low	voltage	high	current	supply	source.	The	value	of	standard	resistance	should	be	known.	The	current	through	the	circuit	is	adjusted	by	a	rheostat	so	that	a	potential	difference	across	the	resistor	is	about	1V.	The	voltage	drop	across	the	potentiometer	and	the	standard	resistor	is	measured	by	a	potentiometer.
The	ratio	of	the	two	potentiometer	reading	gives	the	ratio	of	RX	to	S.	RX	Potentiometer	reading	across	RX	VX	=	=	VS	S	Potentiometer	reading	across	S	84 	Electronic	Measurements	&	Instrumentation	B	–	+	R	A	S	X	VS	VX	1	1	2	2	S	=	Standard	resistance	X	=	Unknown	resistance	To	potentiometer	Fig.	4.5.	The	accuracy	of	this	method	depends	upon
there	being	no	change	in	current	between	the	two	readings.	The	source	to	supply	current	through	the	circuit	should	be	extremely	stable.	4.11 	Advantages	and	Disadvantages	of	Potentiometer	Method	Advantages	of	Potentiometer	Method	Though	there	are	numerous	advantages	of	potentiometer	method,	yet	some	of	the	important	are	given	below:	1.
Inexpensive	2.	Simple	to	handle	3.	Useful	for	the	measurement	of	large	amplitudes	of	displacement	4.	Electrical	efficiency	is	very	high.	Disadvantages	of	Potentiometer	Method	Though	the	potentiometer	method	has	a	number	of	disadvantages,	yet	some	of	them	are	given	below:	1.	Force	is	required	to	move	the	sliding	contacts.	2.	Sliding	contacts	can
wear	out,	become	misaligned	and	generate	noise.	Example	4.2.	In	a	measurement	of	resistance	by	potentiometer,	the	voltage	drops	across	a	resistor	under	test	and	across	0.025	W	standard	resistors	were	found	to	be	0.882	V	and	1.2	V	respectively.	Determine	the	value	of	resistor	under	test.	Solution.	Given:	S	=	0.025	W;	VX	=	0.882	and	VS	=	1.2	V.
We	know	that,	RX	Potentiometer	reading	across	RX	VX	=	=	S	VS	Potentiometer	reading	across	S	RX	0.882	=	0.025	1.2	RX	=	0.882	0.882	×	0.025	=	×	0.025	=	0.0183	Ans.	1.2	1.2	Precise	Resistance	Measurements 	85	4.12 	Kelvin	Bridge	Fig.	4.6	shows	the	circuit	diagram	of	a	Kelvin	Bridge.	This	circuit	provides	great	accuracy	in	the	measurement
of	low	value	resistance	generally	below	1	W.	It	is	used	for	measuring	resistance	values	ranging	from	microohms	to	1	ohm.	E	R1	R2	G	R3	Rx	c	a	b	Ry	Fig.	4.6.	Kelvin	Bridge	The	resistance	Ry	represents	the	resistance	of	the	conducting	lead	from	R3	to	Rx.	The	resistance	Rx	is	the	unknown	resistance	to	be	measured.	The	galvanometer	can	be	connected
either	to	point	‘c’	or	to	point	‘a’.	When	it	is	connected	to	point	‘a’,	the	resistance	Ry	of	the	connecting	lead	is	added	to	the	unknown	resistance	Rx.	The	measurement	value	of	the	resistance	is	too	high	than	the	actual	value.	When	the	galvanometer	is	connected	to	the	point	‘c’,	the	resistance	Ry	of	the	connecting	lead	is	added	to	the	known	resistance
R3.	The	actual	value	of	R3	is	higher	than	the	normal	value	by	the	resistance	Ry	and	the	resulting	measurement	of	Rx	is	lower	than	the	actual	value.	If	the	galvanometer	is	connected	to	point	‘b’,	in	between	points	‘c’	and	‘a’,	in	such	a	way	that	the	ratio	of	the	resistance	from	‘c’	to	‘b’	and	that	from	‘a’	to	‘b’	equals	the	ratio	of	resistance	R1	and	R2	then,
Rcb	R	=	1	Rab	R2	Balance	equation	for	the	bridge	is	given	by	relation,	Rx	+	Rcb	R	=	1	R3	+	Rab	R2	(Rx	+	Rcb)	=	We	know	that	R1	(R3	+	Rab)	R2	Rac	+	Rbc	=	Ry	…(i)	86 	Electronic	Measurements	&	Instrumentation	Rbc	R	=	1	…(ii)	Rac	R2	and	Adding	1	on	the	both	side	of	equation	(ii)	we	get	Rbc	R	+	1	=	1	+	1	Rac	R2	Rbc	+	Rac	R	+	R2	=	1	Rac
R2	Ry	Rac	=	Rac	=	R1	+	R2	…(Q	Rac	+	Rbc	=	Ry)	R2	R2	Ry	R1	+	R2	…(iii)	Rbc	=	Ry	–	Rac	=	Ry	–	=	R2	Ry	R1	+	R2	R1	Ry	R1	+	R2	…(iv)	Substituting	the	equation	(iii)	and	(iv)	in	equation	(i),	Rx	+	R1	Ry	R1	+	R2	=	Rx	=	R1	R2	R2	Ry	ö	æ	çè	R3	+	R	+	R	ø	1	2	R1	R3	R2	This	is	the	standard	equation	of	the	bridge	balance.	The	equation	does	not	depend	on
the	resistance	of	connecting	lead	from	R3	to	Rx.	The	effect	of	lead	and	contact	resistances	is	completely	eliminated	by	connecting	the	galvanometer	to	the	intermediate	position	‘b’.	4.13 	Double	Kelvin	Bridge	Fig.	4.7	shows	the	circuit	diagram	of	Kelvin	double	bridge.	This	bridge	contains	another	set	of	ratio	arms	hence	called	double	bridge.	The
second	set	of	arms	labeled	‘l’	and	‘m’.	The	galvanometer	is	connected	to	point	‘f	’.	The	ratio	of	the	resistances	of	arms	‘l’	and	‘m’	is	same	as	the	ratio	of	R1	and	R2.	The	galvanometer	indicates	“zero”	when	the	potential	at	‘a’	equals	the	potential	at	‘f	’,	i.e.,	Eab	=	Ebcf	According	to	the	Voltage	Divider	Rule	the	voltage	across	the	‘ab’,	Eab	=	R2	×	E	…(i)
R1	+	R2	The	value	of	E	is	given	by,	E	=	I	[R3	+	Rx	+	(l	+	m)	||	Ry]	é	(l	+	m)	Ry	ù	E	=	I	ê	R3	+	Rx	+	ú	(l	+	m)	+	Ry	úû	êë	Precise	Resistance	Measurements 	87	E	a	R1	R2	G	e	b	f	l	m	R3	Rx	c	d	Ry	Fig.	4.7.	Double	Kelvin	Bridge	Substituting	the	value	of	E	in	equation	(i)	we	get,	Eab	=	Similarly,	é	(l	+	m)	Ry	ù	R2	×	I	ê	R3	+	Rx	+	ú	(l	+	m)	+	Ry	úû	R1	+	R2	êë	é
m	Ebcf	=	I	ê	R3	+	l	m	+	êë	Eab	=	Ebcf	=	but,	ìï	(l	+	m)	Ry	üï	ù	í	ýú	îï	(l	+	m)	+	Ry	þï	úû	é	(l	+	m)	Ry	ù	R2	×	I	ê	R3	+	Rx	+	ú	(l	+	m)	+	Ry	úû	R1	+	R2	êë	Rearranging	the	above	equation	we	get,	Rx	=	m	R1	Ry	l	Ry	R1	R3	+	−	R2	R2	(a	+	b	+	Ry	)	l	+	m	+	Ry	Rx	=	m	Ry	æ	R1	R1	R3	lö	+	−	…(ii)	R2	l	+	m	+	R	y	çè	R2	m	ø	The	ratio	of	the	resistances	of	arms	‘l’	and
‘m’	is	same	as	the	ratio	of	R1	and	R2,	i.e.,	R1	l	=	…(iv)	m	R2	From	equation	(iv)	and	(iii)	we	get	the	value	of	Rx,	Rx	=	R1	R3	R2	88 	Electronic	Measurements	&	Instrumentation	This	is	the	equation	for	Kelvin	Bridge.	It	indicates	that	the	resistance	of	the	connecting	lead	Ry,	has	no	effect	on	the	measurement,	provided	that	the	ratios	of	the	resistances
of	the	two	sets	of	ratio	arms	are	equal.	Fig.	4.8	shows	the	Kelvin	double	bridge.	This	bridge	is	mostly	used	for	industrial	and	laboratory	purpose.	Fig.	4.8.	Kelvin	double	bridge	used	in	industry	Example	4.3.	In	a	Kelvin	double	bridge,	there	is	error	due	to	mismatch	between	the	ratio	of	outer	and	inner	arm	resistances.	The	following	data	relates	to	this
bridge,	Standard	resistance	=	100.03	mW	Inner	arms	=	100.31	W	and	200	W	Outer	arms	=	100.24	W	and	200	W	The	resistance	of	connecting	leads	from	standard	to	unknown	resistance	is	680	mW.	Determine	the	value	of	unknown	resistance.	Solution.	Given:	R3	=	100.03	mW	=	100.03	×	10–6	W;	l	=	100.31	W;	m	=	200	W	;	R1	=	100.24	W;	R2	=	200
W	and	Ry	=	680	mW	=	680	×	10–6	W.	We	know	that	the	value	of	unknown	resistance	m	Ry	æ	R1	R	R	lö	Rx	=	1	3	+	−		ç	R	l+m+R	èR	mø	2	=	y	2	100.24	×	(100.03	×	10	−6	)	200	×	(680	×	10	−6	)	+	200	100.31	+	200	+	(680	×	10−6	)	æ	100.24	100.31ö	−	çè		200	200	ø	=	(50.135	×	10–6)	+	(4.528	×	10–4)	×	(–3.5	×	10–4)	=	49.97	×	10–6	W	=	49.97	mW
Ans.	4.14 	Measurement	of	Medium	Resistance	Values	There	are	several	methods	for	the	measurement	of	medium	resistance	values.	Some	of	the	important	methods	different	types	of	method	are	as	given	below.	1.	Ammeter-voltmeter	Method	2.	Substitution	Method	3.	Wheatstone	Bridge	4.	Carey-Foster	slide-wire	Bridge	Method	Precise	Resistance
Measurements 	89	We	shall	know	discuss	all	the	above	mentioned	methods	one	by	one	in	detail	in	the	following	pages.	We	have	already	discussed	the	ammeter-voltmeter	method	for	the	measurement	of	low	resistance	values.	This	method	is	same	for	measurement	of	medium	resistance	values.	4.15 	Substitution	Method	In	substation	method,	the
unknown	resistor	is	substituted	by	the	known	variable	resistance	R	in	the	circuit.	Then	we	compare	voltage	or	current	in	both	circuits	to	find	the	value	of	unknown	resistance.	There	is	different	way	to	find	the	value	of	unknown	resistance	RX	in	the	substitution	method.	The	method	is	discussed	below:	1.	Substitution	by	Variable	resistance	R.	The
unknown	resistance	RX	is	connected	in	the	circuit	as	shown	in	Fig.	4.9	and	the	value	of	current	is	recorded.	Then	the	unknown	resistance	RX	is	removed	and	it	is	substituted	by	a	known	variable	R	as	shown	in	Fig.	4.10.	The	value	of	resistance	is	varied	to	make	the	current	same	in	both	cases.	Then	the	value	of	known	resistance	RX	is	equal	to	known
resistance,	RX	=	R	RX	R	A	A	Fig.	4.9.	With	unknown	resistance	RX.	Fig.	4.10.	With	known	resistance	RX.	2.	Substitution	by	fixed	resistance	R.	If	we	are	using	the	fixed	resistance	R	then	the	following	reading	should	be	taken	to	find	the	value	of	unknown	resistance.	Case	(a):	Fig.	4.11	shows	the	resistance	RX	and	R	in	series,	the	reading	of	ammeter	is
given	by,	V	…(i)	R	+	RX	Case	(b):	Fig.	4.12	shows	when	resistance	RX	is	removed,	the	reading	of	ammeter	is	given	by,	V	I2	=	…(ii)	R	I1	=	RX	R	R	A	A	I1	I2	Fig.	4.11.	RX	and	R	in	series.	Dividing	equation	(ii)	by	(i)	we	get,	I2	R	+	RX	R	=1+	X	=	R	R	I1	Fig.	4.12.	RX	is	removed.	90 	Electronic	Measurements	&	Instrumentation	RX	I	=	2	−	1	R	I1	æ	I	−	I1	ö
RX	=	R	ç	2	…(iii)	è	I1	ø	The	value	of	unknown	resistance	is	calculated	by	equation	(iii).	3.	Two-Way	Switch	Method.	In	this	method	Fig.	4.13	shows	on	the	unknown	resistance	RX	and	the	known	resistance	R	are	connected	in	parallel	through	a	two-way	switch	is	used.	The	switch	is	connected	to	the	unknown	resistance	first	and	the	value	of	current,	I1	is
recorded.	Then	the	switch	is	connected	to	the	known	resistance	R	and	the	value	of	current	I2	is	recorded.	R	2	RX	1	A	Fig.	4.13.	When	the	switch	is	connected	to	the	unknown	resistance	RX,	the	value	of	circuit	current,	V	I1	=	…(i)	RX	When	the	switch	is	connected	to	the	known	resistance	R,	the	value	of	circuit	current,	V	I2	=	…(ii)	R	Dividing	the
equation	(ii)	with	(i),	we	get,	I2	R	=	X	R	I1	or	I2	…(iii)	I1	Using	the	above	equation,	we	can	find	the	value	of	unknown	resistance.	RX	=	R	×	4.16 	Wheatstone	Bridge	The	Wheatstone	bridge	circuit	is	used	to	compare	an	unknown	resistance	with	a	known	resistance.	The	bridge	is	commonly	used	in	control	circuits.	Wheatstone	bridge	is	the	most
accurate	method	available	for	measuring	resistance	and	is	popular	for	laboratory	use.	Fig.	4.14	shows	the	Wheatstone	bridge	circuit.	The	bridge	has	four	resistive	arms,	together	with	a	source	of	e.m.f	and	a	null	detector.	The	source	of	e.m.f	and	a	switch	is	connected	to	‘A’	and	‘B’,	while	a	current	indicating	meter,“galvanometer”	is	connected	between
‘C’	and	‘D’.	When	Precise	Resistance	Measurements 	91	there	is	no	current	through	the	galvanometer,	the	pointer	shows	zero.	The	current	in	one	direction	cause	the	pointer	to	deflect	on	one	side	and	current	in	the	opposite	direction	cause	the	pointer	to	deflect	to	the	other	side.	A	l2	l1	R1	R2	SW1	E	D	G	C	l4	l3	R4	R3	B	Fig.	4.14	Wheatstone	Bridge.
The	bridge	is	said	to	be	balanced	when	the	potential	difference	across	the	galvanometer	is	‘0V’	so	that	there	is	no	current	through	the	galvanometer.	This	condition	occurs	when	the	voltage	from	point	‘C’	to	point	‘A’	is	equal	to	the	voltage	from	point	‘D’	to	point	‘A’.	By	referring	the	other	battery	terminal,	the	bridge	is	balanced	when	the	voltage	from
point	‘C’	to	point	‘B’	equals	the	voltage	from	point	‘D’	to	point	‘B’.	Thus	when	the	bridge	is	balanced,	I1	R1	=	I2	R2	…(i)	Applying	Kirchhoff’s	Voltage	Law	in	loop	ABC	when	the	galvanometer	current	is	zero,	we	get,	I1	R1	+	I3	R3	–	E	=	0	But	since	current	I1	=	I3,	we	get,	I1	=	I3	=	E	…(ii)	R1	+	R3	Similarly,	in	loop	ADB	we	get,	I2	=	I4	=	E	…(iii)	R2	+
R4	Using	equation	(i)	(ii)	and	(iii),	we	get	R1	R2	=	R1	+	R3	R2	+	R4	R1	R4	=	R2	R3	…(iv)	or	In	balanced	condition	if	three	of	the	resistances	have	known	values,	then	the	value	of	fourth	resistance	is	calculated	from	the	equation	(iv).	If	R4	is	unknown	resistor	Rx,	then	the	value	of	Rx,	Rx	=	R3	R2	R1	Resistor	R3	is	called	the	standard	arm	of	the	bridge,
and	resistors	R2	and	R1	are	called	the	ratio	arms.	The	laboratory	version	of	Wheatstone	bridge	instrument	is	shown	in	Fig.	4.15.	92 	Electronic	Measurements	&	Instrumentation	Fig.	4.15.	Illustrating	a	portable	Wheatstone	bridge	used	in	industry	4.17 	Measurement	Errors	in	Wheatstone	Bridge	The	Wheatstone	bridge	is	widely	used	for	precision
measurement	of	resistance	from	approximately	1W	to	the	low	megaohm	range.	Measurement	errors	are	given	below:	1.	The	main	source	of	measurement	error	is	found	in	the	limiting	errors	of	three	known	resistors	2.	Insufficient	sensitivity	of	the	null	detector	3.	Changes	in	resistance	of	the	bridge	arms	due	to	the	heating	effect	of	the	current	through
the	resistors	4.	Thermal	e.m.fs	in	the	bridge	circuit	or	the	galvanometer	circuit	can	also	cause	problems	when	low-value	resistors	are	being	measured.	Example	4.4.	In	a	Wheatstone	bridge	resistance	R1	=	20	kW,	R2	=	30	kW	and	R3	=	80	kW.	Determine	the	unknown	resistance	RX.	Solution.	Given:	R1	=	20	kW;	R2	=	30	kW	and	R3	=	80	kW.	We	know
that	the	value	of	unknown	resistance	in	Wheatstone	bridge,	R	Rx	=	R3	2	R1	30	×	80	=	120	kW	Ans.	20	Example	4.5.	Each	of	the	ratio	arms	of	a	laboratory	type	Wheatstone	bridge	has	guaranteed	accuracy	of	±	0.05	%,	while	the	standard	arm	has	a	guaranteed	accuracy	of	±	0.1	%.	The	ratio	arms	are	both	set	at	1000	W	and	bridge	is	balanced	with
standard	arm	adjusted	to	3154	W.	Determine	the	upper	and	lower	limits	of	the	unknown	resistance,	based	upon	the	guaranteed	accuracies	of	the	unknown	bridge	arms.	Solution.	Given:	R1	=	R2	=	1000	W	and	R3	=	3154	W	We	know	that	the	value	of	unknown	resistance	in	Wheatstone	bridge,	=	Precise	Resistance	Measurements 	93	R2	3154	×	1000
=	=	3154	W	1000	R1	The	percentage	error	in	determination	of	RX	d	R1	d	R2	d	R3	d	RX	=	±	±	±	RX	R3	R1	R2	Rx	=	R3	=	±	0.05	±	0.05	±	0.1	=	±	0.2	%	Therefore,	the	limiting	value	of	RX	is,	RX	=	3154	±	0.2	%	The	value	of	unknown	resistance	is	from	3147	to	3160	W	Ans.	4.18 	Unbalanced	Wheatstone	Bridge	To	determine	whether	or	not	the



galvanometer	has	the	required	sensitivity	to	detect	an	unbalance	condition,	it	is	necessary	to	calculate	the	galvanometer	current.	To	determine	the	amount	of	deflection	that	would	result	for	a	particular	degree	of	unbalance,	we	use	Thevenin’s	theorem,	Fig.	4.16	shows	the	unbalanced	Wheatstone	bridge,	since	we	are	interested	in	the	circuit	through
the	galvanometer,	the	Thevenin	equivalent	circuit	is	determined	by	looking	into	galvanometer	terminals	‘c’	and	‘d’.	a	R1	R2	c	E	d	R4	R3	d	Fig.	4.16.	Unbalanced	Wheatstone	Bridge.	The	Thevenin	or	open-circuit	voltage	is	given	by,	Eth	=	Eac	–	Ead	=	I1	R1	–	I2	R2	where	E	I1	=	R1	+	R3	and	E	I2	=	R2	+	R4	æ	R1	R2	ö	−	Eth	=	E	ç	è	R1	+	R3	R2	+	R4	ø
The	resistance	of	the	Thevenin	equivalent	circuit	is	found	by	looking	back	into	terminals	c	and	d	and	replacing	the	battery	by	its	internal	resistance.	Thus	Thevenin	resistance	looking	into	terminals	c	and	d,	94 	Electronic	Measurements	&	Instrumentation	Rth	=	R1	R3	R	R	+	2	4	R1	+	R3	R2	+	R4	The	galvanometer	current	is	given	by,	Eth	Ig	=	Rth	+
Rg	where	Ig	is	the	current	through	galvanometer	and	Rg	is	its	resistance.	4.19 	Carey-Foster	Slide-Wire	Bridge	Method	Carey-Foster	slide-wire	bridge	is	an	elaboration	of	the	Wheatstone	bridge.	This	bridge	is	mainly	used	for	comparing	two	nearly	equal	resistances.	Fig.	4.17	shows	the	circuit	diagram	where	R1	and	R2	are	nominal	ratio	arms,	RX	the
resistance	under	test	and	R3	the	standard	resistance.	A	uniform	slide-wire	of	length	L	is	included	between	RX	and	R3.	The	balanced	condition	is	obtained	by	adjustment	of	the	sliding	contact	on	the	slide-wire.	The	resistance	R1	and	R2	are	first	adjusted	so	that	the	ratio	A	R1	/R2	is	approximately	equal	to	the	ratio	RX	/R3	by	the	sliding	R1	the	contact
on	the	slide-wire.	Let	L1	be	the	distance	of	the	R2	sliding	contact	from	the	left	hand	end	of	the	slide-wire.	G	R1	RX	+	l1	r	B	C	=	…(i)	R2	R3	+	(	L	−	l1	)	r	D	Where	‘r’	is	the	resistance	per	unit	length	of	the	slide-wire.	Then	the	resistance	RX	and	R3	are	interchanged	and	new	balance	is	obtained.	Let	the	distance	of	the	sliding	contact	is	L2.	R3	+	l2	r	R1
=	…(ii)	R	X	+	(	L	−	l2	)	r	R2	RX	R3	l1	Sliding	wire	l2	L	Now	comparing	the	equation	(i)	and	(ii)	we	get,	R3	+	l2	r	RX	+	l1	r	=	R	X	+	(	L	−	l2	)	r	R3	+	(	L	−	l1	)	r	adding	1	the	both	side	of	the	above	equation	we	get,	R3	+	l2	r	RX	+	l1	r	+	1	=	+1	R	X	+	(	L	−	l2	)	r	R3	+	(	L	−	l1	)	r	RX	+	l1	r	+	R3	+	Lr	−	l1	r	R	+	l	r	+	RX	+	Lr	−	l2	r	=	3	2	R3	+	(	L	−	l1	)	r	R
X	+	(	L	−	l2	)	r	RX	+	R3	+	Lr	R	+	RX	+	Lr	=	3	R3	+	(	L	−	l1	)	r	R	X	+	(	L	−	l2	)	r	R3	+	(L	–	l1)	r	=	RX	+	(L	–	l2)	r	R3	+	Lr	–	l1	r	=	RX	+	Lr	–	l2	r	+	–	E	Fig.	4.17.	Carey-Foster	slidewire	Bridge	R3	–	RX	=	r	(l1	–	l2)	…(iii)	The	equation	(iii)	shows	that	the	difference	between	the	resistance	RX	and	R3	is	obtained	from	the	resistance	of	the	slide	wire	between
the	two	point	balance	points.	The	resistance	‘r’	of	the	slide	wire	is	calibrated	by	shunting	the	resistance	R3	by	a	known	high	resistance.	The	effective	value	of	the	standard	resistance	R3	reduces	to	R3.	Now	let	the	new	balance	points	l1	and	l2	are	obtained.	Repeating	the	whole	procedure	again	we	get,	Precise	Resistance	Measurements 	95	R3	–	RX	=
r	(l1	–	l2)	…(iv)	Dividing	the	equation	(iii)	by	(iv)	we	get,	R3	−	RX	r	(l1	−	l2	)	=	R	¢3	−	RX	r	(l	¢1	−	l	¢	2	)	R3	(l1	–	l2)	–	RX	(l1	–	l2)	=	R3	(l1	–	l2)	–	RX	(l1	–	l2)	RX	[(l1	–	l2)	–	(l1	–	l2)]	=	R3	[(l1	–	l2)	–	(l1	–	l2)]	RX	=	R3	[(l	¢1	−	l	¢	2	)	−	(l1	−	l2	)]	(l	¢1	−	l	¢	2	)	−	(l1	−	l2	)	R3	[(l	¢1	−	l	¢	2	)	−	R3	(l1	−	l2	)]	…(v)	l	¢1	−	l	¢	2	−	l1	−	l2	Equation	(v)	shows	that
this	method	compares	RX	and	R3	directly	in	terms	of	the	lengths	only.	The	resistance	R1,	R2	and	contact	resistance	are	being	eliminated.	All	high	accuracy	bridges	have	errors	because	of	thermo-electric	e.m.f	in	the	low	resistance	arms.	To	eliminate	this	type	of	error	Carey-Foster	bridge	uses	a	switch	which	enables	the	connections	to	RX	and	R3
resistances	to	be	interchanged	without	handling	the	coils.	RX	=	4.20 	Measurement	of	High	Resistance	Values	The	value	of	high	resistance	is	of	the	order	of	hundreds	to	thousands	of	megaohm.	Some	of	the	examples	of	high	resistance	values	are	in	the	following	cases:	1.	Insulation	resistance	of	components	2.	Resistance	of	the	elements	like	in
vacuum	tube	circuits.	3.	Leakage	resistance	of	capacitors	It	may	be	carefully	noted	that	the	methods	of	resistance	measurement	described	in	the	previous	sections	are	not	suitable	for	high	resistance	measurement.	One	of	the	main	problems	in	high	resistance	measurements	is	the	leakage	that	occurs	over	and	around	the	component	or	specimen	under
test,	or	over	the	binding	posts	by	which	the	component	is	attached	to	the	instrument	or	within	the	instrument	itself.	The	resistance	of	insulating	materials,	generally,	falls	rapidly	with	increasing	temperature,	so	the	change	in	temperature	and	operating	temperature	plays	a	very	important	role	in	the	determination	of	the	resistance.	The	value	of
insulation	resistance	should	always	be	stated	together	with	the	temperature	at	which	the	test	was	carried	out.	There	are	several	methods	to	measure	the	high	resistance	values	but	the	following	ones	are	important	from	the	subject	point	of	view:	1.	Direct	deflection	method	2.	Loss	of	charge	method	3.	Megohm	bridge	4.	Megger	Now	we	shall	discuss
all	the	above	mentioned	methods	one	by	one	in	detail	in	the	following	pages.	4.21 	Direct	Deflection	Method	The	direct	deflection	method	is	used	for	high	resistance	measurement.	The	sensitive	moving	coil	galvanometer	and	high	resistance(about	1	kW	or	more)	is	connected	in	series	with	the	resistance	to	be	measured	along	with	supply	voltage.	The
deflection	of	the	galvanometer	gives	a	measure	of	the	insulation	resistance.	This	method	is	for	measuring	insulation	resistance	of	the	cable.	The	cables	are	of	two	types:	Cable	with	Sheath	and	Cable	without	Sheath.	96 	Electronic	Measurements	&	Instrumentation	(a)	Direct	deflection	method	for	Cable	with	Sheath	Fig.	4.18	shows	the	direct
deflection	method	for	measuring	the	insulation	resistance	of	a	cable	with	sheath.	The	galvanometer	measures	the	current	IX	between	the	conductor	and	the	metal	sheath.	The	leakage	current	IL	over	the	insulating	material	is	carried	by	the	guard	wire	wound	on	the	insulation	and	therefore	does	not	flow	through	the	galvanometer.	IX	IL	Insulating
material	G	+	V	Core	–	Guard	wire	Fig.	4.18.	Illustrating	direct	deflection	method	for	Cable	with	sheath	(b)	Cable	without	Sheath	Cables	without	metal	sheaths	can	be	tested	in	a	similar	way	like	in	cable	with	sheath.	The	direct	deflection	method	for	measuring	the	insulation	resistance	is	shown	in	Fig.	4.19.	First	the	cable	is	immersed	in	slightly	saline
water	for	about	24	hours	and	the	temperature	is	kept	constant	about	20°C.	The	water	enters	the	pores	of	the	cable	and	the	temperature	of	the	cable	attains	the	temperature	of	the	water.	The	water	and	tank	then	form	the	return	path	for	the	current.	IX	IL	Core	G	+	V	–	V	Cable	Water	tank	Water	Fig.	4.19.	Illustrating	direct	deflection	method	with
Cable	without	Sheath	The	galvanometer	is	properly	shunted.	It	includes	a	series	resistance	of	high	value.	The	true	value	of	insulation	resistance	can	be	determined	by	subtracting	the	value	of	series	resistance	from	the	observed	resistance.	The	scale	of	the	galvanometer	is	calibrated	by	replacing	the	insulation	by	a	standard	high	resistance.	While
conducting	tests	on	cables	the	galvanometer	should	be	short-circuited	before	applying	the	voltage.	The	short-circuiting	connection	is	removed	only	after	sufficient	time	has	elapsed	so	that	charging	and	absorption	currents	cease	to	flow.	The	galvanometer	should	be	very	sensitive,	high	resistance	and	uniform	scale.	To	prevent	leakage	currents,	the
galvanometer	circuit	switches	and	circuitry	must	be	well	insulated.	Precise	Resistance	Measurements 	97	4.22	Measurement	of	Volume	and	Surface	Resistivities	The	insulation	resistance	material	is	available	in	sheet	form.	In	such	case	volume	and	surface	resistivity	of	the	material	are	measured	as	discuss	below:	1.	Volume	Resistivity	For
measurement	of	volume	resistivity,we	measure	and	record	the	voltage	applied	and	current	through	galvanometer.	Leakage	current	over	the	edge	of	the	specimen	will	flow	between	the	ring	and	the	lower	electrode	and	hence	will	not	introduce	error	into	the	measurement.	The	volume	resistivity	r	can	be	calculated	as	follows,	Let,	d1	=	diameter	of
upper	electrode	t	=	thickness	of	the	specimen	sheet	V1	=	Voltmeter	reading	I1	=	Current	through	galvanometer	Resistance	of	the	specimen,	V	R	=	1	…(i)	I1	rt	4rt	=	…(ii)	p	2	p	d12	d1	4	From	equation	(i)	and	(ii),	volume	resistivity	of	specimen	is	given	by,	R	=	r	=	π	d12V1	…(iii)	4t	I1	The	resistance,	Rt	between	two	electrodes	of	the	dielectric	medium
is	given	by,	1	1	1	=	+	Rt	Rv	Rs	where	Rv	=	volume	resistance	and	Rs	=	Surface	resistance	2.	Surface	Resistivity.	The	surface	resistivity	is	the	resistance	between	opposite	edges	of	a	square	area	of	the	surface	of	the	material.	To	measure	the	surface	resistivity	the	galvanometer	is	placed	as	shown	in	Fig.	4.20.	The	galvanometer	measures	the	leakage
current.	The	current	flowing	between	upper	and	lower	electrodes	will	be	eliminated	from	the	measurement.	Battery	G2	G1	Upper	electrode	Guard	ring	V	d1	t	Specimen	sheet	Lower	electrode	d2	Fig.	4.20.	 	Surface	resistance	Rs	=	V2	I2	98 	Electronic	Measurements	&	Instrumentation	The	leakage	current	flows	along	a	path	of	length	‘t’	and	width
‘pd2’,	therefore	surface	resistivity,	R	×	π	d	2	π	d	2	V2	.	…(iv)	=	rs	=	s	t	t	I2	The	volume	and	surface	resistivity	is	defined	from	the	equation	(iii)	and	(iv).	4.23 	Loss	of	Charge	Method	Fig.	4.21	shows	the	loss	of	charge	method.	This	method	is	used	for	measuring	the	insulation	resistance	of	very	high	value	where	C	is	a	known	capacitance,	V	is
electrostatic	voltmeter,	and	Rleak	is	the	total	leakage	resistance	of	the	capacitor	and	voltmeter.	RX	is	the	unknown	resistance	to	be	measured.	There	are	two	parts	of	the	circuit,	the	inner	part	comprising	C,	V	and	Rleak	and	other	is	the	outer	part	comprising	of	RX	and	battery.	The	inner	part	of	the	circuit	is	connected	to	the	outer	part	through	a
switch.	RX	Rleak	2	1	C	Voltmeter	V	Battery	Fig.	4.21.	Loss	of	Charge	Method.	The	switch	is	first	connected	to	the	point	1	and	capacitor	is	charged	by	the	battery,	the	voltmeter	reading,	say	V1	is	recorded.	Then	the	switch	is	connected	to	the	point	2	and	capacitor	is	discharged	through	the	resistance	RX	and	Rleak.	After	discharging	the	capacitor,	the
voltmeter	reading	is	recorded	again,	say	V2.	The	time	taken	for	the	potential	difference	to	fall	from	V1	to	V2	during	discharge	is	‘t’.	The	effective	resistance	is	the	equivalent	resistance	of	RX	and	Rleak	connected	parallel.	Determine	the	value	of	Reff.	Let	at	any	instant	‘t’	the	voltage	across	the	discharge	capacitor	is	V	volts,	the	charge	on	the
discharging	capacitor	is	q	coulombs	and	the	capacity	of	the	capacitor	is	C	farads.	Then	current	I	is	given	by,	dq	dv	i	=	−	=	−	C	.	…(i)	dt	dt	potential	drop	across	Reff	v	=	i	=	…(ii)	Reff	Reff	Comparing	the	equations	(i)	and	(ii)	we	get,	v	dv	−C.	=	dt	Reff	Precise	Resistance	Measurements 	99	dv	dt	=	−	v	C	Reff	Integrating	on	both	sides	we	get,	dv	dt	=
−	v	C	Reff	v2	∫	v1	t	dv	dt	=	∫	−	v	C	Reff	0	[ln	v	]vv	2	1	=	−	t	C	Reff	æv	ö	t	ln	ç	2		=	−	…(iii)	C	Reff	è	v1	ø	or	æ	t	ö	ç	−	C	R	ø	v2	eff	=	eè	v1	or	æ	t	ö	−	èç	C	Reff	ø	v2	=	v1	.	e	…(iv)	Using	equation	(iii)	we	can	determine	the	value	of	Reff.	Thus,	t	−t	=	Reff	=	æ	v2	ö	æv	ö	C	.	ln	ç		C	.	ln	ç	1		è	v1	ø	è	v2	ø	Determine	the	value	of	Rleak	The	test	is	repeated	again	with	the
Rleak	resistance	only.	The	resistance	RX	is	disconnected	from	the	circuit.	The	value	of	leakage	resistance	is	determined.	Value	of	RX	We	know	that	Reff	is	the	parallel	combination	of	the	resistance	RX	and	Rleak,	then	the	value	of	RX	is	given	by,	1	1	1	=	−	RX	Reff	Rleak	In	this	method	leakage	resistance	of	the	voltmeter	can	be	neglected	if	its	value	is
low.	If	it	is	high	then	it	must	be	considered	Rleak.	When	insulation	resistance	of	a	cable	or	a	capacitor	is	to	be	measured,	the	test	needs	not	to	be	repeated.	In	this	case	C	will	be	the	capacitance	of	the	cable	and	Rleak	will	be	the	insulation	resistance.	Example	4.6.	The	value	of	high	resistance	is	measured	by	loss	of	charge	method.	A	capacitor	having	a
capacitor	of	2.5	mF	is	charged	to	a	potential	of	500	V	dc	and	is	discharged	through	the	high	resistance.	An	electrostatic	voltmeter,	kept	across	the	high	resistance,	reads	the	voltage	as	300	V	at	the	end	of	60	seconds.	Calculate	the	high	resistance.	Solution.	Given:	C	=	2.5	mF	=	2.5	×10–6	F;	V1	=	500	V;	V2	=	300	V	and	t	=	60	s	We	know	that,	v2	=	v1	.
e	æ	t	ö	çè	−	C	R	ø	eff	100 	Electronic	Measurements	&	Instrumentation	e	æ	t	ö	−	èç	C	Reff	ø	=	v2	v1	Reff	=	RX	taking	logarithms	on	both	sides	we	get,	t	æv	ö	=	ln	ç	1		C	RX	è	v2	ø	RX	=	t	60	=	æv	ö	æ	500	ö	−6	C	ln	ç	1		2.5	×	10	ln	ç	è	300	ø	v	è	2ø	=	46.98	MW	Ans.	Example	4.7.	A	length	of	cable	was	tested	for	insulation	resistance	using	loss	of	charge
method.	A	capacitance	formed	by	sheath	of	cable	of	300	pF	is	found	to	have	drop	in	voltage	from	300	V	to	100	V	in	120	seconds.	Calculate	the	insulation	resistance	of	the	cable.	(GBTU/MTU,	2002-03)	Solution.	Given:	Capacitance,	C	=	300	pF;	V1	=	300	V,	V2	=	100	V	and	t	=	120	s;	We	know	that	the	value	of	insulation	resistance,	t	Rinsulation	=	æv	ö	C
.	ln	ç	1		è	v2	ø	R	=	120	æ	300	ö	(300	×	10	−12	)	ln	ç	è	100	ø	=	0.364	×	106	MW	Ans.	4.24 	Megohm	Bridge	To	remove	leakage	current	in	the	bridge	we	use	‘three	terminal	resistances’.	It	is	shown	in	Fig.	4.22.	The	high	resistance	is	connected	between	two	binding	posts	which	are	fixed	to	metal	plate.	The	two	main	terminals	of	the	resistor	are
connected	to	the	RX	terminals	in	the	bridge.	The	third	terminal	is	the	common	point	of	resistances	R1	and	R2,	which	represent	the	leakage	paths	from	the	main	terminal	along	the	insulating	post	of	the	metal	plate.	Binding	post	RX	leakage	R2	R1	Guard	point	Fig.	4.22.	Three	Terminal	Resistances	Fig.	4.23	shows	the	Magaohm	Bridge.	This	bridge	uses
the	guard	terminal	in	connection.	It	include	the	following	Precise	Resistance	Measurements 	101	(a)	Power	Supplies	(b)	Bridge	members	(c)	Amplifiers	(d)	Indicating	Instrument	Guard	terminal	RB	RA	R1	+	Variable	ratio	arm	RX	A	RC	–	Guard	point	R2	Three-terminal	resistance	Amplifier	and	null	detector	Resistance	multiplier	Fig.	4.23.	Megohm
Bridge	The	resistance	R1	in	parallel	with	arm	resistance	RA,	but	R1	is	very	much	larger	then	RA	thus	its	shunting	effect	is	negligible.	Similarly	the	resistance	R2	is	in	parallel	with	galvanometer	and	has	no	effect	as	R2	is	much	higher	than	galvanometer	resistance.	The	external	leakage	path	can	be	removed	by	using	the	guard	circuit	on	the	three
terminal	resistances.	Sensitivity	for	balancing	against	high	resistance	is	obtained	by	use	of	adjustable	high	voltage	supplies.	The	resistance	RB	is	the	variable	resistance.	Resistance	RC	gives	the	multipliers	of	different	range	of	resistance.	The	junction	of	ratio	arms	R1	and	R2	is	Guard	terminal.	The	value	of	the	unknown	resistances	is	given	by	R	R	RX
=	A	C	RB	4.25 Megger	The	megger	is	an	instrument	used	for	the	measurement	of	high	resistance	and	insulation	resistance.	Essentially	the	megger	insulation	tester	consists	of	a	hand-driven	dc	generator	and	a	direct	reading	true	ohmmeter.	Megger	is	also	called	meg-ohmmeter.	It	is	shown	in	Fig.	4.24.	An	ordinary	ohmmeter	cannot	be	used	for
measuring	resistance	of	multimillions	of	ohms,	such	as	conductor	insulation.	Megger	used	to	measure	high	resistance,	of	the	order	of	one	megaohm	and	above.	The	meg-ohmmeters	or	megger	is	a	portable	deflection	instrument	widely	used	to	check	the	insulation	resistance	of	electrical	cables	and	equipment.	This	instrument	measures	the	insulation
resistance	of	the	electric	circuits	relative	to	earth	and	one	another.	Principle	of	Operation	This	instrument	is	based	on	the	electromagnetic	induction.	A	current	carrying	conductor	in	a	uniform	magnetic	field	experiences	a	mechanical	force.	The	magnitude	of	the	force	depends	upon	the	strength	of	current	and	magnetic	field.	Direction	of	the
mechanical	force	depends	on	the	direction	of	current	and	magnetic	fields.	R2	T1	Compensating	coil	102 	Electronic	Measurements	&	Instrumentation	Magnet	N	N	•	CC	r	te	in	Po	PC	Scale	Guard	ring	Iron	core	–	+	G	L	T2	0	L	S	S	Magnet	R1	X1	X10	X100	Guard	terminal	Fig.	4.24.	Megger.	Construction	of	Megger	1.	Megger	consists	of	a	permanent
magnet	which	provides	the	field	for	both	the	generator	G	and	ohmmeter	2.	The	moving	element	of	the	ohmmeter	consist	of	three	coils	(a)	Deflection	coil	(b)	Pressure	or	control	coil	(c)	Compensating	coil	3.	Coils	are	mounted	on	a	central	shaft	which	are	free	to	rotate	over	stationary	C-shaped	iron	core.	4.	The	coils	are	connected	to	the	circuit	through
flexible	leads	called	ligaments	which	do	not	produce	a	restoring	torque	on	the	moving	element.	5.	The	current	coil	is	connected	in	series	with	resistance	R1	between	one	generator	terminal	and	the	test	terminal	T2.	6.	The	series	resistance	R1	protects	the	current	coil	from	short	circuit	of	the	test	terminals	and	it	also	control	the	range	of	instrument.	7.
The	pressure	coil,	in	series	with	a	compensating	coil	and	protection	resistance	R2	is	connected	across	the	generator	terminals.	Working	of	Megger	When	the	current	flows	from	the	generator	through	the	pressure	coil,	the	coil	tends	to	set	itself	at	right	angles	to	the	field	of	the	permanent	magnet.	Precise	Resistance	Measurements 	103	When	test
terminals	are	open	1.	When	the	test	terminals	are	open,	corresponding	to	infinite	resistance.	Then	no	current	flows	through	deflection	coil.	2.	The	pressure	coil	governs	the	motion	of	the	moving	element	and	makes	it	to	move	to	its	extreme	anticlockwise	position.	3.	The	pointer	comes	to	rest	at	the	infinity	end	of	the	scale.	When	test	terminals	are	short
1.	When	the	test	terminals	are	short,	corresponding	to	zero	resistance.	The	current	from	the	generator	flowing	through	the	current	coil	is	large	to	produce	sufficient	torque	to	overcome	the	counter-clockwise	torque	of	the	pressure	coil.	2.	The	pointer	moves	over	a	scale	showing	zero	resistance.	The	high	resistance	to	be	tested	is	connected	between
terminals	T1	and	T2.	The	opposing	torques	of	the	coils	balance	each	other	so	that	pointer	attains	a	stationary	position	at	some	intermediate	point	on	scale.	The	scale	is	calibrated	in	megaohms	so	that	the	resistance	is	directly	indicated	by	pointer.	The	guard	ring	eliminates	the	error	due	to	leakage	current.	Fig.	4.25	shows	the	Megger	from	Megger
Company	Model	No.	MIT210.This	instrument	has	a	resistance	measurement	ranges	from	10	kW	to	1000	MW	.The	insulation	testing	ranges	are	1000	V	and	1000	MW.	Fig.	4.25.	SUMMARY	I	n	this	chapter	you	have	learned	that:	1.	Resistances	are	classified	according	to	their	resistance	value,	low	(less	than	or	equal	to	1	W),	medium	(1	W	to	100	kW)
and	high	resistance	(above	100	kW).	2.	Ammeter-voltmeter	method	is	used	for	measuring	low	resistance	values.	3.	The	potentiometer	method	compares	the	unknown	resistance	with	a	standard	resistance	of	the	same	order	of	magnitude.	104 	Electronic	Measurements	&	Instrumentation	4.	Kelvin	bridge	measure	the	low-value	resistance	generally
below	1	W.	5.	In	substitution	method	the	unknown	resistance	is	substituted	with	the	known	variable	resistance.	6.	Wheatstone	bridge	is	the	most	accurate	method	available	for	measuring	resistance	and	is	popular	for	laboratory	use.	7.	Carey-Foster	slide-wire	bridge	is	mainly	used	for	comparing	two	nearly	equal	resistances.	8.	The	direct	deflection
method	is	used	for	measuring	high	resistance	values.	9.	Loss	of	charge	method	is	for	measuring	the	insulation	resistance	of	very	high	value	10.	Megger	is	used	to	measure	high	resistance,	of	the	order	of	one	mega	ohm	and	above.	This	instrument	measures	the	insulation	resistance	of	the	electric	circuits	relative	to	earth	and	one	another.	GLOSSARY
Ammeter-Voltmeter	method:	The	ammeter-voltmeter	method	employs	the	simple	ohm’s	law	to	determine	the	value	of	an	unknown	resistance.	Carey-Foster	slide-wire	bridge:	Carey-Foster	slide-wire	bridge	is	an	elaboration	of	the	Wheatstone	bridge.	Direct	Deflection	method:	In	this	method	the	sensitive	moving	coil	galvanometer	and	high	resistance
(about	1	kW	or	more)	is	connected	in	series	with	the	resistance	to	be	measured	along	with	supply	voltage.	The	deflection	of	the	galvanometer	gives	a	measure	of	the	insulation	resistance.	Megger:	Megger	consists	of	a	permanent	magnet	which	provides	the	field	for	both	the	generator	G	and	ohmmeter.	This	instrument	measures	the	insulation
resistance	of	the	electric	circuits	relative	to	earth	and	one	another.	Substitution	method:	In	this	method	the	unknown	resistor	is	substituted	by	the	known	variable	resistance	R	in	the	circuit.	Then	we	compare	voltage	or	current	in	both	circuits	to	find	the	value	of	unknown	resistance.	Wheatstone	bridge:	The	Wheatstone	bridge	is	a	circuit	used	to
compare	an	unknown	resistance	with	a	known	resistance.	The	bridge	is	commonly	used	in	control	circuits.	NUMERICAL	PROBLEMS	1.	The	ammeter-voltmeter	method	is	used	to	measure	a	resistance.	With	the	voltmeter	connected	across	the	resistance	the	reading	on	the	ammeter	and	voltmeter	are	0.4	A	and	3.2	V	respectively.	The	resistance	of	the
voltmeter	is	500	W.	Calculate	(i)	true	value	of	resistance.	(ii)	Percentage	error	in	the	value	of	resistance,	if	the	voltmeter	current	is	ignored.	(Ans.	8.13	W;	1.6	%)	2.	In	a	specific	Kelvin	bridge	the	ration	of	the	arms	are	1:100.	The	standard	resistance	is	20	W.	Find	out	the	unknown	resistance.	(Ans.	0.2	W)	3.	The	insulation	resistance	of	2	metre	cable
was	measured	by	loss	of	charge	method.	The	voltage	across	the	standard	capacitance	of	0.003	pF	drops	from	222	V	to	155	V	in	1	minute.	Calculate	the	insulation	resistance	of	the	cable.	(Ans.	55,670	MW)	4.	In	a	measurement	of	resistance	by	potentiometer,	the	voltage	drops	across	a	resistor	under	test	and	across	0.02	W	standard	resistor	were	found
to	be	0.735	V	and	9.8	V	respectively.	Determine	the	value	of	resistor	under	test.	(Ans.	0.015	W)	5.	Determine	the	insulation	resistance	of	a	short	length	of	cable	in	which	voltage	falls	from	125	to	100	volts	in	25	seconds.	The	capacity	of	the	condenser	is	600	×	1012	F.	(Ans.	1,86,726	MW)	6.	The	Wheatstone	bridge	consists	of	the	following	parameters:
R1	=	10	kW	R2	=	15	kW	and	R3	=	40	kW.	Fine	the	unknown	resistance	RX.	(Ans.	60	W)	Precise	Resistance	Measurements 	105	DESCRIPTIVE	QUESTIONS	1.	How	are	resistance	classified?	2.	Explain	what	do	you	mean	by	low,	medium	and	high	resistances.	Suggest	various	suitable	methods	for	measuring	then	giving	justification.	Describe	any
method	to	measure	a	low	resistance	with	accuracy.	3.	State	various	methods	of	measurement	of	low	resistance.	Why	is	ammeter-voltmeter	method	not	suitable	for	precise	measurement	of	low	resistance?	4.	What	do	you	mean	by	low,	medium	and	high	resistance?	Describe	one	method	each	for	the	measurement	of	low,	medium	and	high	resistance	with
their	advantages	and	disadvantages?	(GBTU/MTU,	2004-05)	5.	Write	different	methods	of	measurement	of	medium	resistance.	(P.T.U,	Dec.	2009)	6.	Discuss	substitution	method	for	measurement	of	medium	resistance.	(P.T.U,	Dec.	2009)	7.	What	are	the	difficulties	associated	with	the	measurement	of	low	resistance?	Describe	how	resistance	is
measured	accurately	by	Kelvin’s	double	bridge.	8.	Explain	the	construction	and	principle	of	operation	of	Kelvin’s	double	bridge.	Mention	why	this	bridge	is	used	accurate	measurement	of	low	resistance.	9.	Discuss	the	relevant	circuit	diagram	how	Kelvin’s	double	bridge	is	used	for	measuring	low	value	of	resistance,	more	precisely	in	comparison	to
voltmeter-ammeter	method.	(GBTU/MTU,	2005-06)	10.	What	are	the	problems	associated	with	measurement	of	low	resistances?	How	are	they	overcome	through	use	of	Kelvin’s	double	bridge?	Derive	the	expression	for	the	unknown	resistance	in	the	case	of	Kelvin’s	double	bridge.	11.	Explain	the	procedure	of	measuring	a	low	resistance	with	help	of
Kelvin’s	double	bridge.	Derive	the	relation	to	finding	unknown	resistance.	12.	List	and	discuss	the	principle	applications	of	Kelvin’s	bridge.	13.	Describe	the	operation	of	a	Kelvin’s	bridge.	14.	What	is	the	primary	use	of	Kelvin’s	bridge?	15.	How	does	the	basic	circuit	of	Kelvin’s	bridge	differ	from	that	of	Wheatstone’s	bridge?	16.	Compare	the	measuring
accuracy	of	a	Wheatstone	bridge	with	the	accuracy	of	an	ordinary	ohmmeter?	17.	In	what	two	types	of	circuits	do	Wheatstone	bridge	find	most	of	their	applications.	18.	Describe	the	operation	of	the	Wheatstone	bridge.	19.	Describe	how	Wheatstone’s	bridge	may	be	used	to	control	various	physical	parameters.	20.	What	is	the	criterion	for	balance	of	a
Wheatstone	bridge?	21.	What	is	the	principle	of	using	loss	of	charge	technique	for	measurement	of	high	resistance?	Derive	necessary	relation.	(GBTU/MTU,	2002-03)	22.	Describe	with	the	help	of	neat	diagram,	the	loss	of	charge	method	to	determine	the	insulation	resistance	of	a	short	length	of	cable	and	derive	an	expression	for	determination
resistance.	(GBTU/MTU,	2001-02)	23.	Describe	megaohm	bridge	method	of	measuring	high	resistance	with	the	help	of	a	neat	diagram.	24.	Describe	the	construction	and	working	of	Carey-Foster	Bridge.	25.	Describe	Carey	Foster’s	slide	wire	bridge	for	the	measurement	of	medium	resistance.	26.	Explain	the	Kelvin	double	bridge	method	for
measurement	of	low	resistance.	(P.T.U,	May	2010)	106 	Electronic	Measurements	&	Instrumentation	27.	Describe	and	explain	with	the	help	of	neat	sketches	the	construction	and	working	of	megger.	28.	Explain	wheatstone	bridge	and	derive	the	expression	for	bridge	sensitivity.	(GBTU/MTU	2009-10)	29.	Explain	Ammeter-Voltmeter	method	of
measurement	of	resistance	with	its	advantages	and	disadvantages.	(Nagpur	University,	Summer	2010)	30.	What	do	you	understand	by	low,	medium	and	high	resistance?	Describe	Kelvin’s	double	bridge	method	for	measurement	of	small	resistances.	(Nagpur	University,	Summer	2010)	31.	Explain	the	significance	of	using	four	terminals	for
measurement	of	low	resistance.	(Nagpur	University,	Summer	2010)	32.	State	various	methods	of	measurement	of	low	resistance.	Why	are	ammeter-voltmeter	methods	not	sutiable	for	the	precise	measurement	of	low	resistance?	(GBTU/MTU,	2010-11)	MULTIPLE	CHOICE	QUESTIONS	1.	Low	resistance	are	provided	with	four	terminals,	(a)	to	facilitate
the	connection	of	current	and	potential	circuits	(b)	in	order	that	the	resistance	value	becomes	definite	irrespective	of	the	nature	of	contacts	at	the	current	terminals.	(c)	to	eliminate	the	effects	of	thermo-electric	emfs.	(d)	to	eliminate	the	effect	of	leads.	2.	In	a	Kelvin’s	double	bridge	two	sets	of	reading	are	taken	when	measuring	a	low	resistance,	one
with	the	current	in	one	direction	and	the	other	with	direction	of	current	reversed.	This	is	done	to,	(a)	eliminate	the	effect	of	contact	resistance.	(b)	eliminate	the	effect	of	resistance	of	leads.	(c)	correct	for	changes	in	battery	voltage.	(d)	eliminate	the	effect	of	thermo-electric	emfs.	3.	A	resistance	of	value	10	W	approximately	is	to	be	measured	by
ammeter-voltmeter	method	with	resistance	of	ammeter	as	0.02	W	and	that	of	voltmeter	as	5000	W.	The	resistance	should	be	measured,	(a)	by	connecting	the	ammeter	on	the	side	of	unknown	resistance	as	this	connection	gives	batter	accuracy.	(b)	by	connecting	the	voltmeter	on	the	side	of	unknown	resistance	as	this	connection	gives	batter	accuracy.
(c)	by	any	of	the	two	connections,	as	both	of	them	give	equal	accuracy.	(d)	none	of	the	above.	4.	Equal	resistance	of	100	W	each	are	connected	in	each	arm	of	a	Wheatstone	bridge	which	is	supplied	by	a	2	V	battery	source.	The	galvanometer	of	negligible	resistance	connected	to	the	bridge	can	sense	as	low	current	as	1	mA	.	The	smallest	value	of
resistance	that	can	be	measured	is,	(a)	20m	W	(b)	2	mW	(c)	20	mW	(d)	none	of	the	above.	5.	A	whetstone	bridge	cannot	be	used	for	precision	measurements	because	errors	are	introduced	into	it	on	account	of,	(a)	Resistance	of	connecting	leads	(b)	Thermo-electric	emfs	(c)	Contact	resistances	(d)	All	of	the	above	6.	A	Wheatstone	bridge	has	ratio	arms
of	1000	W	and	100	W	resistance,	the	standard	resistance	arms	consist	4	decade	resistance	boxes	of	1000,	100,	10,	1	W	steps.	The	maximum	and	minimum	values	of	unknown	resistance	which	can	be	determine	with	this	steps	are,	Precise	Resistance	Measurements 	107	(a)	111100	W,	1	W.	(b)	11110	W,	10	W.	(c)	111100	W,	10	W.	(d)	none	of	the
above.	7.	Megger	is	a	measuring	instrument,	used	to	measure,	(a)	low	resistance	(b)	very	low	resistance	(c)	high	resistance	(d)	very	high	resistance	8.	The	reading	of	high	impedance	voltmeter	V	in	the	bridge	circuit	shown	in	given	Fig.	4.26	is,	a	10	W	20	W	10	V	c	d	20	W	10	W	d	 	Fig.	4.26.	(a)	Zero	(b)	3.33	V	(c)	4.20	V	(d)	6.66	V	(UPSC	Engg.
Service.	2001)	9.	The	Wheatstone	bridge	method	of	measuring	resistance	is	ideally	suited	for	the	measurement	of	resistance	values	in	the	range	of,	(a)	0.001	to	1	W	(b)	0.1	to	100	W	(c)	100	W	to	10	kW	(d)	100	kW	10	MW	(UPSC	Engg.	Service.	2009)	10.	The	value	of	resistance	as	measured	by	a	Wheatstone	bridge	is	10.0	k	W	using	a	voltage	source	of
10.0	V.	The	same	resistance	is	measured	by	the	same	bridge	using	15.0	V.	The	value	of	resistance	is	(a)	15.0	kW	(b)	15.5	kW	(c)	16.6	kW	(d)	10.0	kW	(UPSC	Engg.	Service.	2010)	ANSWERS	1.	(b)	7.	(c)	2.	(d)	8.	(b)	3.	(c)	9.	(c)	4.	(a)	10.	(d)	5.	(d)	6.	(c)	Chapter	5	Inductance	and	Capacitance	Measurements	Outline	5.1.	Introduction	5.2.	AC	Bridges	5.3.
Condition	for	Bridge	Balance	5.4.	Maxwell	Inductance	Bridge	5.5.	Maxwell	Inductance	Capacitance	Bridge	5.6.	Hay	Bridge	5.7.	Anderson	Bridge	5.8.	Owen	Bridge	5.9.	De	Sauty	Bridge	5.10.	Schering	Bridge	5.11.	Wien	Bridge	5.12.	Wagner	ground	Connection	5.13.	Resonance	Bridge	5.14.	Sources	of	Errors	in	Bridge	Measurements	and	Elimination	of
Errors	Objectives	After	completing	this	chapter,	you	should	be	able	to:		Draw	a	sketch	of	an	AC	bridge	and	derive	the	general	equation	for	its	balance.		List	the	advantages	and	limitations	of	different	types	of	detectors	used	in	AC	bridge.		Explain	how	an	inductance	can	be	measured	using	Maxwell	bridge		Draw	a	circuit	diagram	of	Maxwell	bridge	and
derive	the	equation	for	determining	unknown	quantity.		List	the	advantages	and	disadvantages	of	Maxwell	bridge.		Describe	the	operation	of	Hay	bridge	for	measurement	of	inductance.		Derive	the	balanced	conditions	of	Owen	bridge	arrangement?		Draw	vector	diagram	of	currents	and	voltages	of	the	Owen	bridge	arms	at	the	balanced	condition.	
Derive	the	relation	for	unknown	impedance	for	Anderson	bridge.		Describe	how	a	capacitance	can	be	measured	with	help	of	De	Sauty	bridge.		Explain	how	capacitance	can	be	measured	by	the	use	of	Schering	bridge.		Explain	the	working	principle	of	Schering	bridge	and	derive	an	expression	for	measurement	of	an	unknown	capacitance.		Describe	how
the	Wien	bridgecan	be	used	for	the	measurement	of	frequency.		Draw	the	circuit	diagram	of	Wagner	earthing	device	and	explain	its	working.	108	Inductance	and	Capacitance	Measurements 	109	5.1 Introduction	We	have	already	discussed	in	the	last	chapter	about	the	DC	Bridge.	In	this	chapter	we	shall	discuss	the	AC	Bridge	in	detail.	The	AC
Bridge	is	the	outgrowth	of	the	DC	Bridge.	AC	bridge	are	the	best	and	most	usual	methods	for	the	precise	measurement	of	self	and	mutual	inductance	and	capacitance.	These	bridges	are	used	to	determine	the	value	of	inductance,	capacitance	and	frequency.	Measurement	of	Inductance	The	inductance	is	measured	with	the	following	bridge	circuit:	1.
Maxwell	Bridge	2.	Hay	Bridge	3.	Anderson	Bridge	4.	Owen	Bridge	Measurement	of	Capacitance	The	capacitance	is	measured	with	the	following	bridge	circuit:	1.	De	Sauty	Bridge	2.	Schering	Bridge	5.2 	A.C.	Bridges	The	basic	circuit	of	an	AC	bridge	is	same	as	the	DC	bridge	circuit.	It	consists	of	four	bridge	arms,	a	source	of	excitation	and	a	null
detector.	The	power	source	supplies	an	AC	voltage	to	the	bridge	at	the	desired	frequency.	In	an	AC	bridge	each	of	the	four	arms	is	impedance	and	we	use	AC	source	in	the	place	of	battery.	A	detector	sensitive	to	small	alternating	potential	difference	is	used	to	find	the	balance	condition	of	bridge	circuit.	For	measurement	at	low	frequencies,	the	power
line	may	acts	as	the	source	of	supply	to	the	bridge	circuits.	For	high	frequencies	electronic	oscillators	are	used	as	bridge	source	supplies.	The	detectors	used	for	A.C	bridges	are	given	below:	1.	Head	Phones.	Head	phones	are	widely	used	as	detectors	at	frequencies	of	250	Hz	upto	3	or	4	kHz.	They	are	most	sensitive	detectors	for	this	range	of
frequency.	2.	Vibration	Galvanometers.	Vibration	galvanometers	are	extremely	used	for	power	and	low	audio	frequency	ranges.	These	work	at	frequencies	ranging	from	5	Hz	to	1000	Hz.	The	vibration	galvanometers	are	used	for	power	frequency	range	and	low	range	of	audiofrequency	as	these	instruments	are	very	sensitive	and	selective	for	this
frequency	range.	3.	Tunable	Amplifier	Detectors.	The	transistor	amplifier	can	be	tuned	electrically	to	any	desired	frequency	and	then	it	can	be	made	to	respond	to	a	narrow	bandwidth	at	a	bridge	frequency.	Tunable	amplifier	detectors	are	most	versatile	of	all	the	detectors.	These	detectors	can	be	used	over	a	frequency	range	of	10	Hz	to	100	kHz.
5.3 	Condition	for	Bridge	Balance	Fig.	5.1	shows	the	general	form	of	ac	bridge.	The	four	bridge	arms	Z1,	Z2,	Z3,	and	Z4	are	indicated	as	unspecified	impedances	and	the	detector	is	represented	by	headphones.	In	balanced	condition	there	is	no	current	through	the	detector.	The	potential	difference	between	point	‘b’	and	‘d’	should	be	zero.	The	voltage
drop	from	‘a’	to	‘b’	equals	to	the	voltage	drop	from	point	‘a’	to	‘d’	in	magnitude	and	phase.	In	complex	notation,	it	given	by,	E1	=	E2	I1	Z1	=	I2	Z2	…(i)	at	balanced	condition,	110 	Electronic	Measurements	&	Instrumentation	I1	=	I3	=	E	…(ii)	Z1	+	Z	3	I2	=	I4	=	E	Z2	+	Z4	and	…(iii)	b	E1	Z1	Z2	Substituting	the	values	of	I1	and	I2	from	equations	(ii)
and	(iii)	in	equation	(i)	we	get,	Z1	Z4	=	Z2	Z3	…(iv)	Head	a	c	In	the	admittances	form,	the	above	equation	can	be	Phone	rewritten	as:	Y1	Y4	=	Y2	Y3	Z3	Z4	If	the	impedance	is	written	in	form	Z	=	Zq	where	E2	Z	represents	the	magnitude	and	q	represent	the	phase	angle	of	the	complex	impedance,	then	we	can	rewrite	d	the	equation	(iv)	as,	Fig.	5.1.
A.C.	Bridge	(Z1	q1)	(Z4	q4)	=	(Z2	q2)	(Z3	q3)	Z1	Z4	(q1	+	q4)	=	Z2	Z3	(q2	+	q3)	The	above	equation	indicates	that	two	conditions	must	be	satisfied	simultaneously	to	balance	the	AC	bridge.	The	two	balance	conditions	are	given	below:	Condition	1:	The	products	of	the	magnitudes	of	impedances	of	the	opposite	arms	must	be	equal,	i.e.,	Z1	Z4	=	Z2	Z3
Condition	2:	The	sum	of	phase	angles	impedances	in	the	opposite	arms	must	be	equal,	i.e.,	q1	+	q4	=	q2	+	q3	It	is	not	necessary	for	the	four	impedances	to	have	identical	phase	angles	or	even	for	the	impedances	to	be	of	the	same	kind,	so	long	as	the	phase	angle	differences	satisfy	the	above	condition.	The	individual	branches	may	themselves	be	in
series	or	parallel	combinations,	and	may	include	resistance,	inductance	and	capacitance	elements	separately	or	in	combination.	This	leads	to	a	very	large	number	of	possible	combinations,	but	not	all	of	these	form	workable	bridges.	A	particularly	useful	group	of	bridges	is	obtained	if	two	of	the	four	arms	are	purely	resistive.	There	are	other	useful
methods	which	are	more	complicated	than	the	four-arm	ac	bridge	e.g.	Anderson	bridge,	Carey-Foster	bridge	etc.	The	number	of	possible	bridge	circuits	is	obviously	extremely	large.	Not	all	of	these	are	of	practical	importance,	but	the	number	which	has	been	developed	for	partial	use	is	continuously	increasing.	The	selection	of	bridge	circuits
described	here	is	so	made	to	illustrate	the	main	use	of	such	networks;	each	is	of	theoretical	interest	and	practical	value.	Example	5.1.	The	following	data	relates	to	the	basic	AC	bridge	of	Fig.	5.2.	Z1	=	50	80°;	Z	2	=	125	W	and	Z	3	=	200	30°.	Find	the	value	of	Z	4	.	Solution.	Given:	Z1	=	50	80°;	Z	2	=	125	W	and	Z	3	=	200	30°	We	know	that	magnitude
of	impedances	given	by	the	relationship,	Z1	Z4	=	Z2	Z3	Z4	=	Z	2	Z	3	125	¥	200	=	=	500	W	Z1	50	Inductance	and	Capacitance	Measurements 	111	b	E1	Z1	Z2	Head	Phone	a	c	Z3	Z4	E2	d	Fig.	5.2.	We	know	that	the	phase	angles	of	the	impedances	given	by	the	relationship,	q1	+	q4	=	q2	+	q3	80°	+	q4	=	0°	+	30°	q4	=	–50°	then,	Z	4	=	500	–50°W	Ans.
5.4 	Maxwell	Inductance	Bridge	This	method	is	suitable	for	accurate	measurement	of	medium	inductance.	This	circuit	measures	the	inductance	by	comparison	with	a	variable	standard	self-inductance.	The	circuit	diagram	is	shown	in	Fig.	5.3.	Here	LX	is	an	unknown	self-inductance	of	resistor	RX,	L3	is	a	known	variable	inductance	of	fixed	resistor	r3
and	variable	resistance	R3,	R2	and	R1	are	pure	resistances	and	D	is	a	detector.	The	bridge	is	balanced	by	varying	L3	and	one	of	the	resistance	R2	and	R1.	The	bridge	can	also	be	balanced	by	keeping	R2	and	R1	constant	and	by	varying	the	resistance	of	any	one	of	the	other	two	arms	by	connecting	an	additional	resistance	in	that	arm.	A	V1	A.C.	supply	f
Hz	i1	R1	i2	V2	R2	B	Detector	D	i4	LX	R3	V3	L3	r3	RX	V4	C	Fig.	5.3.	Maxwell	Inductance	Bridge	112 	Electronic	Measurements	&	Instrumentation	The	general	equation	of	the	bridge,	Z1	Zx	=	Z2	Z3	…(i)	Z	2	Z3	Z1	The	values	of	Y1,	Z2,	Z3	and	ZX	are	Z1	=	R1	Z2	=	R2	Z3	=	R3	+	jwL3	+	r3	ZX	=	RX	+	jwLX	Substituting	all	the	above	values	in	equation
(i)	we	get,	R1	(RX	+	jwLX)	=	R2	(R3	+	jwL3	+	r3)	RX	R1	+	jwLX	R1	=	R3	R2	+	jwL3	R2	+	r3	R2	…(ii)	Comparing	the	real	terms	on	both	sides	of	the	above	equation,	we	get,	R	RX	=	2	(R3	+	r3)	…(iii)	R1	Comparing	the	imaginary	term	on	both	sides	of	the	equation	(ii),	we	get,	wLX	R1	=	wL3	R2	Zx	=	L3	R2	…(iv)	R1	The	value	of	unknown	resistance	RX
and	inductance	LX	is	given	by	equation	(iii)	and	(iv)	respectively.	The	quality	factor	(Q-factor)	of	coil	is	given	by,	ω	LX	Q	=	RX	LX	=	5.5 	Maxwell	Inductance	Capacitance	Bridge	This	is	also	known	as	Maxwell	Wien	Bridge.	The	Maxwell	bridge	measures	an	unknown	inductance	in	terms	of	a	known	capacitance.	Fig.	5.4	shows	a	simple	circuit	and
phasor	diagram	in	which	one	of	the	ratio	arms	has	unknown	inductances	LX	and	resistance	RX,	connected	in	series.	One	of	the	ratio	arms	consists	of	resistance	and	capacitance	in	parallel.	It	is	more	simple	and	easier	to	write	the	admittance	equation	of	this	arm	instead	of	writing	impedance	equation.	V1	C1	A	iC	i1	iR1	V2	i2	R2	R2	iC	s	er	i4	Pa	C	ow	n
V3	i3	=	i	1	V	et	RX	R3	LX	m	i3	B	ra	Detector	kn	V	D	Un	A.C.	supply	f	Hz	V4	=	V3	(wLX)i4	V	V4	(RX)i4	iR1	Fig.	5.4.	Maxwell	Inductance	Capacitance	Bridge	i4	V1	=	V2	Inductance	and	Capacitance	Measurements 	113	The	general	equation	of	the	bridge,	Z1	Zx	=	Z2	Z3	Z	2	Z3	Z1	Admittance	of	branch	1	is	given	by,	1	Y1	=	Z1	then,	ZX	=	Z2Z3Y1	…(i)
The	values	of	Y1,	Z2,	Z3	and	ZX	are	1	Y1	=	=	R1	||	C1	Z1	Zx	=	Ê	1	ˆ	=	R1	||	Á	Ë	j	w	C1	˜¯	Substituting	all	the	above	Z2	=	R2	Z3	=	R3	ZX	=	RX	+	jwLX	values	in	equation	(i)	we	get,	Ê	1	ˆ	Ô¸	ÔÏ	RX	+	jwLX	=	R2	R3	Ì	R1	||	Á	˝	Ë	j	w	C1	˜¯	Ô˛	ÔÓ	Ê	1	ˆ	=	R2	R3	Á	+	j	w	C1	˜	Ë	R1	¯	R2	R3	+	jR2	R3	wC1	R1	Comparing	the	real	terms	on	both	sides	of	the
above	equation,	we	get,	R	R	RX	=	2	3	R1	Comparing	the	imaginary	terms	on	both	sides,	we	get,	wLX	=	R2	R3	wC1	LX	=	R2	R3	C1	where	the	resistances	are	expressed	in	ohm,	inductance	in	henrys	and	capacitance	in	farads.	To	obtain	the	bridge	balance,	first	R3	is	adjusted	for	inductive	balance	and	then	R1	is	adjusted	for	resistive	balance.	The
quality	factor	of	the	coil	is	given	by,	RX	+	jwLX	=	Q	=	R	RC	w	LX	=	2	3	1	R2	R3	RX	R1	=	wC1	R1	The	Maxwell	bridge	is	limited	to	measurement	of	medium-Q	coils	(.i.e.,	coils	with	Q	in	the	range	of	1	to	10).	114 	Electronic	Measurements	&	Instrumentation	Advantages	The	Maxwell	inductance	capacitance	bridge	has	a	number	of	advantages.
Following	are	the	ones	important	from	subject	point	of	view:	1.	The	measurement	is	independent	of	the	excitation	frequency.	2.	The	balance	equation	is	independent	of	losses	associated	with	inductance.	3.	The	Maxwell	bridge	is	very	useful	for	measurement	of	a	wide	range	of	inductance	at	power	and	audio	frequency.	Disadvantages	Maxwell
inductance	capacitance	bridge	has	some	disadvantages	also.	These	are	given	below:	1.	The	bridge	cannot	be	used	to	measure	very	low	Q	or	High	Q	values.	A	mentioned	previous,	it	is	suitable	measurements	for	1	<	Q	<	10.	2.	The	bridge	balance	equations	are	independent	of	frequency.	But	practically,	the	properties	of	coil	under	test	vary	with
frequency	which	can	cause	error.	Example	5.2.	A	Maxwell	bridge	is	used	to	measure	inductance	and	impedance.	The	bridge	constants	at	balance	are:	R1	=	235	kW	C1	=	0.012	mF	R2	=	2.5	kW	and	R3	=	50	kW	Find	the	series	equivalent	of	the	unknown	impedance.	Solution.	Given:	R1	=	235	kW	=	235	×	103	W;	C1	=	0.012	mF	=	10–6	F;	R2	=	2.5	k	=
2.5	×	103	W	and	R3	=	50	kW	=	×	103	W.	We	know	that,	R	R	2.5	k	¥	50	k	RX	=	2	3	=	=	0.532	kW	or	532	W	Ans.	R1	235	k	and	LX	=	R2	R3	C1	=	(2.5	×	103)	×	(50	×	103)	×	(0.012	×	10–6)	=	1.5	H	Ans.	5.6 	Hay	Bridge	The	Hay	bridge	is	another	modification	of	the	Maxwell	Inductance	Capacitance	Bridge.	This	bridge	has	a	resistor	R1	in	series	with
standard	capacitor	C1	instead	of	in	parallel.	The	Hay	bridge	measures	an	unknown	inductance.	Fig.	5.5	shows	a	circuit	and	phasor	diagram	in	which	one	of	the	ratio	arms	has	unknown	inductances	LX	and	resistance	RX	are	connected	in	series.	R1,	R2	and	R3	are	‘known’	non-inductive	resistances	and	C1	is	a	standard	variable	capacitor.	It	is	often
more	convenient	to	use	a	capacitor	of	fixed	value	and	to	make	R1	and	either	R2	or	R3	adjustable.	The	equation	of	the	bridge,	Z1	Zx	=	Z2	Z3	…(i)	The	values	of	Z1,	Z2,	Z3	and	ZX	are	1	Z1	=	R1	+	j	ω	C1	Z2	=	R2	Z3	=	R3	ZX	=	RX	+	jwLX	Inductance	and	Capacitance	Measurements 	115	Substituting	all	the	above	values	in	equation	(i)	we	get,	Ê	1	ˆ	ÁË
R1	+	j	w	C	˜¯	(RX	+	jwLX)	=	R2	R3	1	A	V1	R1	i2	i1	R2	C1	A.C.	supply	f	Hz	V2	i3	=	i	1	(wLX)i4	D	B	Detector	i4	R3	V3	iC	LX	i3	RX	C	V3	=	V4	i1R1	V4	i4	i4RX	1	i	wC1	1	V1	=	V	2	i1	=	i	3	i2	=	i	4	Fig.	5.5.	Hay	Bridge.	Rearranging	the	above	equation,	L	j	RX	R1	RX	+	X	+	jwLX	RX	=	R2	R3	C1	w	C1	Comparing	the	real	terms	of	the	above	equation,	L	R1	RX
+	X	=	R2	R3	…(ii)	C1	Similarly	comparing	the	imaginary	term	we	get,	RX	=	wLX	RX	…(iii)	ω	C1	The	equation	(ii)	and	(iii)	contains	LX	and	RX,	so	we	must	solve	the	equation	simultaneously,	we	get,	RX	=	LX	=	and	w	2	C12	R1	R2	R3	1	+	w	2	C12	R12	…(iv)	R2	R3	C1	…(v)	1	+	w	2	C12	R12	The	equation	(iv)	and	(v)	indicate	that	the	term	w	appears	in
the	expression	for	both	LX	and	RX.	This	indicates	that	the	bridge	is	frequency	sensitive.	The	Q	factor	of	the	coil,	Q	=	w	LX	=	RX	Ê	R2	R3	C1	ˆ	wÁ	˜	Ë	1	+	w	2	C12	R12	¯	2	w	C12	R1	R2	R3	1	+	w	2	C12	R12	=	1	w	C1	R1	116 	Electronic	Measurements	&	Instrumentation	Now	the	term	w2	C	21	R	21	in	the	denominators	of	equations	(iv)	and	(v)	has	the
value	of	0.01	if	Q	=	10	and	even	more	smaller	for	higher	values	of	Q	so	the	term	w2	C	21	R	21	can	be	dropped	without	causing	an	appreciable	error.	In	case,	this	term	is	to	be	included	in	calculations	of	LX	and	RX	then	it	is	of	such	minor	importance	that	it	may	be	computed	with	sufficient	accuracy	form	an	approximate	values	of	frequency.	Here	it
should	be	noted	that	if	the	terms	w2	C	21	R	21	is	excluded	from	the	equation,	then	it	is	the	same	for	LX	as	for	the	Maxwell	Inductance	Capacitance	Bridge.	LX	=	but	Q	=	so	LX	=	R2	R3	C1	1	+	w	2	C12	R12	1	ωC1	R1	R2	R3	C1	1	+	(1/	Q)	2	For	the	value	of	Q	greater	than	10,	the	term	w2	C	21	R	21	will	be	smaller	than	1/100	and	so	can	be	neglected.
Therefore	LX	=	R2	R3	C1	and	it	is	the	same	as	for	Maxwell	Inductance	Capacitance	Bridge.	The	Hay	bridge	is	also	used	in	the	measurement	of	increment	inductance.	The	inductance	balance	equation	depends	on	the	losses	of	the	inductor	(or	Q)	and	also	on	the	operating	frequency.	Advantages	The	Hay	bridge	is	suitable	for	high	Q	coils,	i.e.,	coils
having	Q	>	10.	Disadvantage	The	Hay	bridge	is	not	suitable	for	measurement	of	inductance	of	coils	with	low	Q	value.	Example	5.3.	Find	the	series	equivalent	inductance	and	resistance	of	the	network	that	causes	an	opposite	angle	(Hay	Bridge)	to	null	the	following	bridge	arms.	w	=	3000	rad/s	R2	=	9	kW	R1	=	1.8	kW	C1	=	0.9	mF	and	R3	=	0.9	kW
Solution.	Given:	w	=	3000	rad/s;	R2	=	9	kW	=	9	×	103	W,	R1	=	1.8	kW	=	1.8	×	103	W;	C1	=	0.9	mF	=	0.9	×	10–6	F	and	R3	=	0.9	kW	=	0.9	×	103	W	We	know	that	for	Hay	Bridge,	RX	=	RX	=	w	2	C12	R1	R2	R3	1	+	w	2	C12	R12	(3000)	2	¥	(0.9	¥	10	-6	)	2	¥	(1.8	¥	103	)	¥	(9	¥	103	)	¥	(0.9	¥	103	)	1	+	(3000)	2	¥	(0.9	¥	10	-6	)	¥	(1.8	¥	103	)	2	=	6822	W	=
6.822	kW	Ans.	LX	=	=	R2	R3	C1	1	+	w	2	C12	R12	(9	¥	103	)	¥	(0.9	¥	103	)	¥	(0.9	¥	10	-6	)	1	+	(3000)	2	¥	(0.9	¥	10	-6	)	2	¥	(1.8	¥	103	)	2	=	0.468	H	Ans.	Inductance	and	Capacitance	Measurements 	117	5.7 	Anderson	Bridge	This	method	is	one	of	the	commonest	and	best	bridge	method	for	precise-measurement	of	inductance	over	a	wide	range.	The
Anderson	bridge	is	used	for	measurement	of	self-inductance	in	terms	of	the	standard	capacitor.	It	is	the	modified	form	of	Maxwell	bridge.	The	value	of	self-inductance	is	obtained	by	comparing	it	with	a	standard	capacitor.	Fig.	5.6	shows	the	circuit	and	phasor	diagram	in	which	LX	is	the	self-inductance	to	be	measured,	R1	is	the	resistance	of	arm	4
(including	the	resistance	of	the	self-inductance),	R2,	R3,	R4	and	r	are	“known”	non-inductive	resistances	and	C	is	a	standard	known	capacitor.	V2	R1	i2	R2	A.C.	supply	f	Hz	iC	V	V1	LX	i1	r	Detector	i3	i4	C	R4	V4	R3	V1	=	i1R1	+	i1wLX	V3	V	i1wLX	V2	=	i2R2	i2	iCr	V4	=	i4R4	iC	i4	90°	i	1R	1	i1	=	i	3	i	3R	3	V3	Fig.	5.6.	Anderson	Bridge.	The	bridge	is
preliminary	balanced	for	steady	current	by	adjusting	R2,	R3	and	R4	and	using	an	ordinary	detector.	Then	the	bridge	is	balanced	in	AC	by	varying	r	and	using	vibration	galvanometer	or	telephone	depending	upon	the	supply	frequency.	The	balance	bridge	equations	are,	i1	=	i3	i2	=	i4	+	ic	V2	=	i2	V3	=	i3	R3	V1	=	V2	+	ic	r	V4	=	V3	+	ic	r	V1	=	i1	R1	+
i1	wL1	V4	=	i4	R4	118 	Electronic	Measurements	&	Instrumentation	Transforming	a	star	formed	by	R2,	R4	and	r	into	its	equivalent	delta	as	shown	in	Fig.	5.7.	R1	R5	A.C.	supply	f	Hz	LX	Detector	R7	R6	C	R3	Fig.	5.7.	Elements	in	equivalent	delta	are	given	by,	R5	=	R2	r	+	R4	r	+	R2	R4	R4	R6	=	R2	r	+	R4	r	+	R2	R4	R2	R2	r	+	R4	r	+	R2	R4	r	The
resistance	R7	is	the	shunt	resistor	hence	its	does	not	effect	on	the	balance	condition.	Rearranging	the	network	again	as	shown	in	Fig.	5.8,	we	get	a	Maxwell	inductance	bridge.	R7	=	R5	R5	LX	A.C.	supply	f	Hz	Detector	R6	R3	C	Fig.	5.8.	The	balance	equations	are	given	by,	LX	=	CR3	R5	R5	R6	Substituting	the	values	of	R5	and	R6	we	get,	C	R3	LX	=	[R2
r	+	R4	r	+	R2	R4]	R4	R1	=	R3	R1	=	R2	R3	R4	Inductance	and	Capacitance	Measurements 	119	Advantages	The	advantages	of	Anderson	bridge	are:	1.	easy	to	balance	from	convergence	point	of	view	compared	to	Maxwell	bridge	in	case	of	low	values	of	Q.	2.	used	for	accurate	measurement	of	capacitance	in	terms	of	inductance.	Disadvantages
Anderson	bridge	has	some	disadvantages	also,	they	are	given	below:	1.	bridge	circuit	is	more	complex	as	compared	to	other	bridge	circuits.	2.	balance	equations	are	not	that	simple	as	compared	to	the	balance	equations	of	the	other	bridge	circuits.	Example	5.4.	Fig.	5.9	shows	the	connection	of	an	Anderson	bridge	for	measuring	the	inductance	L	and
resistance	R	of	the	coil.	Find	R	and	L,	if	balance	is	obtain	when,	R4	=	R2	=	1	kW,	R3	=	500	W,	r	=	100	W	and	C	=	0.5	mF.	(GBTU/MTU,	2008-09)	R5	R5	LX	A.C.	supply	f	Hz	Detector	R6	R3	C	Fig.	5.9.	Solution.	Given:	R4	=	R2	=	1	kW	=	1	×	103	W,	R3	=	500	W,	r	=	100	W	and	C	=	0.5	mF	=	0.5	×	10–6	F.	We	know	that	in	balance	condition,	R	R	500	¥
1000	R1	=	2	3	=	=	500	W	Ans.	R4	1000	LX	=	C	R3	[R2	r	+	R4	r	+	R2	R4]	R4	(0.5	¥	10	-6	)	¥	500	[100	×	1000	+	100	×	1000	+	1000	×	1000]	1000	=	0.3	H	Ans.	LX	=	5.8 	Owen	Bridge	The	Owen	bridge	circuit	also	determines	the	unknown	inductance	in	terms	of	resistance	and	capacitance.	The	advantage	of	this	method	is	that	the	inductance	over	a
very	range	can	be	determined	by	employing	capacitors	of	reasonable	size.	The	Owen	Bridge	is	shown	in	Fig.	5.10.	As	seen	from	this	figure,	the	unknown	inductance	LX	is	connected	in	series.	The	capacitance	C3	is	connected	in	series	with	a	non-inductive	variable	resistor	R3,	R2	is	a	known	non-inductive	resistor	and	C1	is	known	standard	capacitor.
The	bridge	120 	Electronic	Measurements	&	Instrumentation	is	balanced	by	successively	varying	R3	in	the	circuit.	This	bridge	is	used	for	measurement	of	an	inductance	in	terms	of	capacitance.	The	general	equation	of	the	bridge,	Z1	Zx	=	Z2	Z3	…(i)	The	values	of	Z1,	Z2,	Z3	and	ZX	are,	1	Z1	=	j	ω	C1	Z2	=	R2	C1	R2	D	C3	LX	R3	RX	1	j	ω	C3	Fig.	5.10.
Owen	Bridge	ZX	=	RX	+	jwLX	Substituting	all	the	above	values	in	equation	(i)	we	get,	Z3	=	R3	+	Ê	Ê	1	ˆ	1	ˆ	ÁË	j	w	C	˜¯	(RX	+	jwLX)	=	R2	ÁË	R3	+	j	w	C	˜¯	1	3	Comparing	the	real	terms	of	the	above	equation	we	get,	LX	=	R2	R3	C1	LX	=	R2	R3	C1	…(ii)	Similarly	comparing	the	imaginary	terms	we	get,	R	RX	=	2	ω	C3	ω	C1	R2	C1	…(iii)	C3	We	can	find
the	values	of	unknown	inductance	and	resistance	using	equation	(ii)	and	(iii).	The	unknown	quantities	RX	and	LX	do	not	have	w,	so	the	balancing	of	bridge	is	independent	of	frequency	and	waveform.	RX	=	Advantages	Owen	bridge	has	number	of	advantages.	Some	of	the	important	ones	are	given	below:	1.	The	equations	do	not	contain	any	frequency
component.	2.	It	can	be	used	over	a	wide	range	of	measurement	of	inductances.	Disadvantages	Owen	bridge	has	few	disadvantages	also.	These	are	given	below:	1.	This	bridge	uses	variable	capacitor	which	is	an	expensive	and	its	accuracy	is	about	1%.	2.	The	value	of	capacitance	C2	becomes	large	when	measuring	high	Q	coils.	Example	5.5.	The	Owen
bridge	is	used	to	measure	the	properties	of	a	sample	of	sheet	at	2	kHz.	At	balance,	R2	=	100	W,	C1	=	0.1	mF	and	R3	=	834	W	in	series	with	C3	=	0.124	mF.	Calculate	the	effective	impedance	of	the	specimen	under	teat	conditions.	Solution.	Given:	f	=	2	kHz	=	2	×	1000	Hz;	R2	=	100	W;	C1	=	0.1	mF	=	0.1	×	10–6;	R3	=	834	W	and	C3	=	0.124	mF	=
0.124	×	10–6	F.	We	know	that	at	balance	condition,value	of	unknown	inductance,	LX	=	R2	R3	C1	Inductance	and	Capacitance	Measurements 	121	=	100	×	834	×	0.1	×	10–6	=	8.34	×	10–3	H	=	8.34	mH	and	the	value	of	unknown	resistance,	R	C	100	¥	0.1	RX	=	2	1	=	=	80.6	W	0.124	C3	We	also	know	that	reactance	of	a	specimen	at	2	kHz,	X1	=	2p	f
Lx	Xx	=	2p	×	(2	×	1000)	×	8.34	×	10–3	=	104.8	W	and	impedance	of	specimen,	Zx	=	Rx2	+	X	x2	=	(80.6)	2	+	(104.8)	2	=	132.2	W	Ans.	5.9 	De	Sauty	Bridge	This	bridge	is	used	to	determine	the	unknown	capacitance	by	comparing	it	with	known	standard	capacitor.	Fig.	5.11	shows	the	circuit	and	phasor	diagram	of	De	Sauty	bridge.	C1	is	the	unknown
capacitor	and	C3	is	a	standard	capacitor	of	known	magnitude	and	R1	and	R2	are	known	noninductive	resistances.	This	bridge	is	the	simplest	method	of	comparing	two	capacitances.	R1	R2	V1	=	V2	=	I1R3	=	I1R3	A.C.	supply	f	Hz	D	C3	I1,I2	CX	V3	=	VX	=	I3	I	=	X	wC3	wCX	V	Fig.	5.11.	De	Sauty	Bridge	The	general	equation	of	the	bridge,	Z1	Zx	=	Z2
Z3	…(i)	The	values	of	Y1,	Z2,	Z3	and	ZX	are	Z1	=	R1	Z2	=	R2	1	Z3	=	j	w	C3	1	j	w	CX	Substituting	all	the	above	values	in	equation	(i),	1	1	R1	=	R2	j	w	C3	j	w	CX	ZX	=	122 	Electronic	Measurements	&	Instrumentation	CX	=	R1	C3	R2	The	advantage	of	this	bridge	is	its	simplicity.	But	it	is	impossible	to	obtain	if	both	the	capacitors	are	not	free	from
dielectric	loss.	The	balance	can	be	obtained	by	varying	R3	or	R4.	This	is	used	for	only	loss	less	capacitors	like	air	capacitors.	Fig.	5.12	shows	a	De	Sauty	Bridge	with	decade	dials	x10,	x100	and	1000	ohms	in	one	arm.	While	the	other	hand	has	decade	dials	x10,	x100	and	1000	ohms.	A	special	morse	key	is	fitted	in	the	centre	of	the	two	arms	connecting
the	battery	and	the	galvanometer.	Fig.	5.12.	5.10 	Schering	Bridge	The	Schering	bridge	is	one	of	the	most	important	and	useful	circuits	available	for	measurement	of	capacitance,dielectric	loss	and	power	factor.	It	is	widely	used,	both	for	precision	measurements	of	capacitors	on	low	voltage	and	for	study	of	insulation	and	insulating	structures	at	high
voltages.	It	is	good	in	several	arrangements,	or	modification	to	adapt	to	special	applications.	Fig.	5.13	shows	the	circuit	diagram	of	a	Schering	bridge.	As	seen	from	the	diagram,	a	perfect	capacitor	C1	in	parallel	with	a	resistance	R1,	is	to	represent	it	as	perfect	capacitor	CX	in	series	with	resistance	RX.	C1	R2	R1	A.C.	supply	f	Hz	Detector	RX	C3	CX
Fig.	5.13.	Schering	Bridge.	Inductance	and	Capacitance	Measurements 	123	In	this	bridge,	arm	1	contains	a	parallel	combination	of	a	resistor	and	a	capacitor.	The	capacitor	C3	is	a	high	quality	mica	capacitor	(low-loss)	for	general	measurements,	or	an	air	capacitor	for	insulation	measurement.	The	general	equations	of	the	bridge	are,	Z1	Zx	=	Z2	Z3
Z	2	Z3	Z1	Admittance	in	branch	1	is	given	by,	1	Y1	=	Z1	then,	ZX	=	Z2	Z3	Y1	…(i)	The	values	of	Y1,	Z2,	Z3	and	ZX	are	1	Y1	=	+	jwC1	R1	Z2	=	R2	Zx	=	Z3	=	-	j	w	C3	1	w	CX	Substituting	all	the	above	values	in	equation	(i),	ZX	=	RX	–	j	Ê	ˆ	1	j	ˆÊ	1	=	R2	Á	+	j	w	C1	˜	˜	Á	w	CX	¯	Ë	w	C3	¯	Ë	R1	Rearranging	the	above	equation,	we	get,	R	C	j	R2	1	RX	–	j	=	2
1	w	CX	C3	w	C3	R1	Comparing	the	real	and	imaginary	terms	we	get	R	C	RX	=	2	1	C3	RX	–	j	and	R1	C3	R2	1.	Power	Factor.	The	power	factor	of	a	series	RC	combination	is	defined	as	the	cosine	of	the	phase	angle	of	the	circuit.	R	The	power	factor	P.F	=	X	ZX	For	phase	angle	very	close	to	900,	the	reactance	is	almost	equal	to	the	impedance,	so	we	can
write	R	P.F		X	=	wCX	RX	XX	CX	=	2.	Dissipation	factor.	The	dissipation	factor	of	a	series	RC	circuit	is	defined	as	the	cotangent	of	the	phase	angle	124 	Electronic	Measurements	&	Instrumentation	RX	=	wCX	RX	XX	D	indicates	the	quality	factor.	It	is	the	reciprocal	of	the	quality	factor	Q,	i.e.,	D	=	1/Q.	The	Schering	bridge	is	widely	used	for	testing
small	capacitors	(100	pF	–	1mF)	at	low	voltages	with	very	high	precision.	The	reactance	of	capacitor	C3	and	CX	are	much	higher	than	the	resistance	of	R1	and	R2.	Hence	most	of	the	voltage	drops	across	C3	and	CX,	and	little	across	R1	and	R2.	Example	5.6.	The	Schering	Bridge	shown	in	Fig.	5.14	has	the	following	constants	R1	=	1.5	kW,	C1	=	0.4	mF,
R2	=	3	kW	and	C3	=	0.4	mF	at	frequency	1	kHz.	Determine	the	unknown	resistance	and	capacitance	of	the	bridge	circuit	and	dissipation	factor.	D=	C1	R2	R1	A.C.	supply	f	Hz	Detector	RX	C3	CX	Fig.	5.14.	Solution.	Given:	R1	=	1.5	kW	=	1.5	×	103	W;	C1	=	0.4	mF	=	0.4	×	10–6	F;	R2	=	3	kW	=	3	×	103	W;	C3	=	0.4	mF	=	0.4	×	10–6	F	and	f	=	1	kHz	=
1	×	10–3	Hz.	We	know	that	unknown	resistance,	RX	=	R2	C1	(3	¥	103	)	¥	(0.4	¥	10	-6	)	=	C3	0.4	¥	10	-6	=	3	×	103	W	=	3	kW	Ans.	and	the	unknown	capacitance,	CX	=	R1	C3	(1.5	¥	103	)	¥	(0.4	¥	10	-6	)	=	R2	3	¥	103	=	0.2	×	10–6	=	0.2	mF	Ans.	We	also	know	that	dissipation	factor,	R	D	=	X	=	wCX	RX	=	2p	f	CX	RX	XX	=	2p	×	1000	×	(0.2	×	10–6)	×	(3
×	103)	=	3.77	Ans.	5.11 	Wien	Bridge	The	Wien	bridge	is	primary	known	as	a	frequency	determining	bridge.	The	circuit	diagram	is	shown	in	Fig.	5.15.	It	has	a	series	RC	combination	in	one	arm	and	a	parallel	RC	combination	in	the	adjoining	arm.	This	bridge	circuit	was	widely	used	for	mea-suring	capacitance	of	capacitors	and	their	losses,	even	at
high	voltages,	until	the	advantages	of	the	Schering	bridge	were	generally	realized.	The	Inductance	and	Capacitance	Measurements 	125	bridge	circuit	is	frequency	sensitive,	and	now	a	days	it	is	employed	for	determination	and	control	of	frequency.	The	general	equation	of	the	bridge,	Z1	Z4	=	Z2	Z3	…(i)	Admittance	in	branch	3	is	given	by	1	Y3	=	R1
Z3	R2	then,	C1	Z1	Z4	Y3	=	Z2	The	values	of	Z1,	Z2,	Z4	and	Y3	are	D	j	Z1	=	w	C1	R4	C3	Z2	=	R2	Y3	=	1	+	jwC3	R3	Z4	=	R4	Substituting	all	the	above	values	in	equation	(i)	we	get,	Fig.	5.15.	Wien	Bridge.	Ê	1	ˆ	Ê	j	ˆ	ÁË	R1	-	w	C	˜¯	R4	ÁË	R	+	j	w	C3	˜¯	=	R2	1	3	R	C	R1	R4	j	R4	+	4	3	=	R2	+	jwC3	R1	R4	–	w	C1	R3	R3	C1	Comparing	the	real	terms	on
both	sides	of	the	above	equation,	we	get,	R	C	RR	R2	=	1	4	+	4	3	R3	C1	C	R2	R	=	1	+	3	…(ii)	R4	R3	C1	Comparing	the	imaginary	term	we	get,	R4	wC3	R1	R4	–	=	0	w	C1	R3	R4	w	C1	R3	where	w	=	2pf	and	solving	for	f,	we	get	or	wC3	R1	R4	=	f	=	1	…(iii)	2p	C1	C3	R1	R3	The	equation	(ii)	determines	the	resistance	ratio,	R2	/	R4	and	equation	(iii)
determining	the	frequency	of	the	applied	voltage.	When	the	circuit	components	R1	=	R3	and	C1	=	C2,	the	equation	(ii)	is	R2	=	2	R4	and	equation	(iii),	1	f	=	2	p	RC	126 	Electronic	Measurements	&	Instrumentation	This	is	the	general	expression	of	the	frequency	of	the	Wien	bridge.	The	Wien	bridge	is	difficult	to	balance	unless	the	waveform	of	the
applied	voltage	is	purely	sinusoidal	because	of	its	frequency	sensitivity.	Since	the	bridge	is	not	balanced	for	any	harmonics	present	in	the	applied	voltage,	these	harmonics	will	sometimes	produce	an	output	voltage	masking	the	true	balance	point.	Applications	Following	are	some	of	the	important	applications	of	Wien	bridge	that	are	important	from	the
subject	point	of	view:	1.	This	bridge	is	used	for	measuring	the	frequency	in	audio	range.	2.	The	Wien	bridge	is	used	in	audio	and	HF	oscillators	as	the	frequency	determining	device.	3.	The	bridge	is	used	in	a	harmonic	distortion	analyser,	as	a	notch	filter,	and	in	audio	frequency	and	radio	frequency	oscillators	as	a	frequency	determining	element.
Example	5.7.	Determine	the	equivalent	parallel	resistance	and	capacitance	that	causes	a	Wien	bridge	to	null	with	the	following	component	values:	R1	=	2.8	kW,	C1	=	4.8	mF,	R2	=	20	kW,	R4	=	80	kW	and	f	=	2	kHz	Solution.	Given:	R1	=	2.8	kW	=	2.8	×	103	W;	C1	=	4.8	mF	=	4.8	×	10–6	F,	R2	=	20	kW	=	20	×	103	W,	R4	=	80	kW	=	80	×	103	W	and	f	=
2	kHz	=	2	×	103	Hz.	We	know	that	C	R2	R	=	1	+	3	R4	R3	C1	and,	1	C3	=	2	w	C1	R1	R3	=	Substituting	the	value	of	C3,	C	R2	R	=	1	+	3	R4	R3	C1	1	2	(2	p	f	)	C1	R1	R3	R2	R	1	=	1	+	2	R4	R3	(2	p	f	)	(C1	)	2	R1	R3	˘	(80	¥	103	)	È	1	3	Í	2	3	˙	-6	2	(20	¥	10	)	Î	(2p	¥	2	¥	1000)	¥	(4.8	¥	10	)	¥	(2.8	¥	10	)	˚	=	11.2	kW	Ans.	1	C3	=	2	-6	2	(2p	¥	2	¥	1000)	¥	(4.8	¥	10
)	¥	(2.8	¥	103	)	¥	(11.2	¥	103	)	=	=	42.04	pF	Ans.	5.12 	Wagner	Ground	Connection	In	the	various	bridge	circuits	discussed	in	pervious	section,	we	assume	that	the	four	bridge	arms	consist	of	simple	limped	impedances	which	do	not	interact	in	any	way.	In	practice,	however,	stray	capacitances	exist	between	the	various	bridge	elements	and	ground,
and	also	between	the	bridge	arms	themselves.	These	stray	capacitances	shunt	the	bridge	arms	and	cause	measurement	errors	at	high	frequencies	or	when	small	capacitors	or	large	inductors	are	measured.	Inductance	and	Capacitance	Measurements 	127	If	each	component	in	a	bridge	has	a	defining	screen	connected	to	one	end,	a	very	high
accuracy	in	measurement	can	be	achieved	by	using	wagner	ground	connection	in	the	bridge	circuit.	This	device	removes	all	the	earth	capacitances	from	the	bridge	network.	The	way	to	control	to	stray	capacitances	is	by	shielding	the	arms	and	connecting	the	shields	to	ground.	This	does	not	eliminate	the	capacitances	but	makes	them	constant	in
value,	and	they	can	therefore	be	compensated.	Fig.	5.16	shows	the	circuit	diagram	where	C1	and	C2	represent	these	stray	capacitances.	The	oscillator	is	removed	from	its	usual	ground	connection	and	bridged	by	a	series	combination	of	resistor	RW	and	capacitor	CW.	The	junction	of	RW	and	CW	is	grounded	and	is	called	the	Wagner	ground
connection.	C	R1	RW	R2	1	A	2	S	C1	B	C2	C3	RX	CW	R3	CX	D	Fig.	5.16.	Wagner	ground	Connection.	One	of	the	most	widely	used	methods	for	eliminating	some	of	the	effects	of	stray	capacitance	in	a	bridge	circuit	is	the	Wagner	ground	connection.	This	circuit	eliminates	the	capacitance	which	exists	between	the	detector	terminal	and	ground.
Procedure	for	Adjustment	of	the	Bridge	The	detector	is	connected	to	point	1,	and	R1	is	adjusted	for	null	or	minimum	sound	in	the	headphones.	The	switch	is	then	thrown	to	position	2,	which	connect	the	detector	to	the	Wagner	ground	point.	The	resistor	RW	is	now	adjusted	for	minimum	second.	When	the	switch	is	connected	to	position	1	again,	some
unbalance	will	be	shown.	Resistors	R1	and	R3	are	then	adjusted	for	minimum	detector	response	and	the	switch	is	again	connected	to	position	2.	A	few	adjustments	of	RW	and	R1	(R3)	are	necessary	before	a	null	is	reached	on	both	switch	positions.	When	null	is	obtained,	the	point	1	and	2	are	at	the	same	potential,	ground	potential.	The	stray
capacitances	C1	and	C2	are	then	effectively	shorted	out	and	have	no	effect	on	normal	bridge	balance.	There	are	also	capacitances	from	points	C	and	D	to	ground,	but	the	addition	of	the	Wagner	ground	point	eliminates	them	from	the	detector	circuit,	since	current	through	these	capacitances	will	enter	through	the	Wagner	ground	connection.	The
capacitances	across	the	bridge	arms	are	not	eliminated	by	this	Wagner	ground	connection	and	they	will	still	affect	the	accuracy	of	the	measurement.	5.13 	Resonance	Bridge	The	resonance	bridge	is	shown	in	Fig.	5.17.	One	of	the	arms	of	this	bridge	consists	of	series	resonance	circuit.	The	series	resonance	circuit	is	formed	by	Rd,	Cd	and	Ld	in	series.
All	the	other	arms	consist	of	resistors	only.	128 	Electronic	Measurements	&	Instrumentation	Rc	Rb	Ld	Cd	Ra	Rd	Fig.	5.17.	Resonance	Bridge	The	general	equation	of	the	bridge,	Zb	Zd	=	Za	Zc	…(i)	The	values	of	Za,	Zb,	Zc	and	Zd	are	Za	=	Ra	Zb	=	Rb	Zc	=	Rc	Ê	1	ˆ	Zd	=	Á	Rd	+	j	w	Ld	+	w	j	Cd	˜¯	Ë	Substituting	all	the	above	values	in	equation	(i)	we
get,	Ê	1	ˆ	Rb	Á	Rd	+	j	w	Ld	+	=	Ra	Rc	j	w	Cd	˜¯	Ë	Rb	=	Ra	Rc	j	w	Cd	Comparing	the	real	terms	on	the	both	sides	of	the	above	equation,	we	get,	Rb	Rd	=	Ra	Rc	Rb	Rd	+	jwLd	Rb	+	Ra	Rc	Rb	Similarly,	comparing	the	imaginary	terms	we	get,	1	wLd	=	w	Cd	Rd	=	w2	=	f	=	1	Ld	Cd	1	2p	Ld	Cd	The	bridge	can	be	used	to	measure	unknown	inductance	or
capacitances.	The	lossess	Rd	can	be	determined	by	keeping	a	fixed	ratio	Ra	/	Rb	and	using	a	standard	variable	resistance	to	obtain	balance.	Inductance	and	Capacitance	Measurements 	129	If	an	inductance	is	being	measured,	a	standard	capacitor	is	varied	until	balance	is	obtained.	If	a	capacitance	is	being	measured,	a	standard	inductor	is	varied
until	balance	is	obtained.	The	operating	frequency	of	the	generator	must	be	known	in	order	to	calculate	the	known	quantity.	Balance	is	indicated	by	the	minimisation	of	sound	in	the	headphones.	5.14 	Sources	of	Errors	in	Bridge	Measurements	and	Elimination	of	Errors	Strictly	speaking,	every	AC	bridge	method	is	associated	with	particular	errors
during	operation	and	use.	Therefore,	every	bridge	needs	separate	treatment.	However	in	our	discussion	below,	we	will	focus	on	usual	errors	found	in	all	bridge	measurements	and	the	methods	for	their	elimination.	1.	Errors	due	to	stray	field	effects:	Errors	may	be	introduced	due	to	unintentional	coupling	of	the	various	arms	of	the	bridge	owing	to	the
stray	magnetic	or	electric	fields	around	the	bridge	network.	Due	to	stray	field	effects	the	theory	of	bridge	network	based	on	the	assumption	of	each	arm	being	entirely	separate	from	the	other	arms	except	where	coupling	is	intentionally	made,	remains	no	longer	quite	true.	On	account	of	the	stray	field	effects,	the	detector	may	indicate	zero	deflection
when	the	bridge	is	truly	balanced.	When	the	bridge	network	is	made	of	resistances	and	inductances	only	then	stray	magnetic	field	will	have	more	effect	as	a	source	of	error	than	electrostatic	field.	But	if	the	bridge	contains	capacitors	then	electrostatic	field	will	have	more	effect	owing	to	inner	capacitances	between	the	various	arms.	Loops	formed	by
the	leads	used	in	the	bridge	network	also	introduce	errors	because	of	their	inductance.	In	the	bridge	networks,	which	are	used	for	measurement	of	inductances,	the	leads	should	be	twisted	together	in	order	to	avoid	such	loops	whereas	in	the	bridge	networks	employed	for	measurement	of	capacitances	the	leads	should	be	separated	from	one	another
in	order	to	avoid	capacitance	between	them.	The	errors	due	to	leads	are	also	eliminated	in	most	of	the	cases	by	conducting	two	test-one	with	the	apparatus	under	test	in	the	circuit	and	another	with	the	apparatus	under	test	short-circuited	or	eliminated	from	the	bridge	circuit.	A	statically	wound	inductance	coil	should	be	used	in	order	to	avoid
magnetic	coupling	between	the	arms.	The	errors	due	to	magnetic	coupling	between	the	arms	can	also	the	avoided	by	placing	magnetic	screen	(thin	sheet	of	high	permeability	material)	in	between	the	arms.	The	magnetic	screen	placed	in	between	the	arms	short	circuits	stray	fields	and	prevent	them	from	reaching	the	components	of	other	arms	of	the
bridge.	When	external	inductors	and	mutual	inductors	are	used,	they	should	be	placed	as	far	apart	as	possible	in	order	to	avoid	magnetic	coupling.	Sometime	direct	induction	effects	between	the	source	of	the	supply	to	the	bridge	and	the	detector	circuit	might	exist	and	cause	a	current	to	flow	in	the	detector	even	when	the	bridge	is	truly	balanced.
Such	effects	are	eliminated	by	placing	the	source	of	supply	at	some	distance	from	the	bridge	network	and	using	inter-bridge	transformer.	The	inner-bridge	transformer	have	winding	very	well	insulated	from	each	other	to	avoid	magnetic	leakage	and	provided	with	several	separate	coils	to	have	a	choice	of	working	voltage.	In	order	to	eliminate	errors
due	to	electrostatic	coupling	between	the	various	arms	of	the	bridge	and	earth	capacitances,	use	of	electrostatic	screen	is	necessary.	The	use	of	electrostatic	screen	renders	the	capacitance	effects	definite	and	independent	of	the	distribution	of	the	bridge	components.	Wagner	ground	connection	is	usually	used	for	this	purpose.	2.	Leakage	Errors:	Poor
insulation	between	the	various	parts	of	the	bridge	network	may	result	in	flow	of	leakage	currents	through	the	weak	insulation	and	cause	errors	in	the	measurements.	This	particularly	true	in	the	case	of	high	impedance	bridges.	Such	errors	are	avoided	by	using	high	grade	insulation	and	mounting	the	apparatus	on	insulating	stands.	3.	Eddy	Current
Errors:	Errors	may	results	due	to	variation	in	the	values	of	the	standards	which	may	occur	because	of	induced	eddy	currents	in	the	standard	resistors	and	inductors.	In	order	to	avoid	such	errors	the	presence	of	large	masses	near	the	bridge	network	is	avoided.	130 	Electronic	Measurements	&	Instrumentation	4.	Residual	Errors:	Through	the
resistors	used	are	taken	as	non-inductive	and	non-capacitive	resistors	but	their	inductance	and	capacitance	are	never	zero.	Residual	means	small	inherent	inductance	or	capacitance	of	the	resistors.	In	precise	work	it	becomes	necessary	to	evaluate	them	in	order	to	eliminate	them	or	compensate	errors	due	to	these.	The	self	inductance	is	important
only	when	the	coils	used	are	multi-turn	coils	and	supply	used	is	of	high	frequency.	5.	Frequency	and	Waveform	Errors:	In	case	of	bridges	whose	results	are	independent	of	frequency	the	supply	frequency	is	important	only	from	the	point	of	view	of	its	effects	on	resistance	and	inductance	of	the	apparatus	under	test.	The	presence	of	harmonics	in	the
supply	waveform	is	also	important	form	the	same	point	of	view.	In	the	case	of	bridge	networks	whose	balance	condition	involves	frequency,	the	variation	in	supply	frequency	is	very	important	both	from	the	point	of	view	balance	and	evaluation.	The	waveform	of	the	supply	is	also	important	as	the	bridge	cannot	be	balance	both	for	fundamental	and
harmonics	in	the	waveform	(if	any)	simultaneously.	If	telephones	are	used,	it	will	not	be	possible	to	obtain	complete	silence	at	all,	but	only	a	point	of	minimum	sound	can	be	achieved.	This	difficulty	is	overcome	either	by	employing	wave-filters,	which	eliminates	the	unwanted	harmonics	from	the	source	or	by	employing	tuned	detectors	in	place	of
telephone	such	as	vibration	galvanometers	which	do	not	respond	to	harmonics	and	respond	readily	only	to	the	fundamental	for	which	these	are	tuned.	SUMMARY	1.	The	basic	circuit	of	bridge	consists	of	four	bridge	arms,	a	source	of	excitation,	and	a	null	detector.	2.	Head	phones	are	widely	used	as	detectors	at	frequencies	of	250	Hz	and	over	upto	3
or	4	kHz.	3.	Vibration	galvanometers	are	extremely	used	for	power	and	low	audio	frequency	ranges.	4.	Tuneable	amplifier	detector	used	over	a	frequency	range	of	10	Hz	to	100	kHz.	5.	Balanced	condition	for	Bridge	Balance	are	(Z1	q1)	(Z4	q4)	=	(Z2	q2)	(Z3	q3)	Z1	Z4	(q1	+	q4)	=	Z2	Z3	(q2	+	q3)	6.	Wien	bridge	is	primary	known	as	a	frequency
determining	bridge.	7.	The	Q-meter	is	an	instrument	which	is	designed	tomeasure	of	the	electrical	properties	of	the	coils	and	capacitors	by	measuring	the	Q-value	of	an	R-L-C	circuit.	GLOSSARY	Anderson	Bridge:	The	Anderson	bridge	is	used	for	measurement	of	self	inductance	in	terms	of	the	standard	capacitor.	De	Sauty	Bridge:	This	bridge	is	the
simplest	method	of	comparing	two	capacitances.	Hay	Bridge:	The	Hay	bridge	is	more	convenient	for	measuring	high-Q	coils.	It	measures	an	unknown	inductance.	Maxwell	Inductance	Bridge:	This	circuit	measures	the	inductance	by	comparison	with	a	variable	standard	self-inductance.	Maxwell	Inductance	Capacitance	Bridge:	The	Maxwell	bridge
measures	an	unknown	inductance	in	terms	of	a	known	capacitance.	Owen	Bridge:	This	bridge	is	used	for	measurement	of	an	inductance	in	terms	of	capacitance.	Resonance	Bridge:	This	bridge	can	be	used	to	measure	unknown	inductance	or	capacitances.	Schering	Bridge:	It	is	widely	used	for	measurement	of	unknown	capacitors,	dielectric	loss	and
power	factor.	Wien	Bridge:	It	has	a	series	RC	combination	in	one	arm	and	a	parallel	RC	combination	in	the	adjoining	arm.	Inductance	and	Capacitance	Measurements 	131	NUMERICAL	PROBLEMS	1.	The	impedance	of	the	basic	AC	bridge	are	given	Z1	=	100	80°;	Z	2	=	250	W	and	Z	3	=	400	30°	.Find	the	value	of	Z	4	.	(Ans.	100	–50°)	2.	The
impedance	of	the	basic	AC	bridge	are	given	Z1	=	200	60°;	Z	2	=	400	–60°W,	Z	3	=	300	0°	and	Z	4	=	600	30°.	Determine	whether	it	is	possible	to	balance	the	bridge	under	this	condition.	(Ans.	No	as	q1	+	q4		q2	+	q3)	3.	A	Maxwell	bridge	is	used	to	measure	inductive	impedance.	The	bridge	constants	at	balance	are:	R1	=	470	kW,	C1	=	0.01	mF,	R2	=
5.1	kW	and	R3	=	100	kW	Find	the	series	equivalent	of	the	unknown	impedance.	(Ans.	RX	=	1.09	kW;	LX	=	5.1	H)	4.	The	four	arms	of	a	Maxwell	capacitance	bridge	at	balance	are	unknown	inductance	Lx	having	inherent	resistance	Rx.	The	resistance	R2	=	1	kW	and	R3	=	1	kW.	The	capacitor	of	0.5	mF	in	parallel	with	a	resistance	of	1000	W.	Derive	the
equation	for	the	bridge	and	determine	the	value	of	Lx	and	Rx.	(Ans.	Lx	=	0.5	H,	RX	=	1000	W)	5.	In	the	Schering	Bridge	has	the	constants	R1	=	1	kW,	C1	=	0.5	mF,	R2	=	3	kW	and	C3	=	0.5	mF	at	frequency	1	kHz.	Determine	the	unknown	resistance	and	capacitance	of	the	bridge	circuit	and	dissipation	factor.	(Ans.	2	W,	0.25	mF,	3.1416)	6.	An
Anderson	bridge	for	measuring	the	inductance	L	and	resistance	R	of	the	coil.	Find	R	and	L,	if	balance	is	obtain	when,	R4	=	400	W,	R3	=	400	W,	R2	=	400	W,	r	=	100	W	and	C	=	2	mF.	(Ans.	400	W;	1.12	H)	7.	Determine	the	equivalent	parallel	resistance	and	capacitance	that	causes	a	Wien	bridge	to	null	with	the	following	component	values:	R1	=	3.1
kW,	C1	=	5.2	mF,	R2	=	25	kW,	R4	=	100	kW	and	f	=	2.5	kHz	(Ans.	12.4	kW,	20.3	pF)	DESCRIPTIVE	QUESTIONS	1.	Draw	the	general	form	of	an	AC	bridge	and	derive	the	general	equation	for	its	balance.	2.	Discuss	briefly	the	merits	and	limitations	of	different	types	of	detectors	used	in	an	bridge	methods	3.	Explain	how	inductance	can	be	measured
by	using	a	Maxwell	bridge	4.	What	are	the	advantages	and	disadvantages	of	a	Maxwell	bridge	5.	Explain	Maxwell	bridge	for	measurement	of	unknown	inductance.	Determine	condition	for	balance.	Mention	its	application.	(GBTU/MTU,	2005-06)	6.	Draw	the	circuit	diagram	of	Maxwell	bridge	and	derive	the	equation	for	determine	unknown	quantities
132 	Electronic	Measurements	&	Instrumentation	7.	Describe	the	working	of	Hay	bridge	for	measurement	of	inductance.	(GBTU/MTU,	2008-09)	8.	Describe	the	working	of	Hays	bridge.	It	is	said	that	this	bridge	is	suitable	for	measuring	high	Q	inductors.	Give	reasons	for	such	a	statement.	(GBTU/MTU,	2004-05)	9.	Describe	the	working	of	Hay	bridge
for	measurement	of	inductance.	Derive	the	equations	for	balance	conditions	and	draw	the	phasor	diagram	under	balance	condition.	Why	is	this	bridge	suited	for	measurement	of	inductance	of	high	Q-coils?	(GBTU/MTU,	2005-06)	10.	Derive	the	balance	conditions	of	Owen	bridge	arrangement?	Draw	the	vector	diagram	of	currents	and	voltage	of	the
bridge	arms	at	the	balance	condition.	(GBTU/MTU,	2004-05)	11.	For	Anderson	bridge.	Derive	the	relation	for	unknown	impedance.	What	are	the	advantages	and	limitations	of	this	bridge?	(GBTU/MTU,	2002-03)	12.	With	the	help	of	circuit	diagram	explain	how	capacitance	can	be	measured	by	the	use	of	Schering	bridge	13.	Describe	how	an	known
capacitance	can	be	measured	with	help	of	De	sauty	bridge.	What	are	the	limitations	of	this	bridge	and	how	are	they	overcome	by	using	modified	De	sauty	bridge?	Draw	phasor	diagram	to	illustrate	your	answers.	(GBTU/MTU,	2005-06)	14.	Explain	the	working	principle	of	Schering	bridge	and	derive	an	expression	for	measurement	of	unknown
capacitor.	Draw	the	phasor	diagram	under	null	condition	and	explain	how	dissipation	factor	of	the	capacitor	can	be	calculated.	15.	Prove	that	Schering	Bridge	can	be	used	to	measure	the	insulating	properties	and	value	of	capacitance	with	high	precision.	(GBTU/MTU,	2006-07)	16.	Describe	briefly	wien	bridge	can	be	used	for	the	measurement	of
frequency.	17.	Explain	briefly	Resonance	Bridge	with	the	help	of	a	neat	circuit	diagram.	Name	the	parameter	which	can	be	measured	by	this	bridge.	18.	Explain	with	a	neat	circuit	diagram	the	working	of	a	Wagner	earthing	device	19.	Discuss	Maxwell	bridge	for	measurement	of	inductance	?	For	what	range	of	Q-factor	of	coil	the	bridge	is	suitable.
(P.T.U,	Dec.	2008)	20.	How	is	inductance	measured?	(P.T.U,	Dec.	2009)	21.	What	type	of	null	detectors	is	suitable	for	use	in	an	ac	bridge?	(P.T.U,	May	2011)	22.	Write	short	note	on.	(i)	Sources	and	detectors	used	in	AC	bridges	(ii)	De	Sauty	bridge	(Nagpur	University,	Summer	2011)	23.	Which	bridge	is	used	for	measurement	of	frequency	and



capacitance?	Explain	in	a	detail.	(Nagpur	University,	Summer	2011)	24.	Draw	the	general	form	of	an	A.C.	bridge	and	derive	the	general	equation	for	its	balance.	(Nagpur	University,	Summer	2010)	25.	Explain	the	operation	of	capacitance	bridge	in	general	with	suitable	neat	diagram.	(GBTU/MTU,	2009-10)	Inductance	and	Capacitance
Measurements 	133	26.	Explain	the	working	and	use	of	“Q-meter”	in	measurement.	(Nagpur	University,	Summer	2010)	27.	Describe	the	operation	of	Schering	bridge.	(GBTU/MTU,	2010-11)	MULTIPLE	CHOICE	QUESTIONS	1.	Maxwell	inductance	capacitance	bridge	is	used	for	measurement	of	inductance	of,	(a)	Low	Q	coils	(b)	Medium	Q	coils	(c)
High	Q	coils	(d)	Low	and	medium	Q	coils	2.	The	advantage	of	Hay	bridge	over	Maxwell	inductance	bridge	is	because,	(a)	Its	equations	for	balance	do	not	contain	any	frequency	term	(b)	It	can	be	used	for	measurement	of	inductance	of	high	Q	coils	(c)	It	can	be	used	for	measurement	of	inductance	of	low	Q	coils	(d)	None	of	the	above	3.	Frequency	can
be	measured	by	using,	(a)	Maxwell	bridge	(b)	Schering	bridge	(c)	Heaviside	Campbell	bridge	(d)	Wien	bridge	4.	Wagner’s	earth	device	is	used	in	ac	bridge	circuits	for,	(a)	Eliminating	the	effect	of	earth	capacitances	(b)	Eliminating	the	effect	of	inter-component	capacitances	(c)	Eliminating	the	effect	stray	electrostatic	fields	(d)	Shielding	the	bridge
elements	5.	A	bridge	circuit	works	at	a	frequency	of	2	kHz.	The	following	can	be	used	as	detectors	for	detection	of	null	conditions	in	the	bridge,	(a)	Vibration	galvanometer	and	headphones	(b)	Headphones	and	tuneable	amplifiers	(c)	Vibration	galvanometers	and	tuneable	amplifiers	(d)	Vibration	galvanometer,	headphones	and	tuneable	amplifiers	6.
Wagner	earth	in	AC	bridge	circuits	is	used	to	eliminate	the	effect	of,	(a)	Stray	electrostatic	fields	(b)	Stray	electromagnetic	fields	(c)	Inter-component	capacitances	(d)	Parasitic	capacitance	to	earth	(UPSC	Engg.	Services.	2000)	7.	Hay	bridge	is	suitable	for	measuring	inductance	of	which	one	of	the	following	inductors?	(a)	Having	Q	value	less	than	10
(b)	Having	Q	value	greater	than	10	(c)	Of	any	value	of	Q	(d)	Having	phase	angle	of	reactance	very	large	(UPSC	Engg.	Services	2007)	8.	In	the	balanced	bridge	shown	in	Fig.	5.18	‘X’	should	be,	(a)	A	self-inductance	having	resistance	(b)	A	capacitance	(c)	A	non-inductive	resistance	(d)	An	inductance	and	a	capacitance	in	parallel	(UPSC	Engg.	Services
1999)	9.	The	AC	bridge	shown	in	Fig.	5.19	is	balanced	if	Z1	=	100	30°;	Z2	=	150	0°;	Z3	=	250	–40°	and	Z4	is	equal	to,	(a)	350	70°	(b)	375	–70°	(c)	150	0°	(d)	150	20°	(UPSC	Engg.	Services	1999)	134 	Electronic	Measurements	&	Instrumentation	R	X	L	A.C.	supply	f	Hz	Detector	R	R	Fig.	5.18.	Z1	Z2	A.C.	supply	f	Hz	Detector	Z3	Z4	Fig.	5.19.	10.	At
balance	condition	of	the	AC	bridge	shown	in	Fig.	5.20,	the	value	of	Z4	would	be,	°W	0	20	C2	:	Xs	is	inductive	and	if	C1	<	C2	:	Xs	is	capacitive	The	resistive	component	of	the	unknown	impedance	X	R1	=	1	Q1	X2	Q2	R2	=	RS	=	R2	–	R1	and	=	X	2	X1	−	Q2	Q1	=	1	1	−	ωC2	Q2	ωC1Q1	=	C1Q1	−	C2	Q2	ωC1C2	Q1Q2	...(ii)	If	the	unknown	is	purely	resistive
then	the	tuning	capacitor	would	not	change	in	the	measuring	process,	C1	=	C2.	Q	−	Q2	∆Q	=	Rs	=	1	ωC1Q1Q2	ωC1Q1Q2	164 	Electronic	Measurements	&	Instrumentation	If	the	unknown	is	a	small	inductor,	the	value	of	the	inductance	is	found	from	equation	(i)	C	−	C2	Xs	=	1	ωC1C2	Xs	=	wLs	Ls	=	C1	−	C2	ω2	C1C2	...(iii)	The	Q	of	the	coil	is	found
from	equation	(i)	and	(ii),	X	Qs	=	s	Rs	Qs	=	(C1	−	C2	)(Q1Q2	)	C1Q1	−	C2	Q1	...(iv)	If	the	unknown	is	large	capacitor,	it	value	is	determined	from	equation	(i),	CC	Cs	=	1	2	C1	−	C2	The	Q	of	the	capacitor	may	be	found	by	equation	(iv).	Example	6.1.	In	a	Q	meter	after	connecting	a	standard	coil,	the	resonance	is	obtained	with	a	frequency	f1	with
resonating	capacitor	set	at	C1,	the	indicated	Q	factor	is	Q1.	Unknown	impedance	is	connected	in	series	with	the	standard	coil	and	the	resonance	is	re-established	by	resetting	the	resonating	capacitor	at	C2,	the	corresponding	Q	factor	being	Q2.	Determine	the	resistive	and	reactive	components	of	the	unknown	impedance	when	C	=	190	pF,	Q1	=	75,
C2	=	170	pF	and	Q2	=	45.	The	frequency	is	200	kHz.	Solution.	Given:	C1	=	190	pF	=	190	×	10–12	F;	Q1	=	75,	C2	=	170	pF	=	170	×	10–12	F;	Q2	=	45,	and	f	=	200	kHz	=	200	×	103	Hz.	We	know	that	the	resistive	component,	C	Q	−	C2	Q1	Rs	=	1	1	ωC1C2	Q1Q2	=	(190	×	10−12	)	×	75	−	(170	×	10−12	)	×	45	(2π	×	200	×	1000)	×	(190	×	10−12	)	×	75
×	(170	×	10−12	)	×	45	=	48.18	W	Ans.	Reactive	component,	C	−	C2	Xs	=	1	ωC1C2	Xs	=	(190	×	10−12	)	−	(170	×	10−12	)	(2π	×	200	×	1000)	×	(190	×	10−12	)	×	(170	×	10−12	)	=	492.74	W	Ans.	6.37 	Parallel	Connection	of	Q	Meter	The	parallel	connection	is	shown	in	Fig.	6.35.	This	circuit	is	sued	for	measuring	the	highimpedance	such	as	high-
value	resistors,	certain	inductors	and	small	capacitors.	The	unknown	component	is	connected	in	parallel	with	the	measuring	circuit.	Measurement	using	Electrical	Instruments 	165	T1	L	Working	coil	Xp	Rp	High	impedance	R	C1,	C2	Q	Voltmeter	T2	RF	oscillator	Fig.	6.34.	Parallel	Connection	of	Q	meter	Measurement	Procedure	Before	connecting	the
unknown	impedance,	the	circuit	is	resonated	by	using	a	suitable	working	coil.	This	establishes	a	value	Q	and	C	(Q1	and	C1).	Then	the	component	under	test	is	connected	to	the	circuit	and	the	capacitor	is	readjusted	for	resonance.	The	new	value	for	tuning	capacitance	(C2)	is	obtained	and	a	change	in	the	value	of	circuit	Q	(DQ)	from	Q1	to	Q2.	When
the	unknown	impedance	is	not	connected	to	the	circuit,	the	working	coil	(L)	is	tuned	by	the	capacitor	(C1).	1	wL	=	...(i)	ωC1	and	Q1	=	ωL	1	=	R	ωC1	R	...(ii)	When	the	unknown	impedance	is	not	connected	into	the	circuit	and	the	capacitor	is	tuned	for	resonance.	Then	the	reactance	of	the	working	coil	(XL)	equals	the	parallel	reactance	of	the	tuning
capacitor	(XC2)	and	the	unknown	(XP).	(	X	)(	X	P	)	XL	=	C	2	XC2	+	X	P	(iii)	LP	=	1	2	ω	(C1	−	C2	)	If	the	unknown	is	capacitive,	1	ω(C1	−	C2	)	If	the	unknown	is	inductive,	XP	=	wLP	From	the	equation	(iii),	XP	=	XP	=	1	ωCP	From	the	equation	(iii)	CP	=	C1	–	C2	The	total	resistance	at	resonance	is	equal	to	the	product	of	the	circuit	Q	and	reactance	of
the	coil,	therefore,	RT	=	Q2	XL	166 	Electronic	Measurements	&	Instrumentation	We	know	that	the	value	of	XL	is	given	by	equation	(i),	Q2	RT	=	Q2	XC1	=	ωC1	The	resistance	(RP)	of	the	unknown	impedance	is	found	by	computing	the	conductance	in	the	circuit,	GT	=	total	conductance	of	the	resonance	circuit	GP	=	conductance	of	the	unknown
impedance	GL	=	conductance	of	the	working	coil	GT	=	GP	+	GL	GP	=	GT	–	GL	From	equation	(iv)	value	of	GT,	ωC1	1	=	GT	=	RT	Q2	1	1	1	−	=	RP	RT	RL	ωC1	1	R	−	2	=	RP	Q2	R	+	ω2	L2	=	ωC1	æ	1	ö	æ	R	−ç	ç	Q2	è	R	ø	çè	1	+	ω2	L2	/	R	2	=	ωC1	1	−	Q2	RQ12	ö		ø	Substituting	the	value	of	R	from	equation	(ii)	to	above	equation	we	get,	ωC1	ωC1	1	−	=	RP
Q2	Q1	RP	=	Q1Q2	Q1Q2	=	ωC1	(Q1	−	Q2	)	ωC1∆Q	The	value	of	Q	of	the	unknown	is	found	by	using	equation	(iii)	and	(v),	R	(C	−	C2	)	Q1Q2	(C	−	C2	)Q1Q2	=	1	QP	=	P	=	1	XP	C1	(Q1	−	Q2	)	C1∆Q	6.38 	Applications	of	Q	Meter	Some	of	the	specialized	applications	of	Q	meter	are	to	measure:	1.	Q	of	a	coil	2.	Inductance	and	capacitance	3.	Distributed
capacitance	of	a	coil	4.	Q	and	power	factor	of	a	dielectric	material	5.	Mutual	inductance	of	coupled	circuits	6.	Coefficient	of	coupling	7.	Critical	coupling	8.	Reactance	and	effective	resistance	of	an	inductor	at	operating	frequency	9.	Bandwidth	of	a	tuned	circuit	etc.	...(v)	Measurement	using	Electrical	Instruments 	167	Example	6.2.	A	circuit
consisting	of	an	unknown	coil,	a	resistance	and	a	variable	capacitor	connected	in	series	is	tuned	to	resonance	using	a	Q-meter.	If	the	frequency	is	400	kHz,	the	resonating	capacitor	is	set	at	220	pF,	the	resistance	is	0.8	W	and	the	Q-meter	indicates	110,	determine	the	effective	resistance	and	inductance	of	the	unknown	coil.	Solution.	Given:	f	=	400	kHz
=	400	×	103	Hz;	C	=	220	pF	=	220	×	10–12	F;	R	=	0.8	W	and	Q	=	110.	We	know	that	in	resonance	condition,	inductance	is	given	by	1	Lcoil	=	2	ωC	1	=	=	719.6	mH	Ans.	(2π	×	400	×	1000)	2	×	220	×	10−12	and	resistance	is	given	by,	Rcoil	=	ωL	–	Rsh	Q	2π	×	400	×	1000	×	719.6	×	10−6	=	–	0.8	=	16.44	W	Ans.	110Q	X	Z	C	N	C	P	R	P	R	A	R	B	C	A
6.39 	RF	Impedance	Measurement	The	measurements	of	electrical	impedance	at	frequencies	range	from	KHz	to	GHz	the	iron-core	inductors	are	useless,	the	coils	designed	for	a	particular	frequency	range.	The	measurement	of	impedance	at	radi	frequencies	cannot	always	be	performed	by	measuring	an	RF	voltage	and	dividing	it	by	the
corresponding	RF	current.	A	A	t	radio	frequency	wire-wound	resistance	become	almost	useless	above	1	MHx.	RF	impedance	is	measured	with	Schering	bridge	circuit	having	variable	capacitors	ad	D	adjustable	components	and	only	small	fixed	resistors.	B	F	igure	6.35	shows	the	bridge	circuit.	Both	null	condition	may	be	met	with	the	use	of	only
variable	capacitors.	The	bridge	for	one	adjustment	CP	is	in	series	C	with	the	known.	Both	component	of	the	unknown	an	read	as	difference	measurements.	CA1	and	CA2	refer	to	successive	balance	made	with	the	terminals	shorted	and	then	with	the	unknown	in	place,	we	have	Fig.	6.35.	R	RX	=	B	(CA2	–	CA1)	CN	1æ	1	1	ö	−	ç		ç	ω	è	CP2	CP1	ø	Where	RX
is	the	real	part	of	ZX	and	XZ	is	the	imaginary	part	of	ZX.	Since	the	impedance	of	all	four	bridge	arm	is	the	same	in	both	cases,	the	accuracy	of	the	other	arms	is	immaterial	and	the	bridge	errors	are	largely	cancelled.	XX	=	6.40 	RF	Voltage	Measurement	The	RF	voltage	is	measured	by	rectifying	the	alternating	voltage	and	then	amplifying	the	voltage.
In	RF	range	it	is	difficult	to	amplify	and	normal	components	are	usually	useless.	168 	Electronic	Measurements	&	Instrumentation	6.41 	RF	Power	Measurement	The	ordinary	wattmeters	are	not	suitable	for	measurement	of	power	at	high	frequencies.	There	are	number	of	method	for	measurement	of	power	at	high	frequencies	they	are	given	below:
1.	Bolometer	Bridge	for	Measurement	of	Power	2.	Measurement	of	RF	Power	by	Calorimeter	Method	We	will	discuss	each	method	on	by	one	in	the	following	pages.	6.42 	Bolometer	Bridge	for	Measurement	of	RF	Power	This	method	is	based	on	the	dissipation	of	the	RF	power	in	a	small	temperature	sensitive	resistive	element	called	bolometer.	This
bolometer	is	a	thin	wire	having	a	positive	temperature	coefficient	of	resistance,	or	a	bead	of	semiconductor	having	a	negative	temperature	coefficient	of	resistance	or	a	thin	conducting	film	of	small	dimensions.	Figure	6.36	shows	the	bolometer	used	into	a	bridge	network	so	that	small	changes	in	resistance	can	be	readily	detected.	The	bridge	is
initially	balanced	bias	power.	When	RF	power	is	applied	to	bolometer	the	bias	is	withdraw	until	the	bridge	is	balanced	again.	This	method	is	suitable	for	measuring	low	and	medium	power.	R.F.	input	Imepdance	matching	section	/4	stub	used	for	ground	return	Bolometer	element	Bypass	capacitor	R1	R1	R	Ammeter	R1	Vss	+	bias	–	Voltmeter	V	A.F.
supply	Fig.	6.36.	T	o	measure	the	unknown	FR	power	by	using	bolometer	bridge,	the	known	AF	power	is	superimposed	on	unknown	RF	power.	The	bolometer	element	is	heated	by	adjusting	the	variable	resistance	R	and	dc	bias	voltage	VSS	(V1)	till	the	resistance	is	equal	to	R1.	At	this	point	the	bridge	is	balance	condition.	The	test	RF	input	is	switched
OFF	which	again	unbalances	the	bridge.	To	achieves	the	balance	condition	again	the	AF	voltage	is	increased	till	RF	power	equals	V2,	RF	Power	=	V22	−	V12	4	R1	In	a	coaxial	and	waveguide	transmission	system,	the	bolometer	mount	must	provide	the	necessary	impedance	matching.	6.43 	Measurement	of	RF	Power	by	Calorimeter	Method	Figure
6.37	show	the	measurement	of	RF	power.	In	this	RF	power	may	be	directly	converter	into	heat.	Water	acts	as	the	load	and	RF	power	may	be	used	to	heat	an	element	as	long	transmission	line	water	being	used	as	a	coolant.	The	RF	power	may	be	absorbed	directly	in	the	calorimeter	Measurement	using	Electrical	Instruments 	169	fluid.	This	system
should	have	no	RF	leakage	either	by	radiation	or	through	lossy	joints.	The	power	radiated	is	given	by	the	relation,	P	=	4.18	×	Mass	×	Specific	Heat	×	DT	Where	DT	is	the	temperature	difference	and	the	power	is	in	watts.	Thermometers	Lossy	Cable	RF	Power	In	Water	Jacket	Water	Out	Water	in	Thermal	Insulation	Open-Circuit	or	Short-Circuit	Fig.
6.37.	In	this	method	of	power	measurement,	the	FR	portion	of	the	calorimeter	system	must	be	designed	to	provide	a	proper	transformation	of	impedance.	This	is	usually	done	by	a	tapered	section.	The	length	of	cable	should	be	sufficient	to	provide	an	attenuation	of	10	db	or	more	at	the	operating	frequency	so	that	the	reflected	wave	will	be	down	by	20
dbs	corresponding	to	100	W	of	power.	Thus	the	load	virtually	absorbs	almost	all	the	RF	power.	The	cable	is	available	with	standard	impedance	of	50	W.	Therefore	there	is	no	impedance	matching	problem.	The	water	acts	as	the	load	and	directly	absorbs	the	power	from	the	source.	SUMMARY	1.	The	electronic	instruments	generally	have	higher
sensitivity,	faster	response	and	greater	flexibility	than	mechanical	or	electrical	instruments	in	indicating,	recording	and,	where	required,	in	controlling	the	measured	quantity.	2.	The	deflection	type	instruments	with	a	scale	and	movable	pointer	are	called	analog	instruments.	3.	Digital	instruments	are	those	which	use	logic	circuits	and	techniques	to
obtain	a	measurement	and	then	display	it	in	numerical-reading	(digital)	form.	4.	An	electronic	voltmeter	uses	rectifiers,	amplifiers	and	other	circuits	to	generate	a	current	proportional	to	the	voltage	being	measured.	5.	Transistor	voltmeter	Circuits	(Direct	Couple	Amplifier)	is	a	dc	couple	amplifier	with	an	indicating	meter.	6.	AC	Analog	voltmeters	are
one	of	the	most	popular	electronic	measuring	instruments	in	use	today.	They	are	used	to	measure	the	rms	voltage	of	the	many	waveforms	commonly	found	in	electronics.	7.	The	D’	Arsonval	meter	movement	can	be	used	for	measuring	alternating	quantities	provided	a	rectifier	is	added	to	the	measuring	circuit.	8.	The	general	purpose	of	the	multirange
ac	voltmeter	is	for	measuring	ac	voltage	for	different	ranges.	9.	Peak	responding	voltmeters	are	also	designed	to	indicate	the	rms	value	of	a	sine	wave.	10.	The	difference	between	average	responding	meter	and	this	meter	is	the	use	of	storage	capacitors	with	the	rectifying	diode.	11.	The	true	rms	reading	voltmeter	indicated	the	rms	value	of	any
waveform	by	using	an	rms	detect	12.	Electronics	Voltmeter	using	an	IC	Op-Amp	13.	Electronic	voltmeter	are	frequently	constructed	to	act	as	multipurpose	instruments	so	that	they	can	be	used	to	measure	current	as	well	as	voltage.	14.	When	alternating	current	is	to	be	measured	a	rectifier	is	used	to	change	the	alternating	current	to	a	corresponding
direct	current,	which	is	then	measured	by	a	TVM.	170 	Electronic	Measurements	&	Instrumentation	15.	The	operating	principle	of	the	ramp	type	DVM	is	based	on	measurement	of	the	time	taken	by	the	DVM	for	a	linear	ramp	voltage	to	rise	from	0	V	to	the	level	of	the	input	voltage,	or	to	decrease	from	level	of	the	input	voltage	to	zero.	16.	In
successive	approximation	type	DVM,	the	comparator	compares	the	output	of	digital	to	analog	converter	with	the	unknown	voltage.	17.	A	digital	multimeter	(DMM)	displays	the	quantity	measured	as	a	number,	which	eliminates	parallax	errors.	GLOSSARY	AC	electronics	voltmeter:	An	AC	electronics	voltmeter	is	used	to	measure	AC	voltage.	The	PMMC
meter	movement	is	used	for	measurement	AC	voltage	by	inserting	a	rectifier	in	the	measuring	circuit.	AC	coupled	peak	responding	voltmeters:	The	positions	of	diode	and	capacitor	are	interchanged	with	reference	to	D.C	coupled	peak	responding	voltmeters.	The	capacitor	still	charges	to	the	peak	value	of	the	ac	input.	AC	Voltmeter	using	full	wave
rectifier:	The	full-wave	rectifier	has	been	combined	in	series	with	a	dc	meter	movement.	AC	Voltmeter	using	half	wave	rectifier:	The	half-wave	rectifier	has	been	combined	in	series	with	a	dc	meter	movement.	D.C	Coupled	peak	responding	voltmeters:	DC	coupled	peak	responding	voltmeters	the	capacitor	charges	to	the	total	peak	voltage	above	ground
reference.	Digital	Multimeter:	The	information	from	analog	input	signal	through	the	various	analog	signal	conversion	circuits	which	convert	the	measured	quantity	to	a	dc	voltage	equivalent.	Then	the	ADC	convert	the	dc	value	to	digital	form	and	display	unit	display	the	value.	Digital	Voltmeter	(DVM):	A	digital	voltmeter	is	also	called	digital	electronic
voltmeter,	it	measure	and	display	dc	or	ac	voltages	as	discrete	number	instead	of	a	pointer	deflection	on	a	continuous	scale.	It	requires	analog	to	digital	converter	(ADC)	to	converter	the	analog	value	into	digital	value.	Electronics	Voltmeter:	In	an	electronics	voltmeter	the	measured	alternating	voltage	is	rectified	using	a	diode	rectifier	or	decoder	and
a	rectified	direct	current	is	produced	which	is	the	measure	of	the	original	alternating	voltage.	Transistor	voltmeter	Circuits:	An	AC	electronics	voltmeter	is	used	to	measure	AC	voltage.	The	PMMC	meter	movement	is	used	for	measurement	AC	voltage	by	inserting	a	rectifier	in	the	measuring	circuit.	True	RMS	reading	voltmeter:	This	instrument
produces	a	meter	indication	by	sensing	waveform	heating	power,	which	is	proportional	to	the	square	of	theRMS	value	of	the	voltage.	DESCRIPTIVE	QUESTIONS	1.	What	is	digital	instrument?	Explain.	2.	What	are	the	essentials	of	an	electronic	instrument?	Explain	each	of	them	briefly.	3.	State	the	advantages	of	electronics	instruments.	4.	What	are
electronics	voltmeters?	Explain.	5.	What	are	the	advantages	of	electronics	voltmeters?	6.	Discuss	in	detail	the	principle	of	operation	of	electronics	voltmeter	with	the	help	of	a	circuit	diagram	(GBTU/MTU,	2004-05)	7.	What	are	the	advantages	of	true	rms	reading	voltmeter?	8.	Write	a	short	note	on	true	rms	reading	voltmeter.	(GBTU/MTU,	2008-09)	9.
Draw	a	circuit	of	true	rmsmeter	and	explain	its	working.	(GBTU/MTU,	2007-08)	10.	Define	solid	state	voltmeter.	11.	Explain	transistor	voltmeter	in	detail.	12.	Explain	rectifier	type	ac	voltmeter	13.	Describe	AC	voltmeter	using	rectifier	with	diagram.	(GBTU/MTU,	2008-09)	Measurement	using	Electrical	Instruments 	171	14.	Explain	briefly	the
principle	on	which	the	digital	meters	works.	15.	What	is	the	function	of	a	digital	voltmeter?	16.	State	the	advantages	of	digital	voltmeters.	17.	State	the	characteristic	features	of	DVMs.	18.	List	the	application	of	DVMs.	19.	Give	the	classification	of	digital	voltmeters.	20.	Explain	the	working	of	ramp-type	DVM.	21.	Discuss	the	working	of	dual-slope
integrating	DVM.	22.	Draw	the	block	diagram	and	its	working	of	an	integrating	type	DVM.	(GBTU/MTU,	2006-07)	23.	With	the	help	of	a	block	diagram,	describe	briefly	the	working	of	a	successive	approximation	digital	voltmeter.	24.	Describe	a	digital	multimeter	with	the	help	of	a	block	diagram.	25.	Explain	the	operation	of	a	basic	digital	multimeter?
26.	What	principle	does	a	digital	frequency	meter	operate?	27.	Enlist	the	different	types	of	frequency	meter.	Explain	anyone	in	detail.	(Nagpur	University,	Summer	2010)	28.	Draw	and	explain	the	basic	circuit	of	digital	frequency	meter.	(Nagpur	University,	Summer	2010)	29.	Explain	the	term	loading	in	voltmeter	and	five	the	method	to	remove	the
adverse	effect	of	loading.	(GBTU/MTU,	2009-10)	30.	Explain	the	principle	of	electronics	voltmeter.	(GBTU/MTU,	2010-11)	31.	Explain	how	an	electronic	analog	voltmeter	can	be	used	to	measure	alternating	current.	(GBTU/MTU,	2010-11)	32.	Explain	various	specification	of	digital	multimeter	which	are	important	while	selecting	for	any	applications.
(GBTU/MTU,	2009-10)	33.	Draw	the	block	diagram	of	dual	slope	type	digital	multimeter	and	explain	its	working.	(GBTU	/MTU,	2009-10)	34.	Compare	the	various	techniques	used	in	digital	volt	meter	in	tabular	format	with	parameter	such	as	circuit	complexity,	stability,	accuracy,	noise	effect	and	operating	speed.	(GBTU/MTU,	2009-10)	35.	Explain	the
working	of	integration	type	DVM.	(GBTU/MTU,	2010-11)	36.	Write	a	short	note	on	electronic	multimeter.	(Nagpur	University,	Summer	2011)	37.	Explain	the	true	RMS	voltmeter	with	neat	sketch.	(Nagpur	University,	Summer	2010)	38.	Enlist	various	types	of	digital	voltmeters	and	explain	any	one.	(Nagpur	University,	Summer	2011)	39.	Define	the	Q-
factor	of	a	coil.	Explain	with	a	circuit	diagram	construction	and	principle	of	operation	of	a	basic	Q-meter.	(GBTU/MTU,	2010-11)	40.	Explain	the	Q-meter	with	suitable	diagram.	Also	mention	various	source	of	error	in	Q-meter.	(GBTU/MTU,	2009-10)	MULTIPLE	CHOICE	QUESTIONS	1.	An	average	response	rectifier	type	electronic	ac	voltmeter	has	a	dc
voltage	of	10	V	applied	to	it.	The	meter	reading	will	be,	(a)	7.1	V	(b)	10	V	(c)	11.1	V	(d)	22.2	V	2.	True	rms	responding	voltmeter	use,	(a)	Thermistors.	(b)	RTDs.	(c)	LVDTS.	(d)	Thermocouple.	172 	Electronic	Measurements	&	Instrumentation	3.	Measuring	and	balancing	thermocouple	are	used	in	a,	(a)	Peak	responding	voltmeter.	(b)	Peak-to-peak
responding	voltmeter.	(c)	Avarage	responding	voltmeter.	(d)	rms	responding	voltmeter.	4.	Transistor	voltmeter	,	(a)	Cannot	measure	ac	voltage.	(b)	Cannot	be	designed	to	measure	resistance	as	well	as	voltage.	(c)	Cannot	measure	high	frequency	voltage.	(d)	Can	measure	ac	voltage.	5.	Electronic	voltmeter	provides	more	accurate	reading	in	high
resistance	circuits	as	compared	to	non-electronic	voltmeter	because	of	,	(a)	High	V/ohm	rating.	(b)	High	Ohm/V	rating.	(c)	How	meter	resistance.	(d)	High	resolution.	6.	True	rms	reading	voltmeter	uses	two	thermocouple	in	order	,	(a)	To	increase	sensitivity.	(b)	That	the	second	thermocouple	cancels	out	the	no-linear	effects	of	the	first	thermocouple.
(c)	To	prevent	drift	in	the	dc	amplifier.	(d)	All	of	the	above.	7.	Digital	instrument	are	those	which,	(a)	have	numerical	readout.	(b)	use	LED	or	LCD	displays.	(c)	have	a	circuitry	of	digital	design.	(d)	use	deflection	types	meter	movement.	8.	The	essential	elements	of	an	electronic	instrument	are,	(a)	Transducer.	(b)	signal	conditioner.	(c)	indicating	device.
(d)	all	of	these.	9.	Electronics	voltmeters	which	use	rectifier	employ	negative	feedback.	This	is	done,	(a)	To	increase	the	overall	gain.	(b)	To	improve	stability.	(c)	To	improve	nonlinearity	of	diodes.	(d)	None	of	the	above.	10.	In	a	digital	frequency	meter,	the	Schmitt	trigger	is	used	for,	(a)	Sinusoidal	waveforms	into	rectangular	pulses.	(b)	Scaling	of
sinusoidal	waveforms.	(c)	Providing	time	base.	(d)	None	of	the	above.	ANSWERS	1.	(c)	7.	(c)	2.	(d)	8.	(d)	3.	(d)	9.	(c)	4.	(d)	10.	(a)	5.	(b)	6.	(b)	Chapter	7	Cathode	Ray	Oscilloscopes	Outline	7.1.	Introduction	7.2.	Cathode-Ray	Oscilloscope	7.3.	Block	Diagram	of	CRO	7.4.	Operation	Control	of	Basic	Oscilloscope	7.5.	Working	of	CRO	7.6.	Applications	of	a
CRO	7.7.	Cathode	Ray	Tube	(CRT)	7.8.	Screens	for	CRTs	7.9.	Electrostatic	Focusing	7.10.	Electromagnetic	Focusing	7.11.	Effect	of	Beam	transit	and	frequency	7.12.	Normal	Operation	of	CRO	7.13.	Oscilloscope	Amplifiers	7.14.	Vertical	Amplifier	7.15.	Attenuators	7.16.	Horizontal	Deflection	Amplifier	7.17.	Sweep	Generator	7.18.	Types	of	Time	Base
Circuits	7.19.	Sweep	Circuit	7.20.	Delay	Line	7.21.	Lumped-Parameter	Delay	Line	7.22.	Distributed-Parameter	Delay	Line	7.23.	Measurement	of	Voltage	7.24.	Measurement	of	Current	7.25.	Measurement	of	Time	period	7.26.	Lissajous	Figures	7.27.	Used	of	Lissajous	Figures	7.28.	Frequency	Determination	with	Lissajous	Figures	7.29.	Phase
Determination	with	Lissajous	7.30.	Electronic	Switch	Figures	7.31.	Spot	Wheel	Method	of	Display	7.32.	Gear	Wheel	Method	7.33.	Oscilloscope	Probes	7.34.	Direct	probe	1:1	7.35.	Isolation	Probe	7.36.	High	impedance	or	10	:	1	Probe	7.37.	Active	Probe	7.38.	Current	Probe	7.39.	Differential	Probes	7.40.	Probe	Loading	and	Measurement	Effects	7.41.
Probe	Specification	7.42.	Oscilloscope	Specifications	and	Performance	Objectives	After	completing	this	chapter,	you	should	be	able	to:		Know	the	purpose	of	oscilloscope		Describe	the	construction	and	operation	of	CRO	and	CRT.		Analyze	the	electrostatic	focus	and	deflection	sensitivity.		Explain	how	waveform	signal	is	displayed	on	CRO	screen.	
Describe	the	function	of	sweep	generator.		Know	how	voltage,	current,	time	period,	frequency	and	phase	measured	with	CRO.	173	174 	Electronic	Measurements	&	Instrumentation		Draw	the	Lissajous	Figures		Calculate	the	frequency	and	phase	with	Lissajous	Figures.		Know	the	difference	between	different	types	of	probes.	7.1 Introduction	A
cathode	ray	oscilloscope	or	simply	CRO	or	oscilloscope	is	one	of	the	extremely	useful	and	the	most	versatile	tool	used	in	the	sciences,	medicine,	engineering	and	telecommunication	industry.	These	are	commonly	used	to	observe	the	exact	wave	shape	of	an	electrical	signal.	In	addition	to	the	amplitude	of	the	signal,	an	oscilloscope	can	show	distortion,
the	time	between	two	events	(such	as	pulse	width,	period,	or	rise	time)	and	relative	timing	of	two	related	signals.	General	purpose	oscilloscopes	are	used	for	maintenance	of	electronic	equipment	and	laboratory	work.	Special	purpose	oscilloscopes	may	be	used	for	such	purposes	as	analyzing	aircraft	cockpit	instruments,	automotive	ignition	system	or
to	display	the	waveform	of	the	heartbeat.	In	electronics	engineering/telecommunication	industry,	the	cathode	ray	oscilloscopes	are	used	extensively	for	design,	build	and	test	of	electronic	circuits.	The	engineers	and	technicians	studythe	wave	shapes	of	alternating	currents	and	voltages	as	well	as	for	measurement	of	voltage,	current,	power	and
frequency.	The	oscilloscope	allows	the	user	to	observe	the	amplitude	of	electrical	signals	as	a	function	of	time	on	the	screen.	Originally	all	oscilloscopes	used	cathode	ray	tubes(CRTs)	as	their	display	element	and	linear	amplifiers	for	signal	processing.	However,	modern	oscilloscopes	have	LCD	or	LED	screens,	fast	analog-to-digital	converters	and
digital	signal	processors.	Some	oscilloscopes	use	storage	CRTs	to	display	single	events	for	a	limited	time.	These	days	oscilloscope	peripheral	modules	are	available	for	general	purpose	laptop	or	desktop	personal	computers	which	allows	the	laptop	or	desktop	computers	to	be	used	as	test	instruments.	Two	to	three	decades	ago,	the	oscilloscopes	were
quite	bulky	and	were	generally	bench	top	devices.	But	most	modern	oscilloscopes	are	lightweight,	portable	instruments	that	are	compact	enough	to	be	easily	carried	by	an	engineer	or	a	technician.	Special	purpose	oscilloscopes	may	be	rack	mounted	or	permanently	mounted	into	a	custom	instrument	housing.	Oscilloscope	allows	us	to	observe	the
constantly	varying	signal,	usually	as	a	two-dimensional	graph	of	one	or	more	electrical	potential	differences	using	the	vertical	or	‘Y’	axis,	plotted	as	a	function	of	time,	(horizontal	or	‘X’	axis).	Although	an	oscilloscope	displays	voltage	on	its	vertical	axis,	any	other	quantity	that	can	be	converted	to	a	voltage	can	be	displayed	as	well.	In	most	instances,
oscilloscopes	show	events	that	repeat	with	either	no	change	or	change	slowly.	Whatever	is	the	type	of	an	oscilloscope,	whether	CRT	or	LCD	or	LED	screen,	its	front	panel	normally	has	control	sections	divided	into	Vertical,	Horizontal,	and	Trigger	sections.	There	are	also	display	controls	and	input	connectors.	In	this	chapter,	we	shall	study	the	general
purpose	oscilloscopes.	Special	purpose	oscilloscopes	are	covered	in	Chapter	8.	7.2 	Cathode-Ray	Oscilloscope	As	mentioned	in	the	last	article,	the	cathode	ray	oscilloscope	(CRO)	is	generally	referred	to	as	an	oscilloscope	or	simply	scope.	It	is	a	basic	electronic	test	instrument	that	allows	observations	of	constantly	varying	signal	voltages	usually	as	a
two-dimensional	graph	of	one	or	more	electrical	potential	differences	as	shown	in	Fig.	7.1.	It	allows	an	electronic	engineer	to	‘observe’	the	signal	in	various	parts	of	the	electronic	circuit.	By	‘observing’	the	signal	waveforms,	the	engineers	or	technicians	can	correct	errors,	understand	mistakes	in	the	circuit	design	and	thus	make	suitable	adjustments.
The	circuit	symbol	of	an	oscilloscope	is	shown	in	Fig.	7.2.	Cathode	Ray	Oscilloscopes 	175	Y	(voltage)	Y	(voltage)	Z	(intensity)	X	(time)	X	(time)	Z	(intensity)	Fig.	7.1.	An	oscilloscope	can	display	and	measure	many	electrical	quantities	like	ac/dc	voltage,	time,	phase	relationships,	frequency	and	a	wide	range	of	waveform	characteristics	like	rise-time,
falltime	and	overshoot	etc.	Non-electrical	quantities	like	pressure,	strain,	temperature	and	acceleration	etc.	can	also	be	measured	by	using	different	transducers	to	first	convert	them	into	an	equivalent	voltage.	Fig.	7.2.	Circuit	Symbol	for	an	Oscilloscope	7.3 	Block	Diagram	of	CRO	Fig.	7.3	shows	the	block	diagram	of	a	CRO.	As	seen	in	the	diagram,	it
consists	of	the	following	major	sub-systems:	Input	Signal	Vertical	Amplifier	Delay	line	To	CRT	HT	Supply	CRT	LT	Supply	To	All	Circuits	Trigger	Circuit	Sweep	Generator	Horizontal	Amplifier	Fig.	7.3.	Block	Diagram	of	CRO.	1.	Display.	In	all	the	modern	oscilloscopes	it	is	usually	LCD	panel.	In	the	old	oscilloscopes	the	display	was	a	cathode	ray	tube	or
CRT.	The	display	whether	LCD	panel	or	CRT	is	laid	out	with	both	horizontal	and	vertical	reference	lines	referred	to	as	the	graticule.	In	addition	to	the	screen,	most	display	sections	are	equipped	with	three	basic	controls,	a	focus	knob,	an	intensity	knob	and	a	beam	finder	button.	2.	Cathode	Ray	Tube	(CRT).	This	is	the	cathode	ray	tube	which	emits
electrons	that	strikes	the	phosphor	screen	internally	to	provide	a	visual	display	of	signal.	It	displays	the	quantity	being	measured.	3.	Vertical	amplifier.	It	amplifies	the	signal	waveform	to	be	viewed.	4.	Delay	Line.	It	is	used	to	delay	the	signal	for	some	time	in	the	vertical	sections.	176 	Electronic	Measurements	&	Instrumentation	5.	Horizontal
amplifier.	This	is	used	to	amplify	the	sawtooth	voltage	which	is	then	applied	to	the	X-plates.	6.	Sweep	generator.	Produces	sawtooth	voltage	waveform	used	for	horizontal	deflection	of	the	electron	beam.	7.	Trigger	circuit.	Produces	trigger	pulses	to	start	horizontal	sweep.	It	converts	the	incoming	signal	into	trigger	pulses	so	that	the	input	signal	and
the	sweep	frequency	can	be	synchronized.	8.	High	and	low.	Voltage	power	supply.	Two	voltages	are	generated	in	CRO	(a)	The	low	voltage	supply	is	from	+300	to	400	V.	(b)	The	high	voltage	supply	is	from	–1000	to	–1500	V.	7.4	Operation	Control	of	Oscilloscope	The	operating	controls	of	a	basic	oscilloscope	are	shown	in	Fig.	7.4.	The	different
terminals	provide.	1.	Horizontal	Amplifier	Input	2.	Vertical	Amplifier	Input	3.	Synchronous	Input	4.	Z-Axis	Input	5.	External	Sweep	Input.	Astigmatism	Focus	Horizontal	Centering	Vertical	Centering	x	100	x	1000	x	10	CAL	x1	Vertical	Gain	Vert.	I/P	GND	Frequency	Selector	Sync	Amplitude	Intensity	Fine	Frequency	Horizontal	Gain	Into	Ext.	Pilot	Hor
Amp	Horz.	Input	Sync.	Input	Power	Saw-Tooth	GND	Fig.	7.4.	As	seen	from	this	diagram,	different	controls	permit	the	following	adjustment.	1.	Intensity.	For	correct	brightness	of	the	trace	on	the	screen.	This	adjusts	trace	brightness.	Slow	traces	on	CRT	scopes	need	less,	and	fast	ones,	especially	if	they	don’t	repeat	very	Cathode	Ray	Oscilloscopes 
177	often,	require	more.	On	flat	panels,	however,	trace	brightness	is	essentially	independent	of	sweep	speed,	because	the	internal	signal	processing	effectively	synthesizes	the	display	from	the	digitized	data.	2.	Focus.	For	sharp	focus	of	the	trace.	This	control	adjusts	CRT	focus	to	obtain	the	sharpest,	most-detailed	trace.	In	practice,	focus	needs	to	be
adjusted	slightly	when	observing	quitedifferent	signals,	which	means	that	it	needs	to	be	an	external	control.	Flat-panel	displays	do	not	need	a	focus	control;	their	sharpness	is	always	optimum.	3.	Horizontal	centering.	For	moving	the	pattern	right	and	left	on	the	screen.	The	horizontal	position	control	moves	the	display	sidewise.	It	usually	sets	the	left
end	of	the	trace	at	the	left	edge	of	the	graticule,	but	it	can	displace	the	whole	trace	when	desired.	This	control	also	moves	the	X-Y	mode	traces	sidewise	in	some	‘scopes,	and	can	compensate	for	a	limited	DC	component	as	for	vertical	position.	4.	Vertical	centering.	For	moving	the	pattern	up	and	down	on	the	screen.	The	vertical	position	control	moves
the	whole	displayed	trace	up	and	down.	It	is	used	to	set	the	noinput	trace	exactly	on	the	center	line	of	the	graticule,	but	also	permits	offsetting	vertically	by	a	limited	amount.	With	direct	coupling,	adjustment	of	this	control	can	compensate	for	a	limited	DC	component	of	an	input.	5.	Horizontal	gain	(also	Time/div	or	Time/cm).	For	adjusting	pattern
width.	This	section	controls	the	time	base	or	“sweep”	of	the	instrument.	The	primary	control	is	the	Secondsper-Division	(Sec/Div)	selector	switch.	Also	included	is	a	horizontal	input	for	plotting	dual	X-Y	axis	signals.	The	horizontal	beam	position	knob	is	generally	located	in	this	section.	6.	Vertical	gain	(also	volt/div	or	volt/cm).	For	adjusting	pattern
height.	This	controls	the	amplitude	of	the	displayed	signal.	This	section	carries	a	Volts-per-Division	(Volts/Div)	selector	knob,	an	AC/DC/Ground	selector	switch	and	the	vertical	(primary)	input	for	the	instrument.	Additionally,	this	section	is	typically	equipped	with	the	vertical	beam	position	knob.	7.	Sweep	frequency.	For	selecting	number	of	cycles	in
the	pattern.	8.	Sync.	Voltage	amplitude.	For	locking	the	pattern.	The	different	switches	permit	selection	of:	(a)	sweep	type	(b)	sweep	range	(c)	sync.	type	A	CRO	can	operate	upto	500	MHz,	can	allow	viewing	of	signals	within	a	time	span	of	a	few	nanoseconds	and	can	provide	a	number	of	waveform	displays	simultaneously	on	the	screen.	It	also	has	the
ability	to	hold	the	displays	for	a	short	or	long	time	(of	many	hours)	so	that	the	original	signal	may	be	compared	with	one	coming	on	later.	7.5 	Working	of	CRO	In	the	past,	CRO	consists	mainly	of	a	vacuum	tube	which	contains	a	cathode,	anode,	grid,	X	&	Y-plates,	and	a	fluorescent	screen.	When	the	cathode	is	heated	(by	applying	a	small	potential
difference	across	its	terminals),	it	emits	electrons.	Having	a	potential	difference	between	the	cathode	and	the	anode	(electrodes),	accelerate	the	emitted	electrons	towards	the	anode,	forming	an	electron	beam,	which	passes	to	fall	on	the	screen.	When	the	fast	electron	beam	strikes	the	fluorescent	screen,	a	bright	visible	spot	is	produced.	The	grid,
which	is	situated	between	the	electrodes,	controls	the	amount	of	electrons	passing	through	it	thereby	controlling	the	intensity	of	the	electron	beam.	The	X	&	Y-plates	are	responsible	for	deflecting	the	electron	beam	horizontally	and	vertically.	178 	Electronic	Measurements	&	Instrumentation	A	sweep	generator	is	connected	to	the	X-plates,	which
moves	the	bright	spot	horizontally	across	the	screen	and	repeats	that	at	a	certain	frequency	as	the	source	of	the	signal.	The	voltage	to	be	studied	is	applied	to	the	Y-plates.	The	combined	sweep	and	Y	voltages	produce	a	graph	showing	the	variation	of	voltage	with	time.	7.6 	Applications	of	a	CRO	As	stated	earlier,	no	other	instrument	in	electronic
industry	is	as	versatile	as	a	CRO.	In	fact,	a	modern	oscilloscope	is	the	most	useful	single	piece	of	electronic	equipment	that	not	only	removes	guess	work	from	technical	troubleshooting	but	makes	it	possible	to	determine	the	trouble	quickly.	Some	of	its	uses	are	as	under:	(a)	In	Radio	Work	1.	to	trace	and	measure	a	signal	throughout	the	RF,	IF	and	AF
channels	of	radio	and	television	receivers.	2.	it	provides	the	only	effective	way	of	adjusting	FM	receivers,	broadband	high-frequency	RF	amplifiers	and	automatic	frequency	control	circuits;	3.	to	test	AF	circuits	for	different	types	of	distortions	and	other	spurious	oscillations;	4.	to	give	visual	display	of	wave	shapes	such	as	sine	waves,	square	waves	and
their	many	different	combinations;	5.	to	trace	transistor	curves	6.	to	visually	show	the	composite	synchronized	TV	signal	7.	to	display	the	response	of	tuned	circuits	etc.	(b)	Scientific	and	Engineering	Applications	1.	measurement	of	ac/dc	voltages,	2.	finding	B/H	curves	for	hysteresis	loop,	3.	for	engine	pressure	analysis,	4.	for	study	of	stress,	strain,
torque,	acceleration	etc.,	5.	frequency	and	phase	determination	by	using	Lissajous	Figures,	6.	radiation	patterns	of	antenna,	7.	amplifier	gain,	8.	modulation	percentage,	9.	complex	waveform	as	a	short-cut	for	Fourier	analysis,	10.	Standing	waves	in	transmission	lines	etc.	7.7 	Cathode	Ray	Tube	(CRT)	It	is	the	‘heart’	of	an	oscilloscope	and	is	very
similar	to	the	picture	tube	in	a	television	set.	Construction	The	cross-sectional	view	of	a	general-purpose	electrostatic	deflection	CRT	is	shown	in	Fig.	7.5.	Its	four	major	components	are:	1.	an	electron	gun	for	producing	a	stream	of	electrons,	2.	focusing	and	accelerating	anodes-for	producing	a	narrow	and	sharply-focused	beam	of	electrons,	3.
horizontal	and	vertical	deflecting	plates-for	controlling	the	path	of	the	beam,	4.	an	evacuated	glass	envelope	with	a	phosphorescent	screen	which	produces	bright	spot	As	shown,	a	CRT	is	a	self-contained	unit	like	any	electron	tube	with	a	base	through	which	leads	are	brought	out	for	different	pins.	Cathode	Ray	Oscilloscopes 	179	G	A1	K	F	Electron
Emission	A2	A3	Y	Focussing	&	Acceleration	Electron	Gun	Aquadag	Coasting	X	Flourescent	Screen	Deflection	Fig.	7.5.	Cathode	Ray	Tube	1.	Electron	Gun	Assembly	The	electron	gun	assembly	shown	in	Fig.	7.6.	It	consists	of	an	indirectly-heated	cathode	K,	a	control	grid	G,	a	pre-accelerator	anode	A1,	focusing	anode	A2	and	an	accelerating	anode	A3.
We	will	discuss	each	part	of	electron	gun	one	by	one	in	following:	(a)	Cathode	K.	The	sole	function	of	the	electrons	gun	assembly	is	to	provide	a	focused	beam	of	electrons	which	is	accelerated	towards	the	fluorescent	screen.	The	electrons	are	given	off	by	thermionic	emission	from	the	cathode.	The	electron	gun	assembly	consists	of	an	indirectly-heated
cathode	K.	A	heated	cathode	emits	electrons,	which	are	accelerated	to	the	first	accelerating	anode	through	a	small	hole	in	the	control	grid.	(b)	Control	Grid.	The	control	grid	is	a	metallic	cylinder	with	a	small	aperture	in	line	with	the	cathode	and	kept	at	a	negative	potential	with	respect	to	K.	The	number	of	electrons	allowed	to	pass	through	the	grid
aperture	(and,	hence,	the	beam	current)	depends	on	the	amount	of	the	control	grid	bias.	Since	the	intensity	(or	brightness)	of	the	spot	S	on	the	screen	depends	on	the	strength	of	beam	current,	the	knob	controlling	the	grid	bias	is	called	the	intensity	control.	H	V	G	A1	A2	A3	K	S	H	–1350	V	+350	V	Intensity	Control	Focus	Control	Fig.	7.6.	(c)
Accelerating	Anode.	The	anodes	A1	and	A3	are	the	accelerating	anode.	The	Anode	A1	is	the	pre-accelerating	anode.	The	pre-accelerating	anode	is	a	hollow	cylinder	that	is	at	a	potential	a	few	hundred	volts	more	positive	than	the	cathode	so	that	the	electron	beam	will	be	accelerated	in	the	electric	field.	Both	the	anode	is	at	positive	potential	with
respect	to	K.	These	anodes	operate	to	accelerate	the	electron	beam.	180 	Electronic	Measurements	&	Instrumentation	(d)	Focusing	Anode.	The	focusing	anode	ensures	that	electrons	leaving	the	cathode	in	slightly	different	directions	are	focused	down	to	a	narrow	beam	and	all	arrive	at	the	same	spot	on	the	screen.	The	cylindrical	focusing	anode	A2,
being	at	negative	potential,	repels	electrons	from	all	sides	and	compresses	them	into	a	fine	beam.	The	knob	controlling	the	potential	of	A2	provides	the	focus	control.	2.	Deflecting	Plates	Two	sets	of	deflecting	plates	are	used	for	deflecting	the	thin	pencil-like	electronic	beam	both	in	the	vertical	and	horizontal	directions.	Deflecting	plates	are:	(a)
Vertical	Deflection	Plates:	These	plates	move	the	electron	beam	up	and	down	the	screen.	The	input	signal	is	applied	to	these	plates.	(b)	Horizontal	Deflection	Plates:	These	plates	move	the	electron	bean	by	electrostatic	attraction	and	repulsion,	horizontally	across	the	CRT	screen.	The	first	set	marked	Y	(nearer	to	the	gun)	is	for	vertical	deflection	and
X-set	is	for	horizontal	deflection.	When	no	potential	is	applied	across	the	plates,	beam	passes	between	both	sets	of	plates	undeflected	and	produces	a	bright	spot	at	the	centre	of	the	screen.	If	upper	Y-plate	is	given	a	positive	potential,	the	beam	is	deflected	upwards	depending	on	the	value	of	the	applied	potential.	Similarly,	the	beam	(and	hence	the
spot)	deflects	downwards	when	lower	Y-plate	is	made	positive.	However,	if	an	alternating	voltage	is	applied	across	the	Y-plates,	the	spot	keeps	moving	up	and	down	thereby	producing	a	vertical	luminous	trace	on	the	screen	due	to	persistence	of	vision.	The	maximum	displacement	of	the	spot	from	its	central	position	is	equal	to	the	amplitude	of	the
applied	voltage.	T	he	screen	spot	is	deflected	horizontally	if	similar	voltages	are	applied	to	the	X-plates.	The	dc	potentials	on	the	Y-and	X-plates	are	V	adjustable	by	means	of	centering	controls.	It	must	be	remembered	that	the	signal	to	be	displayed	on	the	screen	is	always	V	applied	across	the	Y-plates.	The	voltage	applied	across	X-plates	is	a	ramp
voltage	i.e.	a	voltage	which	increases	linearly	with	0	time.	It	has	a	sawtooth	wave-form	as	shown	TSW	in	Fig.	7.7.	It	is	also	called	horizontal	timebase	or	sweep	voltage.	It	has	a	sweep	time	Fig.	7.7	of	Tsw.	3.	Glass	Envelope	It	is	funnel-shaped	having	a	phosphor-coated	screen	at	its	flared	end.	It	is	highly-evacuated	in	order	to	permit	the	electron	beam
to	traverse	the	tube	easily.	The	inside	of	the	flared	part	of	the	tube	is	coated	with	a	conducting	graphite	layer	called	Aquadag	which	is	maintained	at	the	same	potential	as	A3.	The	bombarding	electrons	striking	the	phosphor	release	secondary-emission	electrons,	thus	keeping	the	screen	in	a	state	of	electrical	equilibrium.	These	secondary-emission
low	velocity	electrons	are	collected	by	aquadag,	which	is	electrically	connected	to	the	secondary	anode.	Functions	of	Aquadag	are:	(i)	It	accelerates	the	electron	beam	after	it	passes	between	the	deflecting	plates	(ii)	Collects	the	electrons	produces	by	secondary	emission	when	electron	beam	strikes	the	screen.	Hence,	it	prevents	the	formation	of
negative	charge	on	the	screen.	Cathode	Ray	Oscilloscopes 	181	4.	Graticules	The	graticule	is	a	grid	of	squares	that	serve	as	reference	marks	for	measuring	the	displayed	trace.	It	is	the	calibrated	horizontal	and	vertical	marks	are	placed	on	the	cathode	ray	tube	screen	to	facilitate	the	use	of	the	oscilloscope.	It	is	a	grid	of	lines	that	serves	as	a	scale
when	making	time	and	amplitude	measurements.	The	accuracy	of	these	marks	depends	on	how	close	the	graticule	marks	can	be	placed	to	the	actual	phosphor	to	eliminate	parallax.	These	are	three	types:	(a)	External	Graticule.	This	is	scribed	on	a	Plexiglas	plastic	and	fixed	to	the	screen.	The	distance	between	the	marks	on	the	graticule	and	the	actual
phosphor	coating	could	be	nearly	1	cm,	which	caused	measurement	errors	if	not	used	carefully.	(b)	Internal	Graticule.	The	graticule	lines	are	etched	(marked)	on	the	inner	surface	of	the	front	glass	of	the	cathode	ray	tube.	The	distance	of	separation	of	phosphor	and	the	graticule	is	nearly	zero	and	parallax	errors	are	practically	nonexistent.	(c)
Projected	Graticule.	It	provides	flexibility	which	can	include	additional	features	such	as	legends	on	the	glass.	7.8 	Screens	for	CRTs	When	the	electron	beam	strikes	the	screen	of	the	CRT,	a	spot	of	light	is	produced.	The	screen	material	on	the	inner	surface	of	the	CRT	that	produces	this	effect	is	the	phosphor.	The	phosphor	absorbs	the	kinetic	energy
of	the	bombarding	electrons	and	reemits	energy	at	a	lower	frequency	in	the	visual	spectrum.	The	property	of	some	crystalline	materials,	such	as	phosphor	or	zinc	oxide,	to	emit	light	when	stimulated	by	radiation	is	called	fluorescence.	Fluorescent	materials	have	second	characteristic,	called	phosphorescence,	which	refers	to	the	property	of	the
material	to	continue	light	emission	even	after	the	source	of	excitation	is	cut	off.	T	he	screen	itself	is	coated	with	a	thin	layer	of	a	fluorescent	material	called	phosphor.	This	material	determines	the	color	and	persistence	of	the	trace,	both	of	which	are	indicated	by	the	phosphor.	When	struck	by	high-energy	electrons,	it	glows.	In	other	words,	it	absorbs
the	kinetic	energy	of	the	electrons	and	converts	it	into	light-the	process	being	known	as	fluorescence.	That	is	why	the	screen	is	called	fluorescent	screen.	The	color	of	the	emitted	light	depends	on	the	type	of	phosphor	used.	The	trace	of	colors	in	electrostatic	CRTs	for	oscilloscopes	is	blue,	green	and	blue	green.	Persistence	is	expressed	as	short,
medium	and	long.	This	refers	to	the	length	of	time	the	trace	remains	in	the	screen	after	the	signal	has	ended.	The	phosphor	of	the	oscilloscope	is	designated	as	follows:	P1	=	Green	medium	P2	=	Blue	green	medium	P5	=	Blue	very	short	P11	=	Blue	short	These	designations	are	combined	in	the	type	number.	Like	5GP1	is	a	5	inch	tube	with	a	medium
persistence	green	trace.	7.9 	Electrostatic	Focusing	In	a	cathode	ray	tube	number	of	electrons	is	projected	by	the	gun	in	the	form	of	electron	beam	towards	the	screen.	But	due	to	variation	of	energy	the	electrons	diverge	and	cannot	produce	spot	on	the	screen.	So	we	use	electrostatic	focusing	method	for	projection	of	electron	beam.	In	electrostatic
focusing	two	parallel	deflecting	plates	are	used.	These	are	spaced	at	a	distance	d	from	each	other.	The	plates	are	at	potential	difference	Vd	due	to	this	potential	difference	electric	field	E	exist	between	the	two	plates.	The	electrons	from	the	cathode	are	accelerated	towards	the	anode	by	the	potential	Vd	as	shown	in	Fig.	7.8.	182 	Electronic
Measurements	&	Instrumentation	+	Vd	Deflected	Electron	Beam	Y	A	yAB	VOX	O	B	d	I	D	Fig.	7.8	where	m	=	mass	of	electron	e	=	Charge	on	electron	vox	=	Velocity	of	electron	coming	out	of	electron	gun	Va	=	Accelerating	voltage	d	=	distance	between	Y	plates	l	=	length	of	each	Y	plates	D	=	distance	from	point	O	to	screen	Vd	=	Deflecting	voltage
YAB	=	Deflection	on	the	screen	The	loss	of	potential	energy	(P.E)	when	electron	moves	from	cathode	to	accelerating	anode	P.E	=	eVa	The	kinetic	energy	1	2	K.E	=	m	v	ox	2	where	the	mass	of	electron	is	m	=	9.109	×	10–31	kg	Equating	the	kinetic	and	potential	energy,	1	2	eVa	=	m	v	ox	2	The	above	equation	gives	the	velocity	of	electron	in	the	X
direction	when	it	enters	the	deflecting	plates.	The	electric	field	in	the	Y	direction,	V	Ey	=	d	d	Force	on	the	electron	in	Y	direction,	eVd	Fy	=	eEy	=	d	Acceleration	of	electron,	Fy	=	may	Cathode	Ray	Oscilloscopes 	183	ay	=	y	=	Fy	=	eE	y	m	m	As	there	is	no	initial	velocity	in	the	Y	direction	the	displacement	y	at	any	instant	t	in	the	Y	direction	is,	1	1	eE
y	2	y	=	ay	t2	=	t	…(i)	2	2	m	The	velocity	in	X	direction	x	=	vox	t	x	t	=	vox	Substituting	the	value	of	t	in	equation	(i),	1	eE	y	Ê	x	ˆ	2	m	ÁË	vox	˜¯	2	=	1	eE	y	x2	2	m	(vox	)	2	The	above	equation	is	an	equation	of	a	parabola.	The	slope	at	any	point	(x,	y)	is	given	by,	dy	dy	=	dx	dx	From	the	Fig	7.8,	 	tan	q	=	dy	dx	eE	y	È	1	eE	y	˘	x2	˙	=	x	…(ii)	Í	2	2	ÍÎ	2	m	(vox
)	˙˚	m	(vox	)	…(iii)	x=l	Substituting	the	value	of	dy/dx	from	equation	(ii)	to	equation	(iii)	we	get,	eE	y	eVd	l	…(iv)	l	=	tan	q	=	2	md	(vox	)	2	m	(vox	)	Vd	d	After	leaving	the	deflection	plates	the	electrons	travel	in	a	straight	line.	The	straight	line	of	travel	of	electrons	is	tangent	to	the	parabola	at	x	=	l	and	the	tangent	intersects	the	X	axis	at	point	O.	The
location	of	the	point	is	given	by	1	eE	y	l2	2	m	(vox	)	2	l	y	=	x	=	…(v)	eE	y	2	tan	q	l	m	(vox	)	2	The	deflection	yAB	on	the	screen	is	given	by,	yAB	=	D	tan	q	Substituting	the	value	of	tan	q	from	equation	(iv)	we	get,	eVd	l	…(vi)	yAB	=	D	md	(vox	)	2	Q	Ey	=	Substituting	the	value	of	vox	=	2	eVa	in	equation	(vi)	we	get,	m	yAB	=	D	eVd	DVd	l	m	l.	=	…(vii)	2
eVa	2	dVa	md	184 	Electronic	Measurements	&	Instrumentation	Equation	(vii)	shows	that	the	vertical	deflection	YAB	is	proportional	to	the	deflection	voltage	Vd.	This	direct	proportionality	indicates	that	CRT	may	be	used	as	a	linear	voltage-indicating	device.	Deflection	Sensitivity	Fig.	7.8	shows	the	upward	deflection	of	an	electron	beam	when	it
passes	between	the	vertical	or	Y-plates	of	a	CRT.	The	beam	deflects	upwards	because	the	upper	Y-plate	has	been	made	positive	with	respect	to	the	lower	plate.	Reversing	the	polarity	of	the	applied	voltage	would,	obviously,	cause	the	beam	to	deflect	downwards.	The	vertical	deflection	of	the	beam	from	equation	(v)	is	DVd	l	y	=	2	dVa	where	VA	is	the
accelerating	voltage	applied	to	the	electrons	which	make	up	the	electron	beam.	The	deflection	sensitivity	of	a	CRT	is	definition	as	the	vertical	deflection	of	the	beam	on	the	screen	per	unit	deflecting	voltage.	y	S	=	Vd	Using	the	above	equation,	we	get	lD	S	=	2	dVa	The	deflection	factor	which	is	defined	as	the	reciprocal	of	deflection	sensitivity	is	given
by	G	=	1/S.	Substituting	the	value	of	S	from	above	d	V	G	=	2	.	.	a	Volt/metre	l	D	The	sensitivity	can	be	increased	by	decreasing	the	value	of	accelerating	voltage,Va.	7.10 	Electromagnetic	Focusing	The	electromagnetic	method	of	focusing	depends	on	the	theory	that	when	an	electron	enters	a	constant	magnetic	fields	perpendicular	to	its	path,	it	is
deflected	and	moves	in	a	circular	path.	The	magnetic	field	produced	is	parallel	to	the	axis	of	the	circle.	The	electrons	moving	to	the	axis	are	not	affected	by	the	magnetic	field,	while	electrons	having	a	component	of	velocity	away	from	the	axis	move	in	a	spiral	path	which	finally	brings	them	back	to	the	axis.	The	axis	of	the	electromagnetic	coil	coincides
with	the	electron	beam	axis.	Fig.	7.9	shows	the	magnetic	focusing.	The	electromagnetic	coil	surrounds	the	tube	such	that	the	lines	of	magnetic	field	are	uniformly	distributed	and	are	parallel	to	the	axis	of	tube.	The	electrons	moving	parallel	to	the	tube	axis	are	not	affected	by	the	magnetic	field.	While	the	electrons	moving	at	an	angle	to	the	axis
experience	a	force.	The	direction	of	the	force	is	perpendicular	both	to	the	direction	of	motion	of	the	electron	and	to	the	magnetic	field.	Thus,	two	forces	act	on	the	electron,	one	that	attractive	force	of	the	anode	causing	it	to	move	forward	and	another	due	to	magnetic	field	causing	the	side	motion.	Thus	the	electron	moves	in	a	spiral	path	which	finally
returns	to	the	axis	of	the	tube.	Let	us	consider	an	electron	having	an	initial	velocity	of	‘v’	m/s	along	the	tube	axis	OA	at	point	O	and	assume	that	there	is	a	uniform	magnetic	field	of	flux	density	B	in	Wb/m2	covering	an	axis	distance	l	as	shown	in	Fig.	7.10.	Then	the	force	acting	on	the	electron	entering	the	field	is	e.B.v	in	a	direction	perpendicular	to	the
path	which	is	an	arc	of	radius	R	given	by,	mv	R	=	eB	Cathode	Ray	Oscilloscopes 	185	Magnetic	Coil	Electron	Path	Screen	Cathode	Fig.	7.9.	Magnetic	Focusing	Magnetic	Field	A	R	M	o	q	B	O¢	D	I	Fig.	7.10.	The	electron	emerges	from	the	field	and	moves	in	a	direction	inclined	at	an	angle	q	to	the	axis	and	strikes	the	screen	at	A.	If	the	total	angular
deflection	q	is	very	small,	then	Arc	OM	=	l	and	angular	deflection,	l	leB	q	=	=	R	mv	In	most	practical	cases	L	is	very	much	larger	than	l	so	that	little	error	will	be	caused	in	assuming	that	straight	line	MA’,	if	projected	backward,	will	pass	through	the	centre	O’	of	the	region	of	the	magnitude	field.	Then	d		D	tan	q		L	q	Substituting	value	of	q	we	get,	leB
d	=	D	mv	Now	substituting	the	value	of	v	=	2	eVa	in	the	above	equation	m	e	2	mVa	This	expression	is	again	approximate	as	it	neglects	the	variations	of	field	at	the	edges.	d	=	D	lB	186 	Electronic	Measurements	&	Instrumentation	The	magnetic	field	deflection	sensitivity	S	is	define	as	the	deflection	(in	meter)	on	the	screen	caused	by	unit	magnetic
flux	density,	is	given	by	d	e	=	Dl	B	2	mVa	Alternatively,	the	sensitivity	S	is	defined	as	the	deflection,	in	mm,	on	the	screen	when	1	mA	current	flows	through	the	deflection	coil.	This	is	expressed	in	mm/mA.	Example	7.1.	In	a	CRT,	the	distance	between	the	plates	is	1	cm,	the	length	of	the	deflecting	plates	is	4.5	cm	and	the	distance	of	the	screen	from	the
centre	of	the	plates	is	33	cm.	If	the	accelerating	voltage	is	300	V	and	deflecting	voltage	is	50	V,	find	(i)	Velocity	of	electron	reaching	the	field	(ii)	Deflection	produced	on	the	screen	(iii)	Deflection	sensitivity	Solution.	Given:	d	=	1	cm	=	1	×	10–2	m,	l	=	4.5	cm	=	4.5	×	10–2	m,	D	=	33	cm	=	33	×	–2	10	m,	va	=	300	V	and	Vd	=	50	V.	(i)	Velocity	of	electron
reaching	the	field	We	know	that	the	velocity	of	electron,	S	=	vox	=	=	2	eVa	m	2	¥	1.6	¥	10	-19	¥	300	9.107	¥	10	-31	(ii)	Deflection	produced	on	the	screen	We	know	that	the	deflection,	DVd	l	yAB	=	2	dVa	=	(iii)	Deflection	sensitivity	We	know	that	the	sensitivity,	=	1.0267	×	107	m/s	Ans.	4.5	¥	10	-2	¥	50	¥	33	¥	10	-2	2	¥	1	¥	10	-2	¥	300	=	0.1237	m	Ans.	y
0.1237	=	=	2.474	×	10–3	m/V	Ans.	Vd	50	Example	7.2.	In	a	cathode	ray	tube	having	electric	deflection	system,	the	deflecting	plates	are	2	cm	long	and	have	a	uniform	spacing	of	4	mm	between	them.	The	fluorescent	screen	is	25	cm	away	from	the	center	of	the	deflection	plates.	Calculate	the	deflection	sensitivity,	if	the	potential	of	the	final	anode	is.	(i)
1000	V	(ii)	2000	V	(iii)	3500	V	Solution.	Given:	l	=	2	cm	=	2	×	10–2	m,	d	=	4	cm	=	4	×	10–2	m,	D	=	25	cm	=	25	×	10–2	m	and	va	=	1000	V.	We	know	that	the	sensitivity	is	given	by,	y	lD	S	=	=	Vd	2	dVa	S	=	Cathode	Ray	Oscilloscopes 	187	(i)	Va	=	1000	V	(ii)	Va	=	1000	V	S	=	S	=	(iii)	Va	=	1000	V	S	=	4	×	10–2	=	2	¥	10	-2	¥	25	¥	10	-2	2	¥	4	¥	10	-3	¥
1000	2	¥	10	-2	¥	25	¥	10	-2	2	¥	4	¥	10	-3	¥	2000	2	¥	10	-2	¥	25	¥	10	-2	-3	=	6.25	×	10–4	m/V	Ans.	=	3.125	×	10–4	m/V	Ans.	=	1.7857	×	10–4	m/V	Ans.	2	¥	4	¥	10	¥	3500	Example	7.3.	An	electrostatically	deflected	CRT	has	plane	parallel	deflecting	plates	which	are	2.5	cm	long	and	0.5	cm	apart.	The	distance	of	the	screen	from	the	centre	of	the	plates	is
20	cm.	The	accelerating	voltage	is	2500	V.	Calculate	the	deflecting	voltage	required	to	get	the	corresponding	deflection	of	4	cm	on	the	screen,	and	the	velocity	of	the	electron	beam	entering	the	field.	Solution.	Given:	y	=	4	cm	=	4	×	10–2	m,	D	=	2.5	cm	=	2.5	×	10–2	m,	l	=	20	cm	=	20	×	–2	10	m,	d	=	0.5	cm	=	0.5	×	10–2	m	and	va	=	2500	V.	We	know
that	the	deflecting	voltage	is,	DVd	l	y	=	2	dVa	2.5	¥	10	-2	¥	Vd	¥	20	¥	10	-2	2	¥	0.5	¥	10	-2	¥	2500	Vd	=	200	V	Ans.	We	also	know	that	velocity	of	the	electron	beam,	vox	=	=	2	eVa	m	2	¥	1.6	¥	10	-19	¥	2500	9.107	¥	10	-31	=	2.9638	×	107	m/s	Ans.	7.11 	Effect	of	Beam	Transit	and	Frequency	The	plate	voltage	Vd	is	constant	during	the	motion	of	the
electrons	through	the	deflection	field.	If	the	voltage	applied	to	the	vertical	deflecting	plates	changes	during	the	transit	time	of	the	electrons	through	the	horizontal	plates,	the	deflection	sensitivity	gets	decreased	l	Transit	time,	t1	=	vox	The	transit	time	impose	a	limitation	of	the	upper	frequency	limit.	An	upper	limiting	frequency	is	defined	as	that
frequency	at	which	the	transit	time	is	equal	to	one	quarter	of	the	period	of	the	voltage	applied	to	vertical	plates.	v	1	Upper	limiting	frequency,	fc	=	=	ox	  	4	t1	4	l	The	frequency	range	of	the	oscilloscope	can	be	increased	by	subdividing	the	deflecting	plates	in	a	number	of	sections	in	the	path	of	the	electron	beam.	7.12 	Normal	Operation	of	CRO
The	signal	to	be	viewed	or	displayed	on	the	screen	is	applied	across	the	Y-plates	of	a	CRT.	But	to	see	its	waveform	or	pattern,	it	is	essential	to	spread	it	out	horizontally	from	left	to	right.	It	is	188 	Electronic	Measurements	&	Instrumentation	achieved	by	applying	a	sawtooth	voltage	wave	(produced	by	a	time	base	generator)	to	X-plates.	Under	these
conditions,	the	electron	beam	would	move	uniformly	from	left	to	right	thereby	graphic	vertical	variations	of	the	input	signal	versus	time.	Due	to	repetitive	tracing	of	the	viewed	waveform,	we	get	a	continuous	display	because	of	persistence	of	vision.	However,	for	getting	a	stable	stationary	display	on	the	screen,	it	is	essential	to	synchronize	the
horizontal	sweeping	of	the	beam	(sync)	with	the	input	signal	across	Y-plates.	The	signal	will	be	properly	synced	only	when	its	frequency	equals	the	sweep-generator	frequency.	In	general,	for	proper	synchronization	of	time-base	with	the	signal,	the	condition	is	Tsw	=	n	Ts	where	Ts	the	time-period	of	the	signal	and	n	is	an	integer.	If	n	=	1,	then	Tsw	=
Ts	i.e.	time-periods	of	the	sweep	voltage	and	input	signal	voltage	are	equal,	then	one	cycle	of	the	signal	would	be	displayed	as	shown	in	Fig.	7.11(a).	On	the	other	hand,	if	Tsw	is	twice	Ts,	then	two	cycles	of	the	signal	voltage	would	be	displayed	as	shown	in	Fig.	7.11(b)	obviously,	three	full	cycles	of	the	input	voltage	would	be	spread	out	on	the	screen
when	Tsw	=	3Ts.	Crt	Screen	TSW	=	TS	TSW	=	2TS	(a)	(b)	Fig.	7.11.	Internal	Synchronization	The	periodic	sawtooth	voltage	which	is	applied	to	X-plates	for	horizontal	sweep	(or	scan)	of	the	beam	across	the	screen	is	usually	provided	by	the	unijunction	relaxation	oscillator.	When	the	sawtooth	voltage	falls	abruptly	to	zero,	the	beam	experiences	no
horizontal	deflection	and	hence	flies	back	almost	instantly	to	the	original	(central)	position.	The	usual	method	of	synchronizing	the	input	signal	is	to	use	a	portion	of	the	input	signal	to	trigger	the	sweep	generator	so	that	the	frequency	of	the	sweep	signal	is	locked	or	synchronized	to	the	input	signal.	It	is	called	internal	sync.	because	the
synchronization	is	obtained	by	internal	wiring	connection	as	shown	in	the	block	the	diagram	of	Fig.	7.12.	7.13 	Oscilloscope	Amplifiers	The	voltage	applied	to	the	inputs	of	an	oscilloscope	is	very	small	to	cause	any	noticeable	deflection	of	the	electron	beam	in	the	screen.	Therefore	before	applying	any	voltage	direct	to	the	plates,	the	input	voltages	are
first	feed	to	the	amplifier	which	increases	their	magnitude.	The	amount	of	amplification	which	each	amplifier	provides	is	selected	by	the	sensitivity	controls	of	the	oscilloscope.	To	make	the	oscilloscope	versatile,	the	sensitivity	control	is	designed	to	be	a	wide	range	of	discrete	amplification	levels.	These	levels	are	calibrated	to	produce	the	level	of
amplification	specified	by	the	control	setting.	Oscilloscope	amplifiers	are	of	following	two	types:	Cathode	Ray	Oscilloscopes 	189	1.	Vertical	Amplifier	2.	Horizontal	Amplifier	We	will	discuss	each	amplifier	one	by	one	in	the	following	pages.	Vertical	Amplifier	Input	Signal	CRT	Horizontal	Amplifier	Sawtooth	Sweep	Generator	External	Sync	Internal
Sync	Fig.	7.12.	7.14 	Vertical	Amplifier	The	vertical	amplifier	is	the	principle	factor	in	determining	the	sensitivity	and	bandwidth	of	an	oscilloscope.	The	block	diagram	of	vertical	deflection	is	shown	in	Fig.	7.13.	The	input	signal	is	not	so	strong	to	provide	the	measurable	deflection	on	the	screen.	Vertical	amplifier	stage	is	used	to	amplify	the	input
signals.	Attenuator	Input	Amplifier	Main	Amplifier	CRT	Vertical	Amplifier	Fig.	7.13.	Vertical	Deflection	The	input	signal	is	feeds	an	input	attenuator.	After	which	follows	the	vertical	amplifier.	The	amplifier	stages	used	are	generally	wide	band	amplifiers	so	as	to	pass	faithfully	the	entire	band	of	frequencies	to	be	measured.	The	amplifier	can	be
designed	for	stability.	7.15 Attenuators	An	attenuator	is	an	electronic	device	that	reduces	the	amplitude	or	power	of	a	signal	without	distorting	its	waveform.	The	voltage	at	the	input	terminal	of	the	vertical	amplifier	is	quite	low	in	amplitude	so	it	deflected	off	the	CRT	screen.	So	high	input	signals	may	be	applied.	An	attenuator	network	is	placed
between	the	vertical	input	terminal	and	the	input	terminal	of	the	vertical	amplifier.	190 	Electronic	Measurements	&	Instrumentation	The	purpose	of	the	attenuator	is	to	reduce	the	amplitude	of	the	vertical	input	signal	before	applying	it	to	the	vertical	amplifier.	An	attenuator	is	a	simple	resistive	voltage	divider	connected	to	an	amplifier	with	a	10	pF
input	capacitance.	If	the	impedance	of	the	amplifier	is	high,	the	input	impedance	of	the	attenuator	is	relativity	constant,	immaterial	of	the	switch	setting	of	the	attenuator.	The	input	impedance,	as	seen	by	the	amplifier,	changes	greatly	depending	on	the	setting	of	the	attenuator.	Because	of	this,	the	RC	time	constant	and	frequency	of	the	amplifier	are
dependent	on	the	setting	of	the	attenuator.	There	are	two	types	of	attenuators,	uncompensated	and	compensated	attenuators.	Each	attenuators	are	discuss	as	following:	1.	Uncompensated	Attenuators	Fig.	7.14.	shows	the	circuit	diagram	of	an	uncompensated	attenuator.	The	resistive	divider	circuit	is	connected	to	an	amplifier.	The	equivalent	input
capacitance	is	10	pF.	It	the	input	impedance	of	the	amplifier	is	high,	the	input	impedance	to	the	attenuator	is	relatively	constant	irrespective	of	the	switch	setting	of	the	attenuator.	The	input	impedance,	as	seen	by	the	amplifier,	changes	largely	depending	on	the	attenuator	setting.	This	makes	the	RC	time	constant	and	the	frequency	response	of	the
amplifier	dependent	on	the	setting	of	the	attenuator,	which	is	highly	undesirable.	R	=	1	MW	Input	900	kW	90	kW	1V	Amplifier	10	V	100	V	10	pF	Equivalent	input	capacitance	10	kW	Fig.	7.14.	2.	Compensated	Attenuators	Compensated	attenuator	is	used	in	the	oscillator	having	frequency	range	more	than	100	MHz.	It	used	both	resistive	and	capacitive
voltage	dividers.	High	frequency	response	is	improves	by	capacitive	voltage	divider.	RC	compensated	attenuator	is	required	to	attenuate	all	frequencies	equally.	For	oscilloscope	where	the	frequency	ranges	extend	to	100	MHz	and	beyond,	more	complex	input	dividers	are	required.	A	compensated	attenuator	is	shown	in	Fig.	7.15.	Input	900	kW	15	pF
1	V	10	V	90	kW	100	V	150	pF	10	kW	1350	pF	To	vertical	amplifier	10	pF	Fig.	7.15.	Attenuator	7.16 	Horizontal	Deflection	Amplifier	The	oscilloscopes	deflect	the	horizontal	portion	of	the	trace	at	a	constant	rate	relative	to	time.	This	is	referred	to	as	linear	sweep.	The	horizontal	deflection	system	consists	of	Cathode	Ray	Oscilloscopes 	191	1.	Trigger
Circuit.	The	trigger	circuit	insures	that	the	horizontal	sweep	starts	at	the	same	point	of	the	vertical	input	signal.	2.	Sweep	Generator	or	Time	Base	Generator.	The	detail	of	the	sweep	generator	is	discuss	in	next	article	3.	Horizontal	Amplifier	The	function	of	the	horizontal	amplifier	is	given	below:	1.	The	function	of	the	horizontal	amplifier	is	to	amplify
the	signal	applied	to	the	X-plates.	2.	When	the	oscilloscope	is	being	used	in	the	ordinary	mode	of	operation	to	display	a	signal	applied	to	the	vertical	input,	the	horizontal	amplifier	will	amplify	the	sweep	generator	input.	3.	When	the	oscilloscope	is	being	used	in	the	X-Y	mode,	the	signal	applied	to	the	horizontal	input	terminal	will	be	amplified	by	the
horizontal	amplifier.	7.17 	Sweep	Generator	In	such	circuits,	either	the	output	voltage	(or	the	output	current)	is	a	linear	function	of	time,	over	a	specified	time	interval.	This	circuit	is	also	known	as	time	base	circuits	or	time	base	generators.	These	circuits	are	extremely	important	in	most	of	the	electronic	systems.	A	linear	time	base	voltage	is
required	on	the	deflection	plates	of	cathode	ray	oscilloscope,	to	sweep	the	electron	beam,	from	left	to	right	across	the	screen.	Similarly,	a	linear	time	base	current	waveform	is	required	in	the	deflection	coils	of	a	television	receiver.	Because	of	the	sweep	application,	the	circuits	are	also	sometimes	known	as	sweep	circuits	(or	sweep	generators).	Fig.
7.16	(a)	shows	a	typical	time	base	signal.	Here	the	voltage	starts	from	some	initial	value	as	indicated	by	point	A	in	the	Figure.	Then	it	increases	linearly	with	time	to	a	maximum	value	indicated	by	point	B	in	the	Figure.	After	this,	the	voltage	returns	back	to	its	initial	value	as	indicated	by	point	C	in	the	Figure.	The	time,	required	by	the	voltage	from	its
initial	value	to	reach	its	maximum	value,	is	known	as	sweep	time	and	is	designated	by	the	symbol	Ts.	Similarly,the	time	taken	by	the	voltage	to	its	initial	value	is	called	a	restoration	time	and	is	designated	by	the	symbol	Tr.	The	restoration	time	is	also	known	as	return	time	or	the	flyback	time.	Voltage	(v)	Voltage	(v)	B	C	A	0	TS	Tr	T	0	T	Time	(t)	(a)
General	Sweep	Voltage.	Time	(t)	(b)	Sawtooth	Voltage	Waveform.	Fig.	7.16.	Sweep	Waveforms.	In	most	of	the	applications,	the	shape	of	the	waveform	during	the	restoration	time,	as	well	as	the	restoration	time	itself,	is	of	no	importance.	However,	in	certain	applications,	it	is	desired	that	the	restoration	time	is	very	short	in	comparison	with	the	time
occupied	by	the	linear	portion	of	the	waveform	(i.e.,	Tr
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