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UNITICONCEPTSOF MEASUREMENTS

MEASUREMENTS:

The measurement of a given quantity is essentially an act or the result of comparison
between the quantity (whosemagnitudeis unknown) & a predefined standard. Since two
quantities arecompared, the result is expressed in numerical values.

BASICREQUIREMENTSOFMEASUREMENT:

1) Thestandardusedforcomparisonpurposesmustbeaccuratelydefined &
should be commonly accepted

i1) Theapparatusused&themethodadoptedmustbe provable.

MEASURINGINSTRUMENT:

It maybe defined as adevice for determining the value or magnitude of a quantityor
variable.

FUNCTIONALELEMENTSOFANINSTRUMENT:

Mostofthemeasurementsystemscontainthreemainfunctionalelements. Theyare:

1) Primarysensingelement
i1) Variableconversionelement&
1i1) Datapresentation element.
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Primarysensingelement:

The quantityunder measurementmakes its first contact withthe primary sensing
element of a measurement system. i.e., the measurand- (the unknown quantity which is
to be measured) is first detected by primary sensor whichgives the output inadifferent
analogousform This output is thenconverted into an eelectrical signalbya transducer -
(which  converts  energyfromone  formto  another).  Thefirststageof a
measurementsystem is known as adetector transducer stage’.

Variableconversionelement:

The outputoftheprimary sensingelementmay beelectricalsignalof any form , it may
be voltage, a frequency or some other electrical parameter
For the instrument to perform the desired function, it maybe necessary to convert this
output to some other suitable form.

Variablemanipulationelement:

The function ofthis element is tomanipulate the signal presented toit preserving the

original nature of the signal. It is not necessary thata variable manipulation element
should follow the variable conversion element Some non-linear processes
likemodulation,detection,sampling,filtering,choppingetc.,are performedonthe signal to
bring itto the desired form to be accepted by the next stage of measurement system
This process of conversion is calledu signal conditioning’
The term signal conditioning includes many other functions in addition to Variable
conversion& Variable manipulation In fact the element that follows the primary
sensingelementinanyinstrumentormeasurementsystemiscalled conditioning
element’

NOTE:When the elements of an instrument are actually physically separated,
itbecomesnecessary to transmitdata fromone to another.Theelementthat
performsthisfunction iscalledadata transmission element’.

Datapresentationelement:

Theinformationaboutthequantity undermeasurementhastobeconveyedtothe
personnelhandlingtheinstrumentorthesystemformonitoring,control,or analysis
purposes. This function is done by data presentation element

In case data is to be monitored, visual display devices are needed These
devicesmaybeanalogordigitalindicatinginstrumentslikeammeters, voltmeters etc. In
case data is to be recorded, recorders like magnetic tapes, high speed camera &TV
equipment,CRT,printersmaybeused. Forcontrol & analysisis purpose
microprocessoror computers maybe used. The final stagein ameasurement system is
known as terminating stage’



STATIC&DYNAMICCHARACTERISTICS

Theperformance characteristicsofaninstrument aremainlydividedintotwo categories:
1) Staticcharacteristics
i1) Dynamiccharacteristics

Static characteristics:

The set of criteria defined for the instruments, which are used to measure the
quantitieswhichareslowlyvaryingwithtimeor mostlyconstant,i.e.,do not varywith time, is
called ‘static characteristics’.

Thevarious staticcharacteristicsare:

1) Accuracy

1) Precision

ii) Sensitivity
v) Linearity

V) Reproducibility
vi) Repeatability
vii)  Resolution
viii)  Threshold

1X) Drift

X) Stability

x1) Tolerance
xii)  Rangeor span



Accuracy:
It isthedegreeof closeness with which the readingapproaches thetruevalue of

the quantity to be measured. The accuracy can be expressed in
following ways:

a) Pointaccuracy:
Suchanaccuracyisspecifiedatonlyoneparticularpointofscale.ltdoes not give
any information about the accuracy at any other
point onthe scale.

b) Accuracyaspercentageof scalespan:
Whenaninstrumentasuniformscale,itsaccuracymaybe expressed in
terms of scale range.

c) Accuracyas percentageoftrue value:
Thebestwayto conceive theidea ofaccuracyis to specifyitin terms of the
true value of the quantity being measured.

Precision:

It is themeasureof reproducibilityi.e., given afixed valueof aquantity,
precision is a measure of the degree of agreement within a group of
measurements. The precision is composed of two characteristics:

a) Conformity:
Consider a resistor having true value as 2385692 , whichisbeing
measuredbyanohmmeter.Butthe readercanread consistently,avalueas
24M duetothe nonavailabilityofproperscale.The error
created due to the limitation of the scale reading is a precision error.

b) Numberof significantfigures:

The precision of the measurement is obtained from the number of
significantfigures,inwhichthereadingisexpressed. Thesignificant figures
convey the actual information about the magnitude & the measurement
precision of the quantity.

Theprecisioncanbemathematicallyexpressedas: P=1-

Xn- X'g
Xn
Where,P=precision

Xn=Value ofn th measurement
Xn=Averagevaluethe set of measurement values



Sensitivity:

The sensitivitydenotesthesmallestchangeinthe measuredvariabletowhich the
instrument responds. It is defined as the ratio of the changes in the
output ofaninstrumentto achangeinthevalueofthequantitytobemeasured. Mathematically it is
expressed as,
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Thus, if thecalibration curveis liner, as shown, thesensitivityof theinstrument is the slope
of the calibration curve.
If the calibration curve is notlinearas shown, thenthe sensitivityvarieswith the
input.
Inversesensitivityordeflectionfactorisdefinedasthereciprocalofsensitivity. Inverse

sensitivity or deflection factor = 1/ sensitivity

aqi

4qo
Linearity:
Thelinearityis defined as the abilityto reproduce the input characteristics
symmetrically & linearly.
Thecurveshowstheactualcalibrationcurve&idealizedstraightline.
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scale reading

Itisthedegreeofclosenesswithwhichagivenvalue maybe repeatedly measured. It
is specified in terms of scale readingsover a given period of time.

Repeatability:

Itisdefinedasthevariationofscalereading&randominnature.

Drift:

Driftmaybeclassifiedintothree categories:

a) zerodrift:

If the whole calibration gradually shifts due to slippage, permanent set,
orduetounduewarmingup ofelectronictube circuits,zerodriftsets in.
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b) spandriftorsensitivitydrift
If there is proportional change in theindication all alongthe upward scale, the
drifts is called span drift or sensitivity drift.

¢) Zonaldrift:
In casethe driftoccurs onlyaportion ofspan of an instrument,it is calledzonal
drift.

Resolution:

If the inputis slowlyincreased fromsome arbitraryinputvalue,itwillagain be found that output
does not change at all until a certain increment is exceeded.
This incrementiscalledresolution.

Threshold:

Iftheinstrument inputisincreasedverygraduallyfromzero therewill besome minimum value
below which no output change can be detected. This
minimumvaluedefinesthethresholdofthe instrument.

Stability:
Itis theabilityofan instrumentto retainits performancethroughoutisspecified operating
life.

Tolerance:
Themaximumallowableerrorinthe measurementisspecifiedintermsofsomevaluewhichis called
tolerance.

Rangeorspan:
The minimum& maximumvalues ofa quantityforwhich an instrument isdesigned to measure

is called its range or span.

Dvnamiccharacteristics:

Thesetof criteriadefinedfortheinstruments,whicharechangesrapidlywithtime,iscalled
‘dynamic characteristics’.

Thevarious staticcharacteristicsare:
1) Speedofresponseii)Measuring
lag
1ii) Fidelity
v) Dynamicerror

Speedofresponse:
It isdefinedastherapiditywithwhicha measurementsystemresponds tochangesinthe measured

quantity.



Measuringlag:
Itistheretardationordelayintheresponseof ameasurementsystemtochangesin the measured

quantity. The measuring lags are of two types:

a) Retardationtype:
Inthis casetheresponse ofthemeasurementsystembeginsimmediatelyafterthe change in
measured quantity has occurred.

b) Timedelaylag:
Inthiscasetheresponse ofthemeasurementsystembeginsafteradead timeafter the application of
the input.

Fidelity:
Itisdefinedasthedegreetowhichameasurement systemindicateschangesinthe
measurand quantity without dynamic error.

Dynamicerror:
It is the difference between the truevalueof the quantitychangingwith time &the value

indicated bythe measurement systemif no static erroris assumed. It is also called measurement error.

ERRORS IN MEASUREMENT

Thetypesof errorsarefollows
1) Grosserrors
i1)  Systematicerrors
iil)  Randomerrors

GrossErrors:

The gross errorsmainlyoccurduetocarelessnessorlackofexperience ofahuman begin
Theseerrorsalsooccurduetoincorrectadjustmentsofinstruments These

errors cannot be treated mathematically
Theseerrorsarealsocalledfpersonalerrors’.

Waystominimizegrosserrors:

Thecomplete elimination ofgrosserrors is not possiblebut onec an minimize themby the
following ways:

Takinggreatcarewhiletakingthereading,recordingthereading & calculating the
result

Withoutdependingononlyonereading, at least three ormorereadingsmustbetaken*
preferably by different persons.



Systematicerrors:

Aconstant uniformdeviationoftheoperationofaninstrumentisknownasaSystematic error
TheSystematicerrors are mainlydue to the short comings of the instrument & the
characteristics of the material used in theinstrument, such as defective or worn parts,
ageing effects, environmental effects, etc.

TypesofSystematicerrors:

TherearethreetypesofSystematicerrorsas:
1) Instrumentalerrors
1) Environmentalerrorsiii)
Observational errors

Instrumentalerrors:
Theseerrorscanbemainlyduetothe followingthreereasons:

a) Shortcomingsofinstruments:

These arebecause of the mechanical structure ofthe instruments. Forexample friction
inthe  bearings  ofvarious  moving  parts;irregular  spring  tensions,reductionsindueto
improperhandling ,hysteresis, gearbacklash, stretching of spring, variations in air gap, etc .,

Waystominimizethiserror:

Theseerrorscan be avoided bythefollowing methods:

Selectinga properinstrument and planning the proper procedure for the measurement
recognizing the effect of such errorsandapplyingthepropercorrection
factors calibrating the instrument carefully against a standard

b) Misuseofinstruments:

A good instrument if used in abnormal way gives misleading results. Poor initial adjustment,
Improper zero setting, using leads of high resistance etc., are the examples of misusing a good
instrument. Such things do not cause the permanent damage tothe instruments but definitely
cause the serious errors.

C)Loadingeffects

Loading effects due to improper way of using the instrument cause the serious errors.
Thebest exampleof such loadingeffect error is connecting a well calibrated volt meter across the
two points ofhigh resistancecircuit. Thesame voltmeter connected in alow resistance circuit gives
accurate reading.



Waystominimizethiserror:

Thusthe errors due to the loading effect can be avoided byusingan instrument
intelligently and correctly.

Environmentalerrors:
These errors are due to the conditions external to the measuring instrument. The various
factors resulting these environmental errorsaretemperature changes, pressurechanges,thermal

emf, ageingof equipment and frequency sensitivity of an instrument.

Waystominimizethiserror:

Thevariousmethodswhichcanbeusedtoreduce theseerrorsare:

1) Using the proper correction factors andusing the information supplied by the
manufacturer of the instrument

1) Usingthearrangementwhichwillkeepthesurroundingconditions
Constant

1i1) Reducing the effect of dust ,humidityon the componentsbyhermeticallysealingthe
components in the instruments

1v) The effects of external fi e 1 d scan be minimized by using the ~ magneticorelectro
static shields or screens

V) Usingtheequipment whichisimmunetosuchenvironmental effects.

Observationalerrors:

Thesearethe errorsintroduced bytheobserver.

These are manysources ofobservational errorssuchas parallax errorwhilereadinga meter,
wrong scale selection, etc.

Waystominimizethiserror

To eliminate sucherrorsoneshouldusetheinstrumentswith mirrors,knifeedged
pointers, etc.,

Thesystematic errorscan be subdivided as static and dynamic errors. The static errors are caused
bythe limitations of the measuring device while the dynamicerrorsarecaused by the instrument not
responding fast enoughto follow the changes in the variable to be measured.

Randomerrors:
Someerrorsstill result,though thesystematic and instrumentalerrors are reduced or
atleastaccountedfor.Thecauses ofsucherrors areunknown and hencetheerrors arecalled
random errors.



Waystominimizethiserror

Theonlywaytoreducetheseerrorsisbyincreasingthenumberofobservationsand using the
statistical methods to obtain the  best
approximation of thereading.

STATISTICALEVALUATIONOFMEASUREMENTDATA

Out of the various possibleerrors, the randomerrorscannot bedeterminedin the ordinary
process of measurements. Such errors are treated mathematically
Themathematicalanalysisofthevariousmeasurementsiscalled
statisticalanalysisofthedata’.
Forsuchstatisticalanalysis,thesamereadingistakennumber of times, generallyusing
differentobservers,different instruments&by different ways of measurement. The statistial a alysis
helps to determine analytically the uncertainty of the final test results.

Arithmeticmean&median:

Whenthe number ofreadings of the samemeasurement aretaken, the most likely
value fromthe set ofmeasured value is the arithmetic mean ofthe number of readings
taken.

The arithmeticmean valuecanbemathematicallyobtainedas,

144

Thismeanis veryclose totruevalue,if numberofreadings is verylarge.

But when the number of readings is large, calculation of mean value is
complicated. In such a case, a median value is obtained which is obtained which is a
closeapproximationtothearithmeticmeanvalue. Forasetofj QmeasurementsX1,X2, X3.Xn
writtendownintheascendingorderofmagnitudes, themedianvalueisgivenby,

Xmedian=X (n+1)/2

Averagedeviation:

The deviation tells us about the departure of a given reading from the arithmetic mean ofthe
data set

di=xi-X
Where
di=deviationofith reading Xi=
value of ith reading
X=arithmeticmean

Theaveragedeviation is defined as thesumof theabsolute valuesof
deviationsdivided bythenumberofreadings. This isalso calledmeandeviation




STANDARD&CALIBRATION

CALIBRATION

Calibrationistheprocessofmakinganadjustmentor markingascalesothatthe readings of
an instrument agree with the accepted & the certified standard.
Inotherwords,itistheprocedurefordeterminingthecorrectvaluesofmeasurandby comparison
with the measured or standard ones.
The calibrationoffersaguaranteeto thedeviceorinstrumentthatitisoperatingwith
required accuracy, under stipulated environmental conditions.
Thecalibrationprocedureinvolvesthestepslikevisualinspectionforvariousdefects,
installation according to the specifications, zero adjustment etc.,

The calibration is the procedure for determining the correct values of measurand by
comparison with standard ones. The standardof device with whichcomparison is madeiscalleda
standard instrument.The instrument which isunknown & 1is to be calibratediscalled test
instrument.Thus in calibration, test instrument is compared with standard instrument.

Typesofcalibrationmethodologies:

Therearetwo methodologiesforobtainingthe comparisonbetweentestinstrument & standard
instrument. These methodologies are

1) Directcomparisons
i) Indirect comparisons

Directcomparisons:

In a direct comparison, a source or generator applies a known input to the meter under test.
Theratio of what meteris indicating&theknown generator values givesthemeterqserror. In
such case the meter is the test instrument while the generator is the standard instrument.
Thedeviation of meter fromthe standard value is comparedwiththe allowable performance
limit.

Withthe help of directcomparison ageneratororsourcealso can becalibrated.



Indirectcomparisons:

Standard

i)
iii)
v)

In the indirect comparison, the test instrument is comparedwiththe response
standard instrument of same type i.e., iftest instrument is meter,standard
instrument is also meter, iftest instrumentis generator; the standard instrument

is also generator & so on.

If the test instrument is a meter thenthe same input is appliedto the testmeter
as well a standard meter.

In caseofgeneratorcalibration,theoutputofthegeneratortesteras well as standard, or
set to same nominal levels.

Thenthetransfermeteris usedwhichmeasurestheoutputsof both
standard and test generator.

Alltheinstrumentsarecalibratedatthetimeofmanufactureragainst measurement
standards.

Astandardofmeasurementisaphysical representationofaunitof measurement.
Astandardmeans known accuratemeasureofphysical quantity.

The different sizeof standards ofmeasurement areclassified as 1)
Internationalstandards

Primarystandards
Secondary standards
Workingstandards

Internationalstandards

International standards are defined as the international agreement. These
standards,as mentionedaboveare maintained atthe internationalbureau of
weightsandmeasuresandareperiodicallyevaluatedandcheckedby absolute
measurements in terms of fundamental units of physics.
Theseinternationalstandardsare notavailabletotheordinary usersforthe calibration
purpose.

Fortheimprovementsintheaccuracyofabsolutemeasurementsthe international units
are replaced by the absolute units in 1948.

Absoluteunitsare moreaccuratethantheinternationalunits.

Primarystandards

Theseare highly accurate absolute standards, which canbe usedas ultimate
referencestandards. Theseprimarystandardsaremaintainedatnational



standard laboratoriesindifferentcountries.

These standardsrepresentingfundamental units as well as some electrical and
mechanical derived wunits are calibrated independently by absolute
measurements at each of the national laboratories.

Thesearenotavailablefor use, outside thenationallaboratories.

The main function oftheprimarystandardsisthecalibrationand verification of
secondary standards.

Secondarystandards

Asmentioned above, the primarystandards arenot availableforuse outside the
national laboratories.

Thevariousindustriesneedsomereferencestandards.So,to protecthighly accu rat
eprim arystandardsthesecondarystandardsare

maintained,whicharedesignedand constructed fromtheabsolutestandards.

These are used bythemeasurementandcalibrationlaboratoriesin
industriesandaremaintainedbytheparticularindustry towhichthey belong. Each
industry has its own standards.

Workingstandards

These are the basic tools ofameasurement laboratoryand areused to check an d
calibrate the instrumentsused in laboratoryfor accuracy and the performance.

<«

v
Industries&secondary laboratories

y

Measurementlaboratory

Processinstrument




UNITIIMEASUREMENTOFPARAMETERSINELECTRICALSYSTEMS

PrincipleAndTypesOfAnalogAndDigitalVoltmeters
Basicallyanelectricalindicatinginstrumentisdividedintotwotypes. Theyare 1)
Analoginstruments
i1)Digitallnstruments.
¥ Analog instruments are nothing but its output is the deflection of pointer, which is
proportional to its input.
ODigitalInstrumentsareitsoutputisindecimalform.
@ Analogammeters and voltmeters are classed together as there are no fundamental
differences in their operating principles.
The action of all ammeters and voltmeters, with the exception of electrostatic
type of instruments, depends upon a deflecting torque
producedbyanelectriccurrent.
O Inanammeterthistorqueisproducedbyacurrenttobemeasuredorbyadefinite fraction of it.
@ Inavoltmeterthistorqueisproducedbyacurrentwhichisproportionaltothe voltage to be
measured.
Thus all analog voltmeters and ammeters are essentially current measuring
devices.
Theessentialrequirements ofameasuringinstrument are
(1) That its introduction into the circuit, where measurements are to be made,
does not alter the circuit conditions ;
(11) Thepowerconsumedbythemfortheiroperationis small.
1.2Ammeters&Multimeters

Ammetersareconnectedin series

Inthecircuitwhosecurrentistobemeasured. Thepowerlossinanammeter is IzRa where I is
the current to be measured and R is the resistance of ammeter. Therefore, ammeters should have a
lowelectricalresistance so thattheycause asmall voltage drop and consequently absorb small power.
Voltmeters are connected in parallel with the circuit whose voltage is to be measured.
The power loss in voltmeters is V where V is the voltage U) be measured and R is the
resistance of voltmeter. The voltmeters should have a high electrical resistance, in order
that the current drawn by them is small and consequently the power consumed is small.

Typesofinstruments
Themaintypesofinstruments usedasanammetersandvoltmetersare
(1)  Permanentmagnetmovingcoil (PMMC)
(i) Movingiron
(i)  Electro-dynamometer
(iv) Hotwire
(iv) Thermocouple
(vi) Induction
(vil) Electrostatic



(viii) Rectifier.
PermanentMagnetMovingCoillnstrument(PMMC)

The permanent magnet moving coil instrument is the most accurate type for d.c.
measurements.The working principle of these instruments is the same as that of the d’
Arsonval type of galvanometers, the difference being that a direct reading instrument is
provided with a pointer and a scale.
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ConstructionofPMMClInstruments

@ Theconstructionalfeatures ofthisinstrumentareshownin Fig.

O Themovingcoilis woundwithmanyturnsof enameledor  silkcovered
copper wire.

@ Thecoilismountedonarectangularaluminiumformerwhichispivotedon jewelled

bearings.

OThecoils movefreelyinthefield of apermanent magnet.

@ Mostvol tmetercoilsarewoundonm etalframesto providethere quired
electro-magnetic damping.

@Most a mmeter coi 1s,however, are woundonnon -magnetic  formers,

because coil turns are effectively shorted by the ammeter shunt.
@The coilitself,therefore,provideselectromagneticdamping.

Magnet Systems
O  Oldstylemagnetsystemconsistedof relativelylongUshaped
permanent magnets having soft iron pole pieces.
0 Owingtodevelopmentofmaterials like Alcomax and  Alnico,

which have a high co-ercive force, it ispossibleto usesmallermagnetlengths and
high field intensities.

@  Theflux densities usedinPMIMC instruments varyfrom 0.1 Wb/m to 1
Wb/m.

Control

@When the coilis supported between twojewelbearings the control torque is
provided by two phosphor bronze hair springs.

These springs also serve tolead current in and out of the coil. The control
torque is provided by the ribbon suspension as shown.

OThis method is comparatively new andisc  laimedtobe
advantageous as it eliminates bearing friction.

Damping

@ Dampingtorqueisproducedbymovementofthealuminiumformer moving in
the magnetic field of the permanent magnet.

PointerandScale
OThepointeriscarriedbythespindleandmovesoveragraduatedscale.
@ Thepointerisoflight-weightconstructionand,apartfromthoseused i
nsomeinexpensiveinstrumentshasthesectionover the scale twisted to form a
fine blade.

OThishelpstoreduceparallaxerrorsinthereadingofthescale.
When the coilis supported between two jewelbearings the control torque is
provided by two phosphor bronze hair springs.

@These springsalsoserve tolead currentinandoutof thecoil.



Torque Equation.
Thetorqueequationofa movingcoilinstrumentisgivenby

Deflecting torque ¥ T,=NBldl =i
where G = a constant = NB Id
The spring control provides a restoring (controlling) torque T, = K6
where K = spring constant.
For final steady deflection T.=T1, or GI=K8
Final steady deflection 0=(G/K) I
or current 7 = (K/G) 8

As the deflection is directly proportional to the current passing through the meter
(K and G being constants) we get a uniform (linear) scale for the instrument.

ErrorsinPMMCInstruments
Themainsourcesoferrorsinmovingcoilinstrumentsare dueto
OWeakeningof permanent magnetsdue toageingattemperatureeffects.
@Weakening of springs due to ageing and temperature effects.
@Changeofresistanceofthemovingcoil withtemperature.

AdvantagesandDisadvantagesof PMMClnstruments The

main advantages of PMMC instruments are

@ Thescaleisuniformly divided.

@ Thepowerconsumption isverylow

The torque-weight ratio is high which gives a high accuracy. The accuracy is ofthe
order of generally 2 percent of full scale deflection.

@ Asingleinstrument maybeused formanydifferent current and voltageranges by
using different values for shunts and multipliers.

@Since the operating forces are large on account of large flux densities which may
be as high as 0.5 Wb/m the errors due to stray magnetic fields are small.

OSelf-shielding magnets make the core magnet mechanism particularly useful in
aircraft and aerospace applications.

Thechiefdisadvantagesare

@These instruments are useful only for d.c. The torque reverses if the current
reverses. If the instrument is connected to a.c., the pointer cannot follow therapid
reversals and the deflection corresponds to mean torque, which is zero. Hence
these instruments cannot be used for a.c.

OThe cost of these instruments is higher than that of moving iron
instruments.



Movinglron Instruments

ClassificationofMovinglronInstruments
Movingironinstruments areof twotypes
(1) Attraction type.
(i1) Repulsiontype.

AttractionType
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OThecoilisflatandhasanarrowslotlikeopening.
OThemovingironisaflatdisc ora sectoreccentricallymounted.

@When the current flows through the coil, a magnetic field is produced and the
moving iron moves from the weaker field outside the coil to the
Strongerfieldinsideitorinotherwordsthemovingironisattracted in.

@The controlling torque is provide by springs hut gravity control can be used for

panel type of instruments which are vertically mounted.

@Damping is provided by air friction with the help of a light aluminium piston
(attachedto themovingsystem)which moveina fixedchamber closedatone end
asshownin Fig. orwith thehelpofa vane (attached to themovingsystem) which

moves in a fixed sector shaped chamber a shown.

Repulsion Type

In the repulsiontype, there are two vanes inside the coil one fixed and other
movable.These are similarly magnetized when the currentflows through the coiland
there is a forceofrepulsionbetween the two vane s resulting inthemovement

ofthemovingvane. Two different designs are in common use

(DRadialVaneType
Inthis type, thevanesareradial strips ofiron.
Thestripsareplaced withinthe coilasshown inFig.



Thefixedvaneisattachedtothecoilandthemovableonetothe spindle of the
instrument.
(a)Radialvanetype. (b)Co-axialvanetype

(] .
Me;r?;:.e "’/.. Spindie

Fixed vane

Coii
Movable Fixed vane

. vane

Mavable
vane

Spring
Coil

(ii) Co-axialVaneType

O Inthistypeof instrument,thefixedandmovingvanesaresectionsofco axial
cylinders as shown in Fig.

O The controlling torque is provided by springs. Gravity control can also
heused in vertically mounted instruments.

O Thedampingtorqueisproducedbyairfrictionasinattractiontype instruments.

@ Theoperatingmagneticfieldinmovingironinstrumentsisveryweakand therefore
eddy current damping is not used in them as introduction
ofapermanent magnetrequiredforeddycurrentdampingwould destroy
the operating magnetic field.

Olt is clear that whatever may be the direction of the current in the coil of the
instrument, the iron vanes are so magnetized that there is always a force of
attraction in the attraction type and repulsion in the repulsion type of
instruments.

@Thus moving iron instruments are unpolarised instruments i.e., they are
independent of the direction in which the current passes.

OTherefore, theseinstrumentscanbe used onbothac.andd.c.



TorqueEquationofMovinglron Instrument:

An  expressionforthe  torque = moving  ironinstrumentmay  be
derivedbyconsidring theenergy relations when thereisa smallincrement in currentsupplied
to the instrument. When this happens therewillbe a small deflection ds a mechanical work
will be done. Let Td be the deflecting torque.

Mechanicalworkdone=Td.ds

Alongside there will be a change in the energy stored in the magnetic field owing
to change in inductance.

Suppose the initial current is I, the instrument inductance L and the deflections.
Ifthecurrent is increased bydithen the deflection changes by dsandthe inductance
bydL.Inordertoaffectanincrementthecurrenttheremustbeanincreaseinthe

applied voltage given by =L an=r%L,, 4
dt dt dr

The electrical energy supplied eldt = I’dL + ILdl
The stored energy changes from = —;-12 L to % (I +di? (L +dL).

Hence the change in stored energy -;— (P + 20dl + dI*) (L +dL) - -l-FL.

Neglecting second and higher order terms in small quantities this becomes ILdl + 1 I*d
From the principle of the conservation of energy, i
Electrical energy supplied = increase in stored energy + mechanical work done

PdL + ILdI = ILdl = ) I %dL + T 40

Thus T,de =] I"dL
or Deflecting torque - Ty= 3 %

U - s v 9 PN

T is in newton-metre, J in ampere, L in henry, and 9 in radian.

The moving system is provided with control springs and it tums the deflecting torque 7, is balanced
by the controlling torque T, = K8
where K = control spring constant ; Nm/rad, 0 = deflection ; rad.

At equilibrium (or final steady) position, T, =T, or KO = % r %

¢

. _iPd
Deflection 9= 3 K 48
Hence the deflectionis proportional to square of the rms value of the operating
current. Thedeflecting torqueis, therefore, unidirectional (acts in the same

direction) whatever may be the polarity of the current.



ComparisonbetweenAttractionandRepulsionTypes ofInstruments
In general it may be said that attraction-type instruments possess thesame
advantages, and are subject to the limitations, described for the repulsion
type.
An attraction type instrument will usually have a lower inductance than
the corresponding repulsion type instrument, and voltmeters will
therefore be accurate over a wider range of frequency and there is a
greater possibility of using shunts with ammeters.
On the other hand, repulsion instruments are more suitable for
economical production in manufacture, and a nearly uniform scale is
more easily obtained; they are, therefore, much more common than the
attraction type.

ErrorsinMovinglIronInstruments
There are two types of errors which occur in moving iron instruments—
errorswhich occur with both a.c. and d.c. and the other which occur only with ac. only.
ErrorswithbothD.C.andA.C
1) HysteresisError
i1) Temperatureerror
1i1) Straymagneticfield

ErrorswithonlyA.C
Frequency errors

Advantages&Disadvantages
I)Universaluse
(2) LessFrictionErrors
(3) Cheapness
(4) Robustness
(5) Accuracy
(6) Scale
(7) Errors
(8) Waveformerrors.

Electrodynamometer(Eelectrodynamic)Typelnstruments

The necessity for the a.c. calibration of moving iron instruments as well as other
types of instruments which cannot be correctly calibrated requires the use of a transfer
type of instrument. A transfer instrument is one that may be calibrated with a d.c.source
and then used without modification to measure a.c. This requires the transfer type
instrument to have same accuracy for both d.c. and a.c., which the electrodynamometer
instruments have.



These standards are precision resistors and the Weston standard cell(which is a d.c. cell).Itis
obvious, therefore, that it would be impossible to calibrate an a.c. instrument directly against
the fundamental standards.The calibration of an a.c.instrument may be performed as follows.
The transfer instrument is first calibrated on d.c.This calibration is then transferred to the
a.c.instrument onalternatingcurrent, using operating conditions under which the latter
operates properly. Electrodynamic instruments are capable of service as transfer
instruments.Indeed, their principal use as ammeters and voltmeters in laboratory and
measurement work is for thetransfer calibration of workinginstruments and as standards for
calibration of other nstruments as their accuracy is very high.Electrodynamometer types of
instruments are used as a.c. voltmeters and ammeters both in the range ofpower frequencies
and lower part of the audio power frequency range. They are used as watt-meters, and with
some modification as power factor meters and frequency meters.
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OperatingPrinciple ofElectrodynamometerTypelnstrument

Itwouldhave atorquein onedirectionduringone halfofthe cycleand an equal effect
in the opposite direction during the other half of the cycle.If the frequency were very low,
the pointer would swing back and forth around the zero point. However, for
anordinarymeter, the inertia is so great that on power frequencies the pointer does not go
very far in either direction but merelystays (vibrates slightly) around zero. If, however, we
were to reverse the direction of the flux eachtime the current through the movable coil
reverses,a unidirectional torque would be produced for both positive and negative halves of
thecycle.

In electrodynamometer instruments the field can be made to reverse simultaneously
with the current in the movable coil if the field (fixed) coil is connected in series with the
movable coil.

ConstructionofElectrodynamometertypeinstrument Fixed

Coils
Thefieldisproducedbyafixedcoil.
Thiscoilisdividedintotwosectionstogiveamoreuniformfieldnearthe centre and to
allow passage of the instrument shaft.

MovingCoil
Asingle elementinstrumenthasone movingcoil.
Themovingcoiliswoundeitherasaself-sustainingcoilorelseonanon- metallic former.
A metallicformer cannot be used as eddy current would beinduced init bythe
alternating field.
Light butrigidconstructionisusedforthemoving coil.



Itshouldbenotedthatbothfixedandmovingcoilsareaircored.
Control
Thecontrollingtorqueisprovidedbytwocontrolsprings. These
springs act as leads to the moving coil.
MovingSystem
Themovingcoilismounted onanaluminumspindle.
Themovingsystemalsocarriesthecounterweightsandtrusstype pointer.
Sometimesasuspensionmaybeusedincaseahighsensitivityis desired.
Damping

Air friction dampingis employed fortheseinstruments and is provided bya pair of

aluminum vanes, attached to the spindle at the bottom.
Thesevanesmoveinsectorshapedchambers.
Eddy current damping cannot be used in these instruments as the operating
field is very weak (on account of the fact that the coils are air cored) and any
introduction of a permanent magnet required for eddy currentdamping would
distort the operating magnetic field of the instrument.

Shielding
The field produced by the fixed coils is somewhat weaker than in other types
of instruments
Itis nearly0.005to 0.006 Wb/m
Ind.c.measurementseventheearthmagneticfieldmayaftectthe readings.

Thus it is necessary to shield an electrodynamometer type instrument
fromthe effect of stray magnetic fields.

Aircoredelectrodynamometertypeinstrumentsareprotectedagainstexternal magnetic

fields by enclosing them in a casing of high permeability alloy.

Thisshuntsexternalmagneticfieldsaroundtheinstrumentmechanismand minimizes their

effects on the indication.
CasesandScales

Laboratorystandardinstrumentsareusuallycontainedinhighlypolished wooden cases.
Thesecasesaresoconstructedastoremaindimensionallystableoverlong periods of time.
Theglassiscoatedwithsomeconductingmaterialtocompletelyremovethe electrostatic

effects.
Thecase issupportedbyadjustablelevelingscrews.
Aspiritlevelisalsoprovidedto ensureproperleveling.

The scalesarehand drawn, usingmachinesub-dividing equipment.Diagonallines for

fine sub-division are usually drawn for main markings on the scale.
Most of the high-precision instruments have a 300 mr scale with 100, 120 or 150
divisions.

Torque Equation



Letil=instantaneousvalueofcurrentinthefixedcoils: A.
12=instantaneousvalueofcurrentinthemovingcoil:A.L1
=self-inductanceoffixedcoils:H.

L2= self-inductanceof movingcoilsH,
M=mutualinductancebetweenfixedandmovingcoils: Flux
linkages of coil 1,z1=L1i1 + Mi2
Flux linkages f coil 2, z 2= L2 i2 + Mil

Electrical input energy =elildt+e2i2dt
iy ia
o [ L2 Lo
) A/ =

(Fig)circuit representation
= i Lydiy + i,2dL, + iyiydM + i Mdiy + iyLodiy + iy2dL, + ii,dM + i,Mdi,

Energy stored in the magnetic field = Ji,2L, + 3i,’L, + i;i,M

Change in energy stored = d(1i,’L, + 1i,’L, + i i,M)
= i L,di, + (i,Y2)dL, + i,Ldi, + (32)dL, + |,Mdi, + i,Mdi, + i,i,dM
From principle of conservation of energy,

Total electricalinputenergy=changein energystored + mechanical
energy.
. Mechanical energy = z'i]za‘L1 + Z‘izzsz + 1yi,dM.

Nowtheself-inductancesLandLareconstantandthereforedL. and dL
are both equal to zero. Thus we have

TdO = iidM or T, = ii, dM/dO
ErrorsinElectrodynamometerInstruments
1) Frequencyerror
1) Eddycurrenterror
ii1)  Externalmagneticfield

v) Temperaturechanges

Advantages
1) Theseinstrumentscanbeusedonbotha.c&d.c
i1) Accuraterms value

Disadvantages

(1) They have a low torque/weight ratio and hence have a low sensitivity.

(i1)Low torque/weight ratio gives increased frictional losses.

(ii1)) TheyaremoreexpensivethaneitherthePMMCorthemovingirontype instruments.
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(iv) Theseinstrumentsaresensitivetooverloadsandmechanicalimpacts. Therefore,

they must be handled with great care.

(v) The operatingcurrentof these instrumentsis largeowing tothe factthat they have weak
magnetic field. The flux density is about 0.006 Wb/m as against 0.1 to
0.5Wb/minPMCClinstruments

(vi) Theyhaveanon-uniformscale.

Rectifier Typelnstruments

Rectifier type instruments are used formeasurement of ac.voltages and currents
byemployingarectifierelementwhichconvertsa.c.toaunidirectionald.c.and then using a
meter responsive to d.c. to indicate the value of rectified a.c.

Theindicating instrument is PM MCinstrument which uses a d ’Arsonval

movement.

Thismethodisvery attractivesincePM MCinstrumentshaveahigher sensitivity than
the electrodynamometer or the moving iron instruments. The arrangement which
employs a full wave.
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(Fig)voltmeterusingfullwave rectifier

DigitalVoltmeter

A digital voltmeter (DVM) displays the value of a.c. or d.c. voltage being
measured directly as discrete numerals in the decimal number system.
Numerical readout of DVMs is advantageous since it eliminates observational
errors committed by operators.

The errors on account of parallax and approximations are entirely eliminated.
Theuseofdigitalvoltmetersincreasestilespeedwithwhichreadingscanbe taken.

A digital voltmeter is a versatile and accurate voltmeter which has many
laboratory applications.

On account of developments in the integrated circuit (IC) technology, it hasbeen
possible to reduce the size, power requirements and cost of digital voltmeters.

In fact, for the same accuracy, a digital voltmeter now is less costly than its
analog counterpart.

The decrease in size of DVMs on account of use of ICs, the portability of the
instruments has increased.

TypesofDVMs

The increasing popularity of DVMs has brought forth a wide number of

typesemploying different circuits. The various types of DVMs in general use are

(1) Ramptype DVM

(i)  IntegratingtypeDVM

(iii))  Potentiometric typeDVM

(iv)  SuccessiveapproximationtypeDVM
(v) ContinuousbalancetypeDVM

RamptypeDigital Voltmeter

The operating principle of a ramp type digital voltmeter is to measure the time
that a linear ramp voltagetakes to changefromlevel ofinput voltageto zero voltage (or
vice versa).This time interval is measured with an electronic time intervalcounter
and the count is displayed as a number of digits on electronic indicating tubes of the
output readout of the voltmeter.The conversion of a voltage value of a time interval
is shown in the timing diagram .A negative going ramp is shown inFig. but a
positive going ramp may also be used.The ramp voltage value is continuously
compared with the voltage being measured (unknown voltage).At the instant the
value of ramp voltage is equal to that of unknown voltage.The ramp voltage
continues to decrease till it reaches ground level (zero voltage).At thisinstant another
comparator called ground comparator generates. a pulse and closes the gate.The
time elapsed between opening and closing of the gate is t as indicatedinFig.During
this time interval pulses froma clock pulse generator pass through the
gateandarecountedanddisplayed. Thedecimalnumberasindicatedbythereadout



is a measure of the value of input voltage.The sample rate multivibrator determines
the rate at which the measurement cycles are initiated.The sample rate circuit
provides an initiating pulse for the ramp generator to start its next ramp voltage.
At thesametime it sends apulsetothecounterswhichsetallofthemto0. This
momentarily removes the digital display of the readout.

Integrating TypeDigital Voltmeter

The voltmeter measures the true average value of the input voltage over a fixed
measuring period.In contrast the ramp type DVM samples the voltage at the end ofthe
measuring period.This voltmeter employs an integration technique which uses a
voltage to frequency conversion.The voltage to frequency (VIF) converter functionsas
a feedback control system which governs the rate of pulse generation in proportion to
the magnitude of input voltage.
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Actually when we employ the voltage to frequency conversion techniques, a train of
pulses, whose frequency depends upon the voltage being measured, isgenerated.
Thenthe numberofpulses appearingin a definiteinterval of timeis counted.
Sincethefrequencyofthesepulsesisafunctionofunknownvoltage,thenumberof pulses counted in
that period of time is an indication of the input (unknown) voltage.
Theheartofthistechniqueis theoperationalamplifieractingasan Integrator. Output
voltage of integrator E = -Ei / RC*t
Thus if a constant input voltage E is applied, an output voltage Eis produced which rises
at a uniform rate and has a polarity opposite to that input voltage.
In other words, it is clear from the above relationship that for a constant input
voltagethe integrator produces a ramp output voltage of opposite polarity.



The basicblockdiagramof a typicalintegratingtype of DVMisshownin
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The unknown voltage is applied to the input of the integrator, and the output
voltage starts to rise.The slope of output voltage is determined by the value of input
voltage This voltage is fed a level detector, and when voltage reaches a certain reference
level, the detector sends a pulse to the pulse generator gate. The level detector is a device
similar to a voltage comparator. The output voltage from integrator is compared with the
fixed voltage of an internal reference source, and, when voltage reaches that level, the
detector produces an output pulse.

It is evident that greater then value of input voltagethe sharper will be the slopeof
output voltage and quicker the output voltage will reach its reference level.

The output pulse of the level detector opens the pulse level gate, permitting pulses
from a fixed frequency clock oscillator to pass through pulse generator.

The generatoris adevice such as a Schmitt trigger that produces an output pulse of
fixed amplitude and width for every pulse it receives. This output pulse, whose
polarity is opposite to that of and has greater amplitude, is fedback of the input of
the integrator.Thus no more pulses from the clock oscillator can pass through to
trigger the pulse generator.When the output voltage pulse from the pulse generator
has passed, is restored to its original value and starts its rise again.When it reaches
the level of reference voltage again, the pulse generator gate is opened.The pulse
generator is trigger by a pulse from the clock generator and the entire cycle is
repeated again.

Thus, the waveform of is a saw toothwave whose rise time is dependent uponthe
value of output voltage and the fail time is determined by the width of the output
pulse fromthe pulse generator.Thus the frequency of the saw tooth wave is afunction
ofthevalueofthevoltagebeingmeasured.Sinceonepulsefromthepulsegeneratoris
producedforeachcycleofthesawtoothwave,thenumberofpulsesproducedina



given time interval and hence the frequency of saw tooth wave is an indication of the
voltage being measured.

PotentiometricTypeDigitalVoltmeter
A potentiometric type of DVM employs voltage comparison technique. In this DVM
the unknown voltage is compared with reference voltage whose value is fixed by the
setting of the calibrated potentiometer.
Thepotentiometersettingis changedto obtain balance(i.e. nullconditions).
Whennullconditionsareobtainedthevalueof theunknown voltage, isindicatedby the
dial setting of the potentiometer.
In potentiometric type DVMs, the balance is not obtained manually but is arrived at
automatically.
Thus,thisDVMisin factaself-balancing potentiometer.
ThepotentiometricDVMisprovidedwithareadoutwhichdisplaysthevoltage being
measured.
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(Fig.)BasicblockdiagramofapotentiometricDVM.

The block diagram of basic circuit of a potentiometric DVM is shown. The
unknown voltage is filtered and attenuated to suitable level. This input voltage is appliedto
a comparator (also known as error detector).This error detector may be chopper.The
reference voltage is obtained from a fixed voltage source. This voltage is applied to a
potentiometer.The value of the feedback voltage depends up the position of the sliding
contact.The feedback voltage is also applied to the comparator.The unknown voltage and
the feedback voltages are compared in the comparator.The output voltage of the
comparator is the difference of the above two voltages.The difference of voltage is called
the error signal. The error signal is amplified and is fed to a potentiometer djustmentdevice
which moves the sliding contact of the potentiometer.This magnitude by which the sliding
contact moves depends upon the magnitude of the error signal.

The direction of movement of slider depends upon whether the feedback voltage
is larger or the input voltage is larger.The sliding contact moves to such a place where
the feedback voltage equals the unknown voltage.In that case, there will not be anyerror
voltage and hence there will be no input to the device adjusting the position of the
sliding contact and therefore it (sliding contact) will come to rest.The position of the
potentiometer adjustment device at this point is indicated in numerical form on the
digital readout device associated with it.



2.3SingleAndThreePhaseWattmetersAnd EnergyMeters

SinglePhaselnductionTypeMeters
TheconstructionandprincipleofoperationofSinglePhaseEnergyMetersis explained
below

ConstructionofInductionType EnergyMeters
Therearefourmainparts oftheoperatingmechanism
(1) Driving system
(1)  Moving system
(iii)  Braking system
(iv)  Registeringsystem

Driving system
The drivingsystemofthemeterconsistsoftwoelectro-magnets.
The core of these electromagnets is made up of silicon steel laminations. The
coil of one of the electromagnets is excited by the load current. This coil iscalled
the current coil.
The coil of second electromagnet is connected across the supply and, therefore,
carries a current proportional to the supply voltage. This coil is called the
pressure coil.
Consequentlythetwoelectromagnetsareknownasseriesandshunt magnets
respectively.
Copper shading bands are provided on the central limb. The
position of these bands is adjustable.
Thefunctionofthesebandsistobringthefluxproducedbytheshunt magnet exactly
in quadrature with the applied voltage.

MovingSystem
Thisconsists of analuminumdiscmounted onalightalloyshaft.
This disc is positioned in the air gap between series and shunt magnets. The
upper bearing of the rotor (moving system) is a steel pin located in a hole in the
bearing cap fixed to the top of the shaft.
The rotor runs on a hardened steel pivot, screwed to the foot of the shaft. The
pivot is supported by a jewel bearing.
Apinionengagestheshaftwiththecountingorregisteringmechanism.
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(Fig) single phase energymeter

Braking System
A permanent magnet positioned near the edge of the aluminiumdisc forms
the braking system. The aluminium disc moves in the field of this magnet
and thus provides a braking torque.
The position of the permanent magnet is adjustable, and therefore braking torque
can be adjusted by shifting the permanent magnet to different
radialpositionsasexplainedearlier.
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(fig)Pointertype (fig)cyclometerregister

Registering(counting) Mechanism
The function of a registering or counting mechanismis to record continuously
anumber whichisproportionaltotherevolutionsmadebythemovingsystem. By a
suitable system, a train of reduction gears the pinion on the rotor shaft drives a
series of five or six pointers.
Theserotateonrounddialswhicharemarkedwithtenequaldivisions.
The pointer type of registeris shown in Fig. Cyclo-meter register as shown in Fig
can also he used.
ErrorsinSinglePhaseEnergyMeters
Theerrorscaused bythedrivingsystemare
(1) Incorrectmagnitudeoffluxes.
(i)  Incorrect phase angles.

(111)  Lack of Symmetryinmagneticcircuit.



Theerrors causedbythebrakingsystemare

1) changesinstrength ofbrakemagnet
1) changes indiscresistance

1i1) abnormal friction
iv) selfbrakingeffect
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Meter Panel Switchboard

L1-30ALoadControl(Hot Water)

L2-Maximum2A LoadControl(StorageHeating)

2.5mm? with 7 strands for conductors to control customer contactor
Loadcarryingconductorsnot lessthandmm? orgreaterthan35mm?

All metering neutrals to be black colour 4mm? or 6 mm? with minimum 7 stranded
conductors.

Notlessthan18strandfor25&35mm?conductors Refer to

SIR’s for metering obligations

Comply with Electrical Safety (Installations) Regulations 2009 and AS/NZS 3000
Customerneedstoprovide2 AcircuitbreakerasaMainSwitchandtheirload control
contactor

Withincustomer’s switchboard

Meterpanelfusenot requiredforanoverhead supply.
OffPeakcontrolledloadonlyincludessinglephasehotwater&singleormulti- phase storage
heating

Wiringdiagram applicableforSolar



® Metering diagram is applicable for 2 or 3 phase load.For

2 phase loads — Red and Blue phaseis preferred.

WATTMETER

Electrodynamometer Wattmeters
Theseinstrumentsaresimilarindesignandconstructionto electrodynamometer type
ammeters and voltmeters.
Thetwocoilsareconnectedindifferentcircuitsformeasurementofpower.
Thefixed coils or“fieldcoils”arc connectedinseries with theload and so carry the
current in the circuit.
Thefixedcoils,therefore,formthecurrentcoilorsimplyC.C.ofthe wattmeter.
The moving coil is connected across the voltage and, therefore, carries a current
proportional to the voltage.
Ahighnon-inductiveresistanceisconnectedinserieswiththemovingcoilto limit the
current to a small value.
Sincethemovingcoil carries acurrent proportional to the voltage,itis called
the*‘pressure coil’’or“voltage coil”’or simplycalled P.C. of the wattmeter.

ConstructionofElectrodynamometer Wattmeter

Fixed Coils
The fixed coils carry the current of the circuit.
They are divided into two halves.
The reason for using fixed coils as current coils is that they can be made more
massive and can be easily constructed to carry considerable current since they
present no problem of leading the current in or out.
The fixed coils are wound with heavy wire. This wire is stranded or laminated
especially when carrying heavy currents in order to avoid eddy current losses in
conductors. The fixed coils of earlier wattmeters were designed to carry acurrent
of 100 A but modem designs usually limit the maximum current ranges of
wattmeters to about 20 A. For power measurements involving large load
currents, it is usuallybetter to use a 5 A wattmeter in conjunction with a current
transformer of suitable range.

Maoving
coli

(Fig)Dynamometerwattmeter



Damping
Airfriction dampingisused.
The moving systemcarries a light aluminium vane which moves in a sector shaped box.
Electromagneticoreddycurrentdampingis notused asintroductionofapermanent magnet (for

damping purposes) will greatly distort the weak operating magnetic field.
Scales andPointers

Theyareequippedwithmirrortypescalesandknifeedgepointerstoremove readingerrorsdue to
parallax.

TheoryofElectrodynamometer Watt-meters
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Errorsinelectrodynamometer
1)Errorsduetoinductance effectsii)Straymagnetic fielderrors
ii1) Eddycurrenterrors
1v) Temperatureerror
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FerrodynamicWattmeters
The operating torque can be considerably increased by using iron cores for the
coils.
Ferrodynamic wattmeters employ cores of low loss iron so that there is a large
increaseinthefluxdensityand consequentlyan increasein operatingtorquewith little
loss in accuracy.

The fixed coil is wound ona laminated core having pole pieces designed to give a
uniform radial field throughout the air gap.
Themovingcoilisasymmetricallypivotedandisplacedoverahookshaped pole
piece.

Thistypeofconstructionpermitstheuseofalongscaleuptoabout270°and gives a
deflecting torque which is almost proportional to the average power.
Withthisconstructionthereisatendencyonthepartofthepressurecoilto creep (move
further on the hook) when only the pressure coil is energized.

This is due to the fact that a coil tries to take up a position where it links with
maximum flux. The creep causes errors and a compensating coil is put to
compensate for this voltage creep.
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The use of ferromagnetic core makes it possible to employ a robust
construction for the moving element.

Also the Instrument is less sensitive to external magnetic fields. On the other
hand, this construction introduces non-linearity of magnetization curve and
introduction of large eddy current& hysteresis losses in the core.

ThreePhaseWattmeters
A dynamometer type three-phase wattmeter consists of two separate wattmeter
movements mounted together in one case with the two moving coils mounted on
the same spindle.
Thearrangementisshownin Fig.
Therearetwo currentcoilsand twopressurecoils.
Acurrentcoiltogetherwithitspressurecoilisknownasanelement.



Therefore,athreephasewattmeter hastwoelements.

The connections of two elements of a 3 phase wattmeter are the same as that for
twowattmeter method using two single phase wattmeter.

The torque on each element is proportional to the power being measured by it.
The total torque deflecting the moving system is the sum of the deflecting torque
of’the two elements.

Hence the total deflecting torque on the moving system is proportional to the
totalPower.

In order that a 3 phase wattmeter read correctly, there should not be any mutual
interference between the two elements.
Alaminatedironshieldmaybeplacedbetweenthetwoelementstoeliminatethe mutual effects.
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(fig) three phase wattmeter
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2.4InstrumentTransformers
Power measurements are made in high voltage circuits connecting the
wattmeter to the circuit through current and potential transformers as
shown.
The primary winding of the C.T. is connected in series with the load and the
secondary winding is connected in series with an ammeter and the current
coil of a wattmeter.
The primary winding of the potential transformer is connected across the
supplylines and avoltmeter and the potential coilcircuitofthewattmeter are
connected in parallel with the secondary winding of the transformer. One
secondary terminal of each transformer and the casings are earthed.
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The errors in good modeminstrument transformers are small and maybe ignored
for many purposes.

However, they must be considered in precision work. Also in some power
measurements these errors, if not taken into account, maylead to very inaccurate
results.

Voltmetersandammetersare  effectedbyonlyratioerrors ~ whilewattmetersare
influencedin addition byphaseangle errors. Correctionscan bemadeforthese
errors if test information is available about the instrument transformers and
their burdens.

Phasordiagramsforthe currentandvoltagesofload,andinthewattmetercoils.

)



UNITIIIAC/DCBRIDGESANDINSTRUMENTATIONAMPLIFIERS

D.C&A.CPotentiometers

An instrumentthat precisely measuresan electromotive force (emf) or a voltage by opposing toit a
known potential drop established by passing a definite current through a resistor of known
characteristics. (A three-terminal resistive voltage divider is sometimes also called a
potentiometer.) There are two ways of accomplishing this balance: (1) the current /may be held at
a fixed value and the resistance R across which the /R drop is opposed to the unknown maybe
varied; (2) current maybe varied across a fixed resistance to achieve the needed /R drop.

The essential features of a general-purpose constant-current instrument are shown in the
illustration. The value of the current is first fixed to match an /R drop to the emf of a reference
standard cell. With the standard-cell dial set to read the emf of the reference cell, and the
galvanometer(balancedetector)inpositionG1,theresistanceofthesupplybranchofthe  circuit s
adjusted until the /R drop in 10 steps of the coarse dial plus the set portion of the standard-cell
dial balances the known reference emf, indicated by a null reading of the galvanometer. This
adjustment permits the potentiometer to be read directly in volts. Then, with the galvanometer in
position G2,thecoarse,intermediate,andslide-wiredialsareadjusted untilthegalvanometer
againreadsnull.Ifthepotentiometercurrenthasnotchanged,theemf of the unknown can be read
directly from the dial settings. There is usually a switching arrangement so that the galvanometer
can be quickly shifted between positions 1 and 2 to check that the current has not drifted from its
set value.
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Circuit diagram of a general-purpose constant-current potentiometer, showingessential features
Potentiometer techniques mayalso be used for current measurement, the unknown current being
sent through a known resistance and the /Rdrop opposed bybalancingit at the voltage terminals of
the potentiometer. Here, of course, internal heating and consequent resistance change of the
current-carrying resistor(shunt)maybeacriticalfactorinmeasurementaccuracy;andtheshunt



designmayrequireattention to dissipation otheatresultingfrom its]szowerconsumption.

Potentiometertechniqueshavebeenextendedtoalternating-voltage measurements,but
generallyat a reduced accuracylevel (usually0.1% or so). Current is set on an ammeter which
musthave the same response on ac as on dc, where itmaybe calibrated witha potentiometer and
shunt combination. Balance in opposing an unknown voltage is achieved in one of two ways: (1)
a slide-wire and phase-adjustable supply; (2) separate in-phase and quadrature adjustments on
slide wires supplied from sources that have a 90° phase difference. Such potentiometers have
limited use in magnetic testing.

An instrument that precisely measures an electromotive force (emf) or a voltage by opposing toit
a known potential drop established by passing a definite current through a resistor of known
characteristics. (A three-terminal resistive voltage divider is sometimes also called a
potentiometer.) There are two ways of accomplishing this balance: (1) the current / may be heldat
a fixed value and the resistance R across which the /R drop is opposed to the unknown maybe
varied; (2) current maybe varied across a fixed resistance to achieve the needed /R drop.

The essential features of a general-purpose constant-current instrument are shown in the
illustration. The value of the current is first fixed to match an /Rdrop to the emf of a reference
standard cell. With the standard-cell dial set to read the emf of the reference cell, and the
galvanometer(balancedetector)inpositionG1,theresistanceofthesupplybranchofthe  circuit  is
adjusted until the /R drop in 10 steps of the coarse dial plus the set portion of the standard-cell
dial balances the known reference emf, indicated by a null reading of the galvanometer. This
adjustment permits the potentiometer to be read directly in volts. Then, with the galvanometer in
position G2,thecoarse,intermediate,andslide-wiredialsareadjusted untilthegalvanometer
againreadsnull.Ifthepotentiometercurrenthasnotchanged,theemf of the unknown can be read
directly from the dial settings. There is usually a switching arrangement so that the galvanometer
can be quickly shifted between positions 1 and 2 to check that the current has not drifted from its
set value.

Potentiometer techniques mayalso be used for current measurement, the unknown current being
sent through a known resistance and the /R drop opposed bybalancing it at the voltage terminals
of the potentiometer. Here, of course, internal heating and consequent resistance change of the
current-carrying resistor (shunt) may be a critical factor in measurement accuracy

Potentiometer techniques have been extended to alternating-voltage measurements, but generally
at a reduced accuracy level (usually0.1% or so). Current is set on an ammeter which must have
the same response on ac as on dc, where it may be calibrated with a potentiometer and shunt
combination. Balance in opposing an unknown voltage is achieved in one of two ways: (1) a
slide-wire and phase-adjustable supply; (2) separate in-phase and quadrature adjustments
onslidewiressuppliedfromsourcesthathavea90°phasedifference.Suchpotentiometershave



limiteduseinmagnetic testing

(1) An electrical measuring device used in determining the electromotive force (emf) or voltage
by means of the compensation method. When used with calibrated standard resistors, a
potentiometer can be employed to measure current, power, and other electrical quantites; when
used with the appropriate measuring transducer, it can be used to gauge various non-electrical
quantities, such as temperature, pressure, and the composition of gases.

distinction is made between DC and AC potentiometers. In DC potentiometers, the voltagebeing
measured is compared to the emf of a standard cell. Since at the instant of compensationthe
current in the circuit of the voltage being measured equals zero, measurements can be made
without reductions in this voltage. For this type of potentiometer, accuracy can exceed 0.01
percent. DC potentiometers are categorized as either high-resistance, with a slide-wire resistance
ranging fromThe higher resistance class can measure up to 2 volts (V) and is used in testing
highly accurate apparatus. The low-resistance class is used in measuring voltage up to 100 mV.
To measure higher voltages, up to 600 V, and to test voltmeters, voltage dividers are connectedto
potentiometers. Here the voltage drop across one of the resistances of the voltage divider is
compensated; this constitutes a known fraction of the total voltage being measured.

In AC potentiometers, the unknown voltage is compared with the voltage drop produced by a
current of the same frequency across a known resistance. The voltage being measured is then
adjusted both for amplitude and phase. The accuracy of AC potentiometers is of the order of 0.2
percent. In electronic automatic DC and AC potentiometers, the measurements of voltage are
carried out automatically.Inthiscase, the compensation of the unknown voltage isachieved with
the aid of a servomechanism that moves the slide along the resistor, or rheostat. The
servomechanism is actuatedbytheimbalanceofthetwovoltages,thatis,bythe differencebetweenthe
compensating voltage and the voltage that is being compensated. In electronic automatic
potentiometers, the results of measurements are read on dial indicators, traced on recorder charts
or received as numerical data. The last method makes it possible toinput the data directly into a
computer. In addition to measurement, electronic automatic potentiometers are also capable of
regulating various parameters of industrial processes. In this case,theslideoftherheostatisset
inapositionthatpredetermines,forinstance,the temperature of the object to be regulated. The
voltage imbalance of the potentiometer drives the servomechanism, which then increases or
decreases the electric heating or regulates the fuel supply.

A voltage divider with a uniform variation of resistance, a device that allows some fraction of a
given voltage to be applied to an electric circuit. In the simplest case, the device consists of a
conductor of high resistance equipped with a sliding contact. Such dividers are used in electrical
engineering, radio engineering, and measurement technology. Theycan also beutilized inanalog
computers and in automation systems, where, for example, they function as sensors for linear or
angular displacement

3.2D.C&A.C Bridges

Bridge circuits are used very commonly as a variable conversion element in measurement
systems and produce an output in the form of a voltage level that changes as the measured
physicalquantitychanges.Theyprovideanaccuratemethodofmeasuringresistance,




inductance and capacitance values, and enable the detection of very small changes in these
quantities about a nominal value. They are of immense importance in measurement system
technology because so many transducers measuring physical quantities have an output that is
expressed as a changein resistance, inductance or capacitance. The displacement-measuring strain
gauge, which has a varying resistance output, is but one example of this class of
transducers.Normally, excitation ofthe bridge is by a d.c. voltage for resistance measurement and
by an a.c. voltagefor inductanceor capacitancemeasurement.Bothnullanddeflection types of
bridge exist, and, in a like manner to instruments in general, null types are mainly employed for
calibration purposes and deflection types are used within closed-loop automatic control schemes.

Null-type,d.c.bridge(Wheatstonebridge)

Anull-typebridgewithd.c.excitation,commonlyknownasa
Wheatstonebridge,has the formshowninFigure 7.1.Thefourarmsofthebridgeconsistof the
unknown resistance Ru, two equal value resistors R2 and R3 and a variable resistor Ry (usually
a decade resistance box). A d.c. voltage Viis applied across the points AC and the
resistanceRvisvarieduntilthevoltagemeasuredacrosspointsBDiszero.Thisnullpoint ~ is  usually
measuredwitha high sensitivitygalvanometer.

To analyses the Whetstone bridge, define the current flowing in each arm
to be I1 . .. 14 as shown in Figure 7.1. Normally, if a high impedance voltage-measuring
instrument is used, the currentimdrawn by the measuringinstrumentwill be very smalland can
beapproximatedtozero.Ifthisassumptionismade,then,forlmDO:

I11=I3andI2=I4

fy=1y and ry =1y

Looking at path ADC, we have a voltage v; applied across a resistance R, + R; and
by Ohm’s law:

V;
R, + R3

Simularly for path ABC:

R, + R;



Now we can calculate the voltage drop across AD and ARB:

ViR, VR,
Vap =Ry = =——— Vg = NRK, = ——
R, + R: Ry + Ra
By the principle of superposition,
Vo=Vep=V¥ea +Vap =—Vap +Vap

Thus:

ViR, 3 ViR,

Vg = —

At the null point vy = 0, so:

Inverting both sides:

R, + K3 R, + K> | R Ha iR,
. B, - — . sem— 0T Ru = ———
Ru_ Rl.' Hu R'. Rl

Thus, if Rz = R3, then Ry = Rv. As Ry 15 an accurately known value because it is
derived from a variable decade resistance box, this means that &, is also accurately
knownmn.



Deflection-typed.c.bridge

Adeflection-typebridgewithd.c.excitationisshowninFigure7.2. Thisdiffersfrom
theWheatstonebridgemainlyinthatthevariableresistanceRvisreplacedbyafixed resistance R1 of the
same value as the nominal value of the unknown resistance Ry. As the resistanceRu

changes,sotheoutputvoltageV( varies,andthisrelationship betweenV0 and Ru must be calculated.

_ Thisrelationship issimplifiedifweagainassumethatahighimpedance voltage
measuringinstrumentisusedandthecurrentdrawnby it,Im, canbe approximatedto zero.

(Thecasewhenthisassumptiondoesnotholdiscoveredlaterinthissection.) The analysis isthen
exactly the same asforthe preceding example ofthe Wheatstone bridge,exceptthatRy is
replacedby R1.Thus,fromequation(7.1), we have:

Vo= Vi*(Ry/ Ru+ R3)}(RI/ Ri+ R

When Ruis at its nominalvalue, i.e. for RuDR1,it is clear that V(0 DO (since R2D R3). For

other valuesof Ru, V0 has negativeand positivevalues that vary in a non- linear way with
Ru.

A.Cbridges
Bridgeswitha.c.excitationareusedtomeasureunknownimpedances.Asford.c.

bridges,bothnullanddeflectiontypesexist,withnulltypesbeinggenerallyreserved for
calibrationduties.

Null-typeimpedancebridge
Atypicalnull-typeimpedancebridgeisshowninFigure 7.7. Thenullpointcan
beconvenientlydetectedbymonitoringtheoutputwithapairotheadphonesconnectedvia
anoperationalamplifieracrossthepointsBD.Thisisamuchcheapermethodofnull ~ detectionthan the
applicationof an expensivegalvanometerthat is requiredfor a d.c. Wheatstonebridge.



IfZujscapacitive,i.e.ZuD1/joCu,thenZvmustconsistofavariable capacitance
box,whichisreadilyavailable.IfZy isinductive,thenZy DRuCjoLuy.

NoticethattheexpressionforZuasaninductiveimpedancehasaresistiveterminit

because it is impossible to realize a pure inductor. An inductor coil always has a resistive
component,thoughthis is made as smallas possibleby designingthe coil to have a high Q factor (Q
factor is the ratio inductance/resistance). Therefore, Zv mustconsist of a variable- resistance box
and a variable-inductance box. However, the latter are not readily available
becauseitisdifficultandhenceexpensivetomanufacturea set of fixed value inductorsto make up a
variable-inductancebox. For this reason, an alternative kind of null-type bridge circuit, known as
the Maxwell Bridge, is commonly usedtomeasureunknowninductances.

Maxwell bridge

Definition

A Maxwell bridge (in long form, a Maxwell-Wien bridge) is a type of Wheatstone bridge
used to measure an unknown inductance (usually of low Q value) in terms of calibrated resistance
and capacitance. It is a real product bridge.

The maxwell bridge is used to measure unknown inductance in terms of calibrated
resistance and capacitance. Calibration-grade inductors are more difficult to manufacture than
capacitors of similar precision, and so the use of a simple "symmetrical" inductance bridge is not
always practical.



Circuit Diagram

Figurel.7.1.MaxwellBridge

Explanation

® With reference to the picture, in a typical application R1 and R4 areknown fixed entities,
and R2 and C2 are known variable entities.

® R2 and C2 are adjusted until the bridge is balanced.R3 and L3 can then be calculatedbased
on the values of the other components:

As showninFigure,one arm of the Maxwellbridgeconsists of a capacitorin parallel with a
resistor (C1 and R2) and another arm consists of an inductor L1 in series with a resistor
(L1 and R4).The other two arms just consist of a resistor each (R1 and R3).

ThevaluesofR 1andR3areknown,andR2andC1lareboth adjustable. The unknown values are
those of L1 and R4.

Likeother  bridgecircuits, themeasuringabilityofaMaxwellBridgedependson
'Balancing' the circuit.

BalancingthecircuitinFigure lmeansadjustingClandR2 until thecurrentthrough the bridge
between points A and B becomes zero.This happens when the voltages at points A and B
are equal.

Mathematically,

Z1=R2+1/(2nfC1);whileZ2=R4+2xnfL1. (R2 + 1/

(2nfC1)) / R1 =R3/[R4 + 2nfL1];

or

RIR3 =[R2 + 1/2nfC1)][R4 + 2fL1]

® To avoid the difficulties associated with determining the precise value of a variable
capacitance, sometimes a fixed-value capacitor will be installed and more than one
resistor will be made variable.

® The additional complexity of using a Maxwell bridge over simpler bridge types is warranted
in circumstances where either the mutual inductance between the load and the known
bridge entities, or stray electromagnetic interference, distorts the measurement results.

® The capacitive reactance in the bridge will exactly oppose the inductive reactance of the
loadwhenthebridgeisbalanced,allowingtheload'sresistanceandreactancetobe
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reliablydetermined.
Advantages:
e Thefrequencydoesnotappear
e Wide range of inductance
Disadvantages:
e Limitedmeasurement
e [trequiresvariablestandardcapacitor

SCHERINGBRIDGE
Definition

A Schering Bridge is a bridge circuit used for measuring an unknown electrical
capacitance and its dissipation factor. The dissipation factor of a capacitor is the the ratio of its
resistance to its capacitive reactance.The Schering Bridge is basically a four-arm alternating-
current (AC) bridge circuit whose measurement depends on balancing the loads on its arms.

Figure 1 below shows a diagram of the Schering Bridge.

Diagram
()
ECELab.com
Figurel.7.2.Schering Bridge
Explanation

® In the Schering Bridge above, the resistance values of resistors R1 and R2 are known,
while the resistance value of resistor R3 is unknown.

® Thecapacitancevaluesof C1 and C2 arealso known, whilethe capacitanceofC3 is the value
being measured.

® To measure R3 and C3, the values of C2 and R2 are fixed, while the values of R1 and Cl1
are adjusted until the current through the ammeter between points A and Bbecomes
Zero.

® ThishappenswhenthevoltagesatpointsAandBareequal,inwhichcasethebridgeis



said to be "balanced'.

® Whenthebridgeisbalanced,Z1/C2=R2/Z3,whereZ listheimpedanceofR lin parallel with C1
and Z3 is the impedance of R3 in series with C3.

In an AC circuit that has a capacitor, the capacitor contributes a capacitive reactance to

the impedance.
ZI=R1/[2rfCI1((1/2=fC1)+R1)]=R1/(1+27fCIRI)

whileZ3=1/27fC3+R3.2nfC2R1/(1+2rfCIR1)=R2/(1/2xfC3+R3);0r 2nfC2
(1/2xfC3 + R3) = (R2/R1) (1+2xfCIR1); or
C2/C3 +2xfC2R3 =R2/RI + 2afCIR2-

® When the bridgeis balanced, the negativeand positive reactive components areequal and
cancel out, so

2nfC2R3=2ntfC1R20r
R3 =CI1R2 /C2.
Similarly,whenthebridgeisbalanced,thepurelyresistivecomponentsareequal, so
C2/C3=R2/Rlor C3=RIC2/R2.

® NotethatthebalancingofaScheringBridgeisindependentof frequency.
Advantages:

e Balanceequationisindependentoffrequency

e Usedformeasuringtheinsulatingpropertiesofelectrical cablesandequipment’s

HAY BRIDGE

Definition

AHayBridgeisanAC bridge circuitused formeasuringanunknowninductancebybalancing the
loads of its four arms, one of which contains the unknown inductance. One of the arms of a Hay
Bridge has a capacitor of known characteristics, which is the principal component used for
determiningthe unknown inductance value. Figure 1 below shows a diagram of the HayBridge.

Explanation

® As shown in Figure 1, one arm of the Haybridge consists of a capacitor in series with a
resistor (C1 and R2) and anotherarm consists ofan inductor L1 in series with aresistor
(L1 and R4).

The other two arms simply contain a resistor each (R1 and R3). The values of R1andR3
are known, and R2 and C1 are both adjustable.

Theunknownvaluesarethoseof L1andR4.
Like other bridge circuits, the measuring abilityof a HayBridge depends on 'balancing' the
circuit.

Balancing the circuit in Figure 1 means adjusting R2 and C1 until the current through the
ammeter between points A and B becomes zero.This happens when the voltages at points A
and B are equal.



Diagram

ECFLab.com

Figurel.7.3.HayBridge

® When the Hay Bridge is balanced, it follows that Z1/R1 = R3/Z2 wherein Z1 is the
impedance of the arm containing C1 and R2 while Z2 is the impedance of the arm

containing L1 and R4.
Thus,Z1=R2+1/(2nfC)whileZ2=R4+2xnfL1. [R2 +

1/2afC1)]/ R1 = R3 / [R4 + 2xfL1]; or [R4 +
2nfL1]=R3R1/[R2 + 1/(2afC1)]; orR3R1 =
R2R4 + 2nfL1R2 + R4/2rfC1 + L1/CI.

® When the bridge is balanced, the reactive components are equal, so
2nfL1R2=R4/2mfC1, orR4=(2mf) 2LT1R2C1.

® Substituting R4, one comes up with the following equation:
R3RI=(R2+1/2xfC1)((2xf)2LIR2CI1)+2rfLIR2+LI1/Cl;or LI =

R3RICI / (2xf) 2R22C12 + 4nfCIR2 + 1);
L1 =R3RICI1/[I + (2xfR2C1)2]
B Afterdroppingthe reactivecomponentsofthe equation sincethebridgeis

B Thus, the equations for L1 and R4 for the Hay Bridge in Figure 1 when it is balanced
are:
L1=R3RI1CI1 /[1+(2nfR2C1)2]; and
R4=2xnfC1)2R2R3R1 /[1 +(2nfR2C1)2]
Advantages:
® Simple expression
Disadvantages:

e [tisnotsuitedformeasurementofcoil
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WIEN BRIDGE:
Definition

A Wien bridge oscillator is a type of electronic oscillator that generates sine waves. It can
generate a large range of frequencies. The circuit is based on an electrical network originally
developed by Max Wien in 1891. Wien did not have a means of developing electronic gain so a
workable oscillator could not be realized. The modern circuit is derived from William Hewlett's
1939 Stanford University master's degree thesis. Hewlett, along with David Packard co-founded
Hewlett-Packard. Their first product was the HP 200A, a precision sine wave oscillator based on
the Wien bridge. The 200A was one of the first instruments to produce such low distortion.

Diagram

Figurel.7.4Weinbridge

Amplitudestabilization:

e ThekeytoHewlett'slowdistortionoscillatoriseffectiveamplitude stabilization.

e The amplitude of electronic oscillators tends to increase until clipping or other gain
limitation is reached. This leads to high harmonic distortion, which is often
undesirable.

® Hewlett used an incandescent bulb as a positive temperature coefficient (PTC)
thermistor in the oscillator feedback path to limit the gain.

® The resistance of light bulbs and similar heating elements increases as theirtemperature
increases.



If the oscillation frequencyis significantlyhigher than the thermal timeconstant of the
heating element, the radiated power is proportional to the oscillator power.

Since heating elements are close to black body radiators, they follow the Stefan-
Boltzmann law.

The radiated power is proportional to T4, so resistance increases at a greater rate than
amplitude.

If the gain is inversely proportional to the oscillation amplitude, the oscillator gain stage
reaches a steady state and operates as a near ideal class A amplifier, achieving very
low distortion at the frequency of interest.

At lower frequencies the time period of the oscillator approaches the thermal time
constant of the thermistor element and the output distortion starts to rise significantly.

Light bulbs have their disadvantages when used as gain control elements in Wien bridge
oscillators, most notably a very high sensitivity to vibration due to the bulb's micro
phonic nature amplitude modulating the oscillator output, and a limitation in high
frequency response due to the inductive nature of the coiled filament.

Modern Distortion as low as 0.0008% (-100 dB) can be achieved with only modest
improvements to Hewlett's original circuit.

Wien bridge oscillators that use thermistors also exhibit "amplitude bounce" when the
oscillator frequency is changed. This is due to the low damping factor and long time
constant of the crude control loop, and disturbances cause the output amplitude to
exhibit a decaying sinusoidal response.

This can beused as arough figureofmerit, as the greatertheamplitudebounceaftera
disturbance, the lower the output distortion under steady state conditions.

Analysis:
%
Ry "t
| R C
Figurel.7.4Inputanalysis
Inputadmittanceanalysis

® If a voltage source is applied directlyto the input of an ideal amplifier with feedback,
the input current will be:



® Wherevinistheinputvoltage,voutistheoutputvoltage,andZfisthefeedback impedance. If the voltage

gain of the amplifier is defined as:

® And the input admittance is defined as:

Inputadmittancecanberewrittenas:

IfAvis greaterthanl,theinputadmittanceisa negativeresistanceinparallelwithan
inductance.

If a resistor is placed in parallel with the amplifier input, it will cancel some of the
negative resistance. If the net resistance is negative, amplitude will grow until
clipping occurs.

If a resistance is added in parallel with exactlythe value of R, the net resistance will be
infinite and the circuit can sustain stable oscillation at any amplitude allowed by the
amplifier.

Advantages:

e Frequencysensitive
e Supplyvoltage ispurelysinusoidal

3.3Transformer RatioBridges&Self-BalancingBridges

TRNSFORMERRATIOBRIDGE

SINTRODUCTION

The product to which this manual refers should be installed, commissioned, operated and
maintained under the supervision of a competent Electrical Engineer in accordance withrelevant
statutory requirements and good engineering practice, including Codes of Practicewhere
applicable, and properly used within the terms of the specification.

The instructions in this manual should familiarize qualified personal with the proper procedures
to keepallnewunit(s)inproperoperatingcondition. These instructions for installation, operation and
maintenance of Package Compact Substation should be read carefully and used asa guide during
installation and initial operation.

These instructions do not propose to cover all details or variations in equipment, nor to provide
for every contingency to be met in connection with installation, operation, or maintenance.
Should further information be desired, or particular problems arise which are not covered, please
contact the nearest ABB office.

Wewould inparticularstress theimportanceofcarein:



+ Site selection and design, embodying features that provide adequate ventilation, protection
and security and which have taken account of appropriate fire, moisture and explosion
hazards.

» Jointing.

» Earthing.

* Selection and setting of electrical protection in primary and secondary, against overload,
overvoltage and short-circuit.
+ Carryingoutregularinspectionandelectrical andmechanicalmaintenance.

The Package Compact Substation(s) covered by these instructions have been repeatedlyinspected
and tested to meet all applicable standards of IEC, to ensure you of a first-rate quality product,
which should give many years of satisfactory performance.

Thespecific ratingsof eachPackageCompactSubstationareshownonthe drawings.

File these instructions in a readily accessible place together with drawings and
descriptive data of the Package Compact Substation. These instructions will be a
guide to proper maintenance of the equipment and prolong its life and usefulness

GENERAL

f i i [ ml
I . c

LV FRONT SUBSTATION SI HY FRONT

The Package Compact Substations are completely self-contained, mounted on an integral base,
factory assembled in a totally enclosed, aesthetically and acceptable cladding, vandal-proof,
vermin-proof and weather-proof housing ready for installation into position on a concrete base
pad or pier. The base frame is of welded structural steel and been hot-dipped galvanized after
fabrication to assure affective corrosion resistance in service.Housing of the Package Compact
Substationismadeofspecialmaterialcalled ALUZINK asheetsteelwithametallicalloy



coating. The alloy consists of 55% aluminum and 43.4% zinc. This provides optimum corrosion
protection.The housing has three compartments, separated with ALUZINK sheet. The
transformer compartment is completely separated from the medium voltage and low voltage
compartments.

RECEIVING/INSPECTION/ STORAGE

The Package Compact Substation is shipped from the factoryreadyfor installation on site. It has
been submitted to all normal routine tests before being shipped, and it is not required to do any
voltage testing before putting it into service, provided the substation has not sustained any
damage during transportation.

Immediatelyupon receipt of the Package Compact Substation, examine them to determine if any
damage or loss was sustained during transit. If abuse or rough handling is evident, file a damage
claim with carrier and promptly notify the nearest ABB office. ABB ELECTRICAL
INDUSTRIES CO. LTD. is not responsible for damage of goods after delivery to the carrier;
however, we will lend assistance if notified of claims.

PERSONNELSAFETY

Thefirstandmostimportantrequirementsaretheprotectionagainstcontactwithliveparts during
normal service as well as maintenance or modifications.

This is the reason whyall live parts have been metal enclosed, so that when the parts arelive and
the Package Compact Substation doors are open, no one can be able to touch them.

Also,it is safeincaseanyshort-circuitingorsparkingoccurs at thebusbars.

VENTILATION

Transformer compartment has been provided with sand trap louvers, to prevent ingress of
sandand that proper air circulation should take place.

EARTHING

Properearthingbusbarhasbeen provided.

HANDLING

Lifting lugs has been provided on top of four corners of the housing for lifting the DPS bycrane
and chains as a single unit, otherwise this can be done bya forklift of sufficient capacity, but the
lifting fork must be positioned under the transformer portion.

INSTALLATIONS

A clean, flat surface capable of supporting the Package Compact Substation unit weight is the
only requirement for a foundation. It is, however, important that adequate accessibility,
ventilation and ease of inspection of the unit must be provided.
Inallinstallationwork,thesafetyregulationsfor electricalinstallationshavetobeobserved.



Each Package Compact Substation must be permanently grounded or earthed by connecting an
affective recognised ground or earth as prescribed by the latest applicable edition of IEC orANSI
requirements. The Package Compact Substation is designed to operate with a solidly grounded
neutral system. The neutral connection should be solidly and permanently grounded.

Tapconnections

All units have taps located in the High Voltage winding. The tap arrangement is shown on the
nameplate of the transformer. These taps are provided to furnish rated output voltage when the
input voltage differs from the rated voltage.

Tochangetap connections, dothefollowingsteps:

1. De-energized the unit, short-circuit both the high and low voltage connections and ground
both sides.
2. Unlock the tap changer handle, and then move the taps changer handle to the desired
tap,then locked the tap changer handle.
3. Removesafetyshortsandgroundconnectionsfromthehighvoltageandlowvoltage buses.
After ensuring that no tools or hardware was left in the enclosure, and the enclosures are closed
properly, you may then re-energize the Package Compact Substation. Make sure that the tap
connections are proper for the required voltage as listed on the nameplate. The transformer is
normally shipped with the tap changer for the rated voltage.

Cableconnections

When making outside cable connections, conductors suitablefor atleast§5°Cshould be used. All
connections should be made without placing undue stress on the terminals. Conductors should
be securely fastened in place and adequately supported with allowances for expansionand
contraction.

FINALINSPECTION PRIORTOENERGIZATION

After the Package Compact Substation has been found to be in good condition and the protective
equipment is operational, the substation may be connected to the network. However, it is
recommended that the transformer to be left to settle for 1 or 2 days after installation so those air
bubbles in the oil have time to dissolve before connecting the voltage.

Before energizing the unit, a complete electrical inspection should be made. The following
checklist should be used as a minimum requirement.



UNITIVTRANSDUCERSFORMEASUREMENTSOFNON-ELECTRICALPARAMETERS
TRANSDUCERS

@DThe input quantity for most instrumentation systems is nonelectrical. In order to use electrical methods and

techniques formeasurement, the nonelectrical quantityis converted into a proportionalelectricalsignal by a
device called transducer.

@ Another definition states that transducer is a device which when actuated by energy in one system, supplies
energy in the same form or in another form to a second system.
@When transducer gives output in electrical form it is known as electrical transducer.

Actually, electrical transducer consists of two parts which are very closely related to
Each other.

@DThesetwo partsaresensingor detectingelement andtransductionelement.The sensing or detecting element is
commonly known as sensor.

@Definitionstatesthatsensorisadevicethatproducesameasurableresponsetoa Change in a
physical condition.

@Thetransductionelementtransformstheoutputofthesensortoanelectricaloutput,asshown intheFig.

Non-elegtncai Sensing Sensor Faneduction Ele‘clrlcai
quantity element response element signal

(Fig)Transducerelementsincascade

Classification ofElectricalTransducers

Transducers maybe classifiedaccordingtotheir structure, methodofenergyconversionandapplication. Thus we
can say that transducers are classified
*» Asactiveandpassivetransducer
* Accordingtotransductionprinciple
* Asanaloganddigitaltransducer
» Asprimaryandsecondarytransducer
* Astransducerandinversetransducer

ActiveandPassiveTransducer Active
Transducers

@ Activetransducersareself-generating typeoftransducers.

@Thesetransducersdevelop anelectricalparameter(i.e.voltageorcurrent) which isproportionaltothe
quantity under measurement.

@These transducers donotrequireanyexternalsourceorpowerfortheiroperation.



@ Theycanbesubdividedinto thefollowingcommonlyusedtypes

Active Transducers

l :

Photovoltaic Thermoelectric Piezoelectric Electromagnetic

PassiveTransducers
@Passivetransducersdonot generateanyelectricalsignalbythemselves.
@Toobtainanelectricalsignalfromsuchtransducers,anexternalsourceofpowerisessential.
@Passivetransducersdepend uponthechange inan electricalparameter(R, L,or C).
@D Theyarealsoknownasexternallypowerdriventransducers.
@ Theycanbesubdividedintothefollowingcommonlyused types.

Passive Transducers

|
l l i

Variable resistance Opto electronic Variable reactance
L
Photo Strain Thermistor Inductive Capacitive
conductors gauge

Variable  Variable Variable
area separation permittivity

Photo Photo
emissive junctions
Variable  Variable LVDT Eddy
reluctance permeability current

AccordingtoTransductionPrinciple
Thetransducerscanbeclassifiedaccordingtoprincipleusedintransduction.
* Capacitivetransduction
* Electromagnetictransduction
* Inductivetransduction
* Piezoelectrictransduction
* Photovoltaictransduction
* Photoconductivetransduction
AnalogandDigitalTransducers
Thetransducerscanbe classifiedonthebasisoftheoutputwhich maybea continuous
function of time or the output may be in discrete steps.
AnalogTransducers

@Thesetransducersconverttheinputquantityintoananalogoutputwhichisacontinuousfunction
@ Astraingauge,LVDT,thermocouplesorthermistorsarecalledanalogtransducersastheyproduceanoutp

oftime.



which isacontinuousfunctionoftime.
DigitalTransducers

@Digitaltransducersproduceanelectricaloutput in theformofpulseswhich formsanunique code.
@Uniquecodeisgenerated foreachdiscretevaluesensed.

PrimaryorSecondary
@Sometransducersconsistofmechanicaldevicealongwiththeelectricaldevice.
@Insuchtransducers mechanicaldeviceactsasa primarytransducer and convertsphysical quantity
into mechanical signal.
@The electricaldevicethenconvertsmechanicalsignalproduced byprimarytransducer into an electrical
signal.
@Therefore,electricaldeviceactsasa secondarytransducer.
@For an example, in pressure measurement Bourdons tube acts as a primary transducer
whichconvertsapressure into displacement and LVDT actsasasecondarytransducerwhich

o Bourdon
Output S, tube
voltage

o

S5 Fixed
LVDT T end

Pressure

converts this displacement into an equivalent electrical signal.

(Fig)pressureMeasurement
TransducerandInverse Transducer
@Transducersconvert non-electricalquantityinto electricalquantitywhereasinversetransducer
converts electrical quantity into non-electrical quantity.
@Forexample,microphoneisatransducer whichconvertssoundsignalintoan
electricalsignalwhereas loudspeaker isaninversetransducerwhichconvertselectricalsignalinto sound
signal.

AdvantagesofElectricalTransducers
1. Electricalsignalobtained fromelectricaltransducercanbe easilyprocessed(mainlyamplified) and
brought to a level suitable for output device which may be an indicator or recorder.
2. Theelectricalsystems canbecontrolledwithaverysmalllevelofpower
3. Theelectricaloutputcanbeeasilyused, transmitted,and processedforthepurposeofmeasurement.
4. Withtheadvent ofICtechnology,theelectronic systemshavebecomeextremelysmall insize,
requiring small space for their operation.
5. No moving mechanicalpartsareinvolved inthe electricalsystems. Thereforethereis no questionof
mechanical wear and tear and no possibility of mechanical failure.
Electricaltransducer isalmost amust inthis modemworld.Apart fromthemerits describedabove, some
disadvantages do exist in electrical sensors.



DisadvantagesofElectricalTransducers

@Theelectricaltransducer issometimeslessreliablethan mechanicaltype because oftheageing and
drift of the active components.

@DAlso, thesensingelements and  theassociatedsignalprocessingcircuitryarecomparatively
expensive.

@Withtheuseofbettermaterials, improvedtechnologyand circuitry, therangeof accuracyand
stability have been increased for electrical transducers.

@Using negative feedback technique, theaccuracyofmeasurement and thestabilityofthesystem
areimproved, but allat theexpense ofincreasedcircuit complexity,more space, andobviously,
more cost.

Characteristicsof Transducer

1. Accuracy: Itisdefinedastheclosenesswithwhichthereadingapproachesanacceptedstandard value
or ideal value or true value, of the variable being measured.

2. Ruggedness:Thetransducershouldbemechanicallyrugged towithstandoverloads. Itshould have
overload protection.

3. Linearity:Theoutputofthetransducershouldbe linearlyproportionalto theinputquantityunder
measurement. It should have linear input - output characteristic. -

4. Repeatability: Theoutput ofthetransducer must be exactlythe same, under sameenvironmental
conditions, when the same quantityis applied at the input repeatedly.

5. High output: The transducer should give reasonably high output signal so that it can be easily
processedand measured. Theoutputmust be muchlarger thannoise.Now-a-days,digitaloutput is
preferred in many applications;

6. High Stability and Reliability: The output of the transducer should be highly stable and
reliable so that there will be minimum error in measurement. The output mustremain
unaffected byenvironmental conditions such as change in temperature, pressure, etc.

7. Sensitivity: The sensitivity of the electrical transducer is defined as the electrical output
obtained per unit change in the physical parameter of the input quantity. For example, for a
transducerusedfortemperaturemeasurement,sensitivitywillbeexpressed inmV/’C.Ahigh
sensitivity is always desirable for a given transducer.

8. DynamicRange:Foratransducer,theoperatingrangeshould bewide,so thatitcanbeused over a
wide range of measurement conditions.

9. Size: Thetransducershould havesmallest possiblesizeandshapewith minimal weight and
volume. This will make the measurement system very compact.

10. Speed of Response: It is the rapiditywith which the transducer responds to changes in the
measuredquantity. Thespeedofresponseofthetransducer shouldbeashighaspracticable.

4.2 TransducerSelectionFactors

1. Natureofmeasurement

2. Loadingeffect

3. Environmentalconsiderations
4. Measuringsystem

5. Cost&Availability



ResistanceTra

nsducers
Temperature

Sensors
Temperatureisone ofthefundamentalparametersindicatingthephysicalconditionof
matter,i.e. expressingitsdegreeothotnessor coldness. Wheneverabodyis heat’variouseffects are
observed. They include
» Changeinthephysicalorchemicalstate,(freezing,melting,boilingetc.)
* Changeinphysicaldimensions,
 Changesinelectricalproperties,mainlythechangeinresistance,
 Generationofanemfatthejunctionoftwodissimilarmetals.

One of these effects can be employed for temperature measurement purposes. Electrical
methods are the most convenient and accurate methods of temperature measurement. These
methods are based on change in resistance with temperature and generation of thermal e.m.f.
The change in resistance with temperature may be positive or negative. According to thatthere
are two types

*» ResistanceThermometers —Positivetemperaturecoetficient
* Thermistors—Negativetemperaturecoefficient

ConstructionofResistanceThermometers
@Thewireresistance thermometerusuallyconsistsofacoilwoundon a micaor
ceramic former, as shown in the Fig.
@Thecoiliswoundinbifilarformsoastomakeitno inductive.Suchcoilsare availablein
differentsizes and with differentresistance valuesrangingfrom 10 ohmsto 25,000 ohms.

Mica strip
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Advantages of Resistance Thermometers

. Themeasurementisaccurate.

. Indicators,recorderscanbedirectlyoperated.

. Thetemperaturesensor canbeeasilyinstalledandreplaced.

. Measurementofdifferentialtemperatureis possible.

. Resistancethermometerscanworkoverawiderangeoftemperature from
-20’Cto+650°C.

. Theyaresuitableforremoteindication.

. Theyaresmallerinsize

8. Theyhavestabilityoverlong periodsoftime.

DN AWM —

~N

Limitations ofResistance Thermometers



1. Abridgecircuitwithexternalpowersourceisnecessaryfortheiroperation.
2. Theyarecomparativelycostly.

Thermistors
@ Thermistor isacontractionofaterm‘thermal-resistors’.

@ Thermistorsaresemiconductordevicewhichbehaveasthermalresistorshavingnegative
temperature coefficient [ i.e. their resistance decreases as temperature increases.

@ThebelowFig. showsthis characteristic.
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Constructionof Thermistor
@Thermistors arecomposedofasintered mixtureofmetallicoxides, manganese,nickel, cobalt, copper,

iron, and uranium.
@Theirresistancesattemperaturemayrangefrom100to100k.
@Thermistorsareavailableinvarietyofshapes andsizes asshown intheFig.

Leads

Leads Glass coated | i )
7 /bt}ad G_ﬁ J__._L,A/‘ - Glass
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(a) Bead (b) Probe

Lead

e ()
= N I_'/

(c) Disc (c) Red
@Smallestinsizeare thebeads withadiameterof0.15 mmto 1.25 mm.
@Beadsmaybesealedin thetips ofsolid glass rodsto formprobes.
@Disksandwashersaremade bypressingthermistor materialunder highpressure into flat

cylindrical shapes.
@Washerscanbeplacedinseriesorinparalleltoincreasepowerdissipationrating.

@Thermistorsarewellsuited for precisiontemperaturemeasurement,temperature control, and
temperature compensation, because of their very large change in resistance with

temperature.
@DTheyarewidelyusedformeasurementsinthetemperaturerange-100

+100C

AdvantagesofThermistor
1. Smallsizeandlow cost.

Cto
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2. Comparativelylargechangeinresistance foragivenchangeintemperature
3. Fastresponseoveranarrowtemperaturerange.

Limitationsof Thermistor

1. Theresistanceversustemperaturecharacteristicishighlynon-linear.

2. Notsuitableovera widetemperaturerange.

3. Becauseothighresistance ofthermistor,shieldedcableshavetobeusedtominimizeinterference.
Applications of Thermistor

1. Thethermistorsrelativelylargeresistancechangeper degree change intemperature

[known as sensitivity] makes it useful as temperature transducer.

2. Thehighsensitivity,together withtherelativelyhighthermistorresistancethat

may be selected [e.g. 100k.], makes the thermistor ideal for remote measurement or control. Thermistor
control systems are inherently sensitive, stable, and fast acting, and they require relatively simple
circuitry.

3. Becausethermistorshaveanegativetemperaturecoefficientofresistance,
thermistorsarewidelyusedtocompensate fortheeffects oftemperatureon circuit performance.

4. Measurementofconductivity.

TemperatureTransducers

Theyarealsocalledthermo-electrictransducers. Two commonlyusedtemperature transducers
are

* ResistanceTemperatureDetectors

* Thermocouples.

Thermocouples
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(Fig)Basiccircuit
@ The thermocouple is one of the simplest and most commonlyused methods of measuring process
temperatures.

CapacitiveTransducers

Capacitivetransducersarecapacitorsthatchangetheir capacityunderthe
influenceoftheinputmagnitude,which can be linear or angular movement. The
capacityofaflatcapacitor,composedoftwo electrodeswithsizesa b,with

areaofoverlappings,located at a distanced fromeachother(in d << a/10 and d << b/10) is
defined by the formula
C=¢goes/d

where:  £,=8,854.10 12 F/misthedielectricpermittivityofvacuum;
€ -permittivityoftheareabetweentheelectrodes(foraire=1,0005);

S=a.b — overlappingcross-sectionalarea of the electrodes. The
capacitycanbeinfluenced bychangingtheairgapd, theactivearea of
overlappingoftheelectrodessandthe dielectricpropertiesof
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Differentialcapacitivetransducers

Applicationofcapacitivetransducers
Capacitivesensorshavefoundwideapplicationin automatedsystemsthat

requireprecisedeterminationof theplacementoftheobjects,processes in
microelectronics, assembly ~ of precise equipment associatedwith spindlesfor
highspeeddrillingmachines,ultrasonic weldingmachinesandinequipment for
vibrationmeasurement. They canbe usednotonly tomeasuredisplacements (large
andsmall),butalsotheleveloffluids,fuelbulkmaterials,humidityenvironment,
concentrationof substancesand others Capacitive sensors are often wused for
non-contact measurement ofthethicknessofvariousmaterials,suchassilicon wafers,brake
discs andplates  ofharddiscs. Amongthepossibilitiesofthe

capacitive  sensorsisthemeasurementofdensity,thicknessandlocationofdielectrics.

Inductive Transducers

An LVDT, or Linear Variable Differential Transformer, is a transducer that
converts a linear displacement or position from a mechanical reference (or zero) into a
proportional electrical signal containing phase (for direction) and amplitude information
(for distance).The LVDT operation does not require electrical contact between themoving
part (probe or core rod assembly) and the transformer, but rather relies on
electromagneticcoupling;this and the fact that theyoperate without anybuilt-in electronic
circuitryare the primaryreasons whyLVDTs have been widelyused in applicationswhere
long life and high reliability under severe environments are a required, such
Military/Aerospaceapplications.

The LVDT consists of a primary coil (of magnet wire) wound over the wholelength
of a non-ferromagnetic bore liner (or spool tube) or a cylindrical coil form. Two secondary
coils are wound on top of the primary coil for “long stroke” LVDTs (i.e. for actuator main
RAM) or each side of the primary coil for “Short stroke” LVDTs (i.e. for electro-hydraulic
servo-valve or EHSV). The two secondary windings are typically connected in “opposite
series” (or wound in opposite rotational directions). A ferromagnetic core, which length is
a fraction of the bore liner length, magnetically couplestheprimary tothesecondary
winding turns that are located above the length of the core.
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TheLVDT:constructionandprincipleof operation

When the primary coil is excited with a sine wave voltage (Vin), it generate a
variable magnetic field which, concentrated by the core, induces the secondaryvoltages
(also sine waves). While the secondary windings are designed so that the differential
output voltage (Va-Vb) is proportional to the core position from null, the phase angle
(close to 0 degree or close to 180 degrees depending of direction) determines the
direction awayfrom the mechanical zero. The zero is defined as the core position where
the phase angle of the (Va-Vb) differential output is 90 degrees.

The differential output between the two secondaryoutputs (Va-Vb) when the core
is at the mechanical zero (or “Null Position”) is called the Null Voltage; as the phase
angle at null position is 90 degrees, the Null Voltage is a “quadrature” voltage. This
residual voltage is due to the complex nature of the LVDT electrical model, which
includes the parasitic capacitances of the windings.
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Digital Transducers

Atransducermeasuresphysicalquantitiesandtransmitsthe  information  as
coded digital signals rather than as continuously varying currents or voltages. Any
transducer that presents information as discrete samples and that does not introduce a
quantization error when the reading is represented in the digital form may be classified as
a digital transducer. Mosttransducersusedindigitalsystemsare primarily analogueinnature
and incorporate some form of conversion toprovide the digitaloutput. Many special
techniques have been developed to avoid the necessity touse a conventional anal}(,)gue- to-
digital conversion technique to produce the digitalsignal. This article describes some of
the direct methods which are in current use of producing digital outputs from transducers.

Some of the techniques used in transducers which are particularly adaptable for use in
digital systems are introduced. The uses of encoder discs for absolute and incremental
position measurement and to provide measurement of angular speed are outlined. The
application of linear gratings for measurement of translational displacement is compared
with the use of Moire fringe techniques used for similar purposes. Synchro devices are
briefly explained and the various techniques used to produce a digital output from
synchro resolvers are described. Brief descriptions of devices which develop a digital
output from the natural frequency of vibration of some part of the transducer are
Eresented. Digital techniques including vortex flowmeters and instruments using laser
eams are also briefly dealt with. Some of them are as follows:

1. ShaftEncoders

2. DigitalResolvers
3. DigitalTachometers
4. HallEffectSensors
5. LimitSwitches
ShaftEncoders:

An encoder is a device that provides a coded reading of a measurement. A Shaft
encoders can be one of the encoder that provide digital output measurements of angular
position and velocity. This shaft encoders are excessively applicable in robotics,machine
tools, mirror positioning systems, rotating machinery controls (fluid and electric), etc.
Shaft encoders are basically of two types-Absolute and Incremental encoders.

An "absolute" encoder maintains position information when power is removed
fromthesystem.Thepositionofthe encoderisavailableimmediately onapplyingpower. The
relationship between the encoder value and the physical position of the controlled
machineryis set at assembly; the system does not need to return to a calibration point to
maintain position accuracy. An "incremental" encoder accurately records changes in
position,butdoesnotpowerupwithafixedrelationbetweenencoderstateand
physicalposition.Devicescontrolledbyincrementalencodersmay haveto"gohome"
toafixedreferencepointtoinitializethepositionmeasurement. Amulti-turn ~ absolute rotary
encoder includes additional code wheels and gears. A high-resolution wheel measures the
fractional rotation, and lower-resolutiongeared code wheels record the number of whole
revolutions of the shaft.

An absolute encoder has multiple code rings with various binary weightings
whichprovideadatawordrepresentingtheabsolutepositionoftheencoderwithinone



revolution. Thistypeofencoderisoftenreferredtoasaparallelabsolute encoder.

An incremental encoder works differently by providing an A and a B pulse output
that provide no usable count information in their own right. Rather, the counting is done
in the external electronics. The point where the counting begins depends on the counterin
the external electronics and not on the position of the encoder. To provide useful position
information, the encoder position must be referenced to the device to which it is attached,
generally using an index pulse. The distinguishing feature of the incremental encoder is
that it reports an incrementalchange in positionof the encoderto the counting electronics.
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PiezoelectricTransducers

Piezoelectric transducers produce an output voltage when a force is applied to them.
They are frequently used as ultrasonic receivers and also as displacement transducers,
particularly as part of devices measuring acceleration, force and pressure.In ultra- sonic
receivers,thesinusoidalamplitudevariationsintheultrasoundwavereceived are
translatedintosinusoidalchangesintheamplitudeoftheforceappliedtothe piezoelectrictransducer.
In a similar way, the translational movement in a displacement transducer is caused by
mechanical means to apply a force to the piezoelectric transducer. Piezoelectric transducers are
made from piezoelectric materials. These have an asymmetrical lattice of molecules that
distorts when a mechanical force is applied to it. This distortioncauses a reorientation of
electric charges within the material, resulting in a relative displacement of positive and
negative charges. The charge displacement induces surface
chargesonthematerialofoppositepolaritybetweenthetwosides.By implanting electrodes into the
surface ofthematerial, these surface charges can bemeasured as an output voltage.For a
rectangularblock of material,the inducedvoltage isgivenby:

) kFd
V =

A

Where F is the applied force in g, A is the area of the material in mm, dis the thickness of the
materialand k is the piezoelectricconstant.The polarityof the inducedvoltage dependson whether the
material is compressedor stretched.

Where Fis the applied force in g, A is the area of the material in mm, dis the thickness of the
materialand k is the piezoelectricconstant.The polarityof the inducedvoltage dependson whether the
material is compressedor stretched.

Materialsexhibitingpiezoelectricbehaviourincludenaturalonessuchasquartz, synthetic ones suchas
lithiumsulphate andferroelectricceramicssuchasbarium titanate. The piezoelectric constant varies
widely between different materials. Typical valuesofkare2.3forquartzand 140

forbariumtitanate. Applyingequation(13.1) foraforceoflgappliedtoacrystalofareal 00 mm?2

andpicknessl mmgivesan outputof23pVforquartzand1.4mVforbariumtitanate.

Thepiezoelectricprincipleisinvertible,andthereforedistortionina  piezoelectricmaterial can be
caused by applying avoltage to it. This is commonly used in ultrasonic transmitters, where
theapplicationofasinusoidalvoltageatafrequencyintheultra-soundrangecausesa
sinusoidalvariationinthethicknessofthematerialandresults inasoundwavebeingemitted
atthechosenfrequency.Thisisconsideredfurtherinthesectionbelowonultrasonic
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transducers.
Hall-effecttransducers

Basically,a Hall-effectsensor is a device that is used to measure the magnitudeof a magnetic field.
It consists of a conductor carrying a current that is aligned orthogonally with the magnetic field, as
shownin Figure 13.4.Thisproducesatransversevoltage differenceacrossthedevice
thatisdirectlyproportionaltothemagneticfield strength. Foranexcitationcurrent] and
magneticfieldstrengthB,theoutputvoltageisgiven byV DKIB,whereKisknownasthe Hall constant

Current |

-
—l Olutput
voltage V

Applied
magnetic
field B8

TheconductorinHall-effectsensorsisusuallymadefromasemiconductormaterialas opposed to a
metal, because a larger voltage output is produced for a magnetic field of a given
size.Inonecommonuseofthedeviceasaproximitysensor,themagnetictieldisprovided
byapermanentmagnetthatisbuiltintothedevice. Themagnitudeofthisfieldchanges
whenthedevicebecomesclosetoanyferrousmetalobjectorboundary. TheHallEffectis also commonly
used in keyboard pushbuttons, in which a magnet is attached underneath the
button. Whenthebuttonisdepressed,themagnetmovespastaHall-effectsensor. The induced voltage is
then converted by a trigger circuit into a digital output. Such pushbutton switches can operate at
high frequencies withoutcontactbounce.

SmartSensors

Asmartsensorisasensorwithlocalprocessingpowerthatenablesittoreact to
localconditionswithouthavingtoreferbacktoacentralcontroller.Smartsensors are usually at least
twice as accurate as non-smart devices, have reduced maintenance costs and require less wiring
to the site where they are used. In addition, long-term stability is improved, reducing the required
calibrationfrequency.

Thefunctionspossessedbysmartsensorsvarywidely,butconsistofatleastsome of the following:

Remote calibration capabilitySelf-diagnosis of faultsAutomatic calculation of
measurementaccuracyandcompensationforrandomerrorsAdjustmentformeasurement of non-
linearity’s to produce a linear output Compensation for the loading effect of the
measuringprocessonthemeasured system.



Calibrationcapability

Self-calibrationisverysimpleinsomecases.Sensorswithanelectricaloutputcan ~ use  a
known reference voltage level to carry out self-calibration. Also, load-cell types of sensor, which
are used in weighing systems, can adjust the output reading to zero when there is no
appliedmass.Inthecaseofothersensors,twomethodsofself-calibrationarepossible,use ofalook-
uptableandaninterpolation  technique.Unfortunately, a  /look-up  tablerequiresa  large
memorycapacityto store correctionpoints.Also,a large amountofdatahastobe gathered from the
sensor  during  calibration. In  consequence, the  interpolation  calibration
techniqueispreferable. Thisusesaninterpolationmethod to calculatethe correctionrequired to any
particular measurement and only requires a small matrix of calibration points (van der Horn,
1996).

Self-diagnosisoffaults

Smartsensorsperformself-diagnosisbymonitoringinternalsignalsforevidenceof
faults. Whilstitisdifficulttoachieveasensorthatcancarryoutself-diagnosisof all
possiblefaultsthatmightarise,itisoftenpossibletomakesimplechecksthatdetect many of the more
common faults. One example of self-diagnosis in a sensor is measuring the sheath capacitance
and resistance in insulated thermocouples to detect breakdown of the insulation. Usually, a
specific code is generated to indicate each type of possible fault (e.g. a failing of insulationin a
device).

One difficulty that often arises in self-diagnosis is in differentiating between normal
measurementdeviationsand sensor faults. Some smart sensors overcome this by storingmultiple
measured values around a set-point, calculating minimum and maximum expected values for the
measuredquantity.

Uncertainty techniques can be applied to measure the impact of a sensor fault on measurement
quality. Thismakesitpossibleincertaincircumstances tocontinueto use a sensorafter it has
developeda fault. A schemefor generatinga validity indexhas been proposedthat indicates the
validity and quality of a measurementfrom a sensor (Henry,1995).

Automaticcalculationofmeasurementaccuracyandcompensationfor random

errors
Manysmartsensorscancalculatemeasurementaccuracyon-linebycomputingthe

Meanoveranumberofmeasurementsandanalyzingallfactorsaffectingaccuracy. This averaging
process also serves to greatly reduce the magnitude of random measurement errors.

Adjustmentformeasurementnon-linearities

In the case of sensorsthat have a non-linearrelationshipbetweenthe measured quantity
andthesensoroutput,digitalprocessingcanconverttheoutputtoalinear form,
providingthatthenatureofthenon-linearityisknownsothatanequationdescribing it can  be
programmedinto the sensor.

Optical Transducer

Transducercavity:
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GeneralArchitectureofsmartsensor:

One can easily propose a general architecture of smart sensor from its definition,
functions. From the definition of smart sensor it seems that it is similar to a data
acquisition system, theonlydifferencebeingthe presenceofcompletesystem on asingle
silicon chip. In addition to this it has on—chip offset and temperature compensation. A
general architecture of smart sensor consists of following important components:

® Sensingelement/transductionelement, ®
Amplifier,

¢ Sample and hold,®

Analogmultiplexer,

® Analog to digital converter (ADC),

¢ Offsetandtemperaturecompensation, ®
Digital to analog converter (DAC),

® Memory,

e Serialcommunicationand



® Processor

Thegeneralized architectureofsmartsensor isshown below:

ITRANSDUCERL Al B/H1

[TRAMEDTCERZ

ITRANSDUCER3 B/H3

TRANSDUCERD B/Hn

AR

w
OFFSET rn
CORRECTION AND caupiE AED SERTAL
DRIFT HOLD CORTECL PROCESS0OR TCATTION
COMPENSETION
DAC

MEMEOEY

%

GENERAL ARCHITECTUERE OF SMART SENSOR

Architecture of smart sensor is shown. In the architecture shown A1, A2...An and
S/H1, S/H2...S/Hn are the amplifiers and sample and hold circuit corresponding to
different sensing element respectively. So as to get a digital form of an analog signal the
analog signal is periodically sampled (its instantaneous value is acquired by circuit), and
that constant value is held and is converted into a digital words. Any type of ADC must
containorproceededby, acircuitthatholdsthevoltageattheinputtotheADCconverter constant
during the entire conversion time. Conversion times vary widely, from nanoseconds (for
flash  ADCs) to  microseconds  (successive  approximation ADC) to
hundredsofmicroseconds(fordualslopeintegratorADCs). ADCstartsconversionwhen it
receives start of conversion signal (SOC) from the processor and after conversion is
overit givesendofconversionsignaltotheprocessor.Outputsofallthesampleandhold circuits
are multiplexed together so that we can use a single ADC, which will reduce the cost
ofthe chip. Offset compensation and correction comprisesof an ADC formeasuring a
reference voltage and otherfor the zero. Dedicating two channels of the multiplexer and
using only one ADC for whole system can avoid the addition of ADC for this. Thisis
helpful in offset correction and zero compensation of gain due to temperature drifts of
acquisition chain. In addition to this smart sensor also include internal memory so thatwe
can store the data and program required.
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ADCAND DACSPECIFICATIONS
Resolution:

TheresolutionofaD A CisthesmallestchangeintheoutputoftheD ACforanychange
indigitalinput.i.e.ifainputtoDACchangesonebit,howmuchanalogoutputhaschangedin full scale
deflection.

%resolution =[Step size/ Full scaleoutput (FSO)]* 100

In other way the resolution is the number of states into which the full scale output is
divided.i.eifa8 bitDACcan resolve the FSOupto255levels.Eachlevelofoutputis called step size
and for higher number of bits the resolution will be better.

%resolution =[1/(2Y-1)*100]
Normallytheresolution will bein milli volts.
Accuracy

TheAccuracyofaDACisthedifferencebetweenoutputpracticalanalogoutputtothe  ideal
expected output for a given digital input. The DAC is contains electronic components where
the gain plays a major role which can introduce gain error in the output. Due to the the
fullscaleoutputmaydiffercomparedtoidealone.ForanexampleifaDACof10Vissaidto have an
accuracy of 0.01% there will be 10mv output deviation. The another factor which implicates
the accuracy is the zero offset error i.e for a zero input the output of DAC reflects some offset
value.

ConversionSpeed

The conversion speed of the DAC is output analog value settling time period for a
changeinthedigitalinput. ThisisalsocalledsettlingtimeperiodofDAC.Normallyitwillbe micro
seconds and in some advanced micro controller DAC it may be nano seconds.

Monotonicity
The Digital to Analog Converter is said to be monotonic if its analog value is
eitherincreasing or equal to previous value for an LSB change in input digital signal.

Offset/Zeroscaleerror:

AninputcodeofzeromaybeexpectedtogiveOVoutput. Asmalloffsetmaybepresent and the
transfer characteristic does not pass through the origin.

Linearity:

The input-output characteristic of a D/A converter. zero offset and gain develop in the
characteristic which passes through the origin and full scale points. But it is not sure that the
intermediatepointswillalwayslieinthestraightline. Averysmallerrorintheweightingfactor for a
fraction LSB will cause non-linearity. Linearity can be expressed by deviation from the ideal
line as a percentage or fraction of LSB. It is specified as +L.SB or +1/2 LSB.
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Fig.1:Linearity errorfora3-bit ADC
Settlingtime:

This is usually expressed as the time taken to settle within half LSB. Generally settling time
will be 500ns.

Stability:

The ability of a DAC to produce a stable output all the time is called as Stability. The
performance
ofaconverterchangeswithdriftintemperature,agingandpowersupplyvariations.Soallthe
parameters such as offset, gain, linearity error & monotonicity may change from the values
specified in the datasheet. Temperature sensitivity defines the stability of a D/A converter.

Quantizationerror

Quantization is representing the sampled values of the amplitude by a finite set of
levels, which means converting a continuous-amplitude sample into a discrete-time signal.

Foranysystem, duringits functioning, thereis always adifferencein thevaluesofits input
and output. The processing of the system results in an error, which is the difference of those
values.

Thedifferencebetweenaninputvalueanditsquantizedvalueiscalleda Quantization Error.
A Quantizer is a logarithmic function that performs Quantization (rounding off the value).

An analog-to-digital converter (ADC) works as a quantizer.

The following figure illustrates an example for a quantization error, indicating the

difference between the original signal and the quantized signal.
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Fig.2Quantization error.
5.2.TYPESOFADC
FLASHTYPEADC:

This is the simplest possible A/D converter. It is at the same time, the fastest and most
expensive technique. Figure shows a 3 bit A/D converter. The circuit consists of a resistive
dividernetwork,8op-ampcomparatorsanda8-1ineto3-1ineencoder(3-bitpriorityencoder).  The
Comparator and its truth table are shown in Figure below

Voitage input Logic output X
v
> ¥ X=1 e * X
¥, < ¥ X=0 v
W= ¥ Previous value ¢ © g

Fig.3Acomparatoranditstruthtable
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Fig.4 Flash type A-D converter
Tablel:TruthtableforFlashtypeADC

Input voltage v, Xy X X X X X X NG oK
0to K8 0o 0 0 0 0 0 0 1|0 0 O
K/8 to K4 0o 0 0 0 0 0 1 1{0 0 1
/4 to 3 K8 o 0 0 0 0 t 1 1}j0 1 0
3 K/8 to K2 0o 0 0 0 1 1 1 1|0 1 1
K2 to5 KB o 0 0 1t 1t 1 1t 1|1 0o o
5 KB to 3 4 o 0 1 1 1 1 1 1|1 0 1
3 Kato7 KB o 1 1 1 1t 1 1 1|1 1 o
7 KB to K 1 1 1 1 1 1 1 1)1 1 1

A small amount of hysteresis is built into the comparator to resolve any problems that might
occuritbothinputswereofequalvoltageasshowninthetruthtable.FromtheFigure,ateach node of
the resistive divider, a comparison voltage is available. Since all the resistors are of
equalvalue,thevoltagelevelsavailableatthenodesareequallydividedbetweenthereference voltage
Vrand the ground. The purpose of the circuit is to compare the analog input voltage V  with
each of the node voltages. The truth table for the flash type A/D converter is shown above.



Advantagesof flashtypeA/D converter

v Highspeedsimultaneousconversion

v’ Typicalconversiontime is100 nsor less.
DisadvantagesofflashtypeA/Dconverter

v" Thenumberof comparatorsrequiredalmostdoublesforeachaddedbit.

v" Largerthevalueof n (numberof bits), themorecomplexisthe priorityencoder.

COUNTERTYPE ADC

Thecountertype ADCisthebasicformofADCwhichisalsocalledasramptype ADC or stair
case approximation ADC. This circuit consists of N-bit counter, DAC and

[
+ CLEAR
CLK
MN-Bit Counter
v LOAD
| Ll
—— | STORAGE REGISTOR
DAC
Input Woltage
comparator Vin
Fig.5CountertypeADC

The N bit counter generates an n bit digital output which is applied as an input to the
DAC. The analog output corresponding to the digital input from DAC is compared with the
inputanalogvoltageusinganop-ampcomparator. Theop-ampcomparesthetwovoltagesand if the
generated DAC voltage is less, it generates a high pulse to the N-bit counter as a clock
pulsetoincrementthecounter. ThesameprocesswillberepeateduntiltheDA Coutputequals to the
input analog voltage.

If the DAC output voltage is equal to the input analog voltage, then it generates low
clock pulse and it also generates a clear signal to the counter and load signal to the storage
resistor to store the corresponding digital bits. These digital values are closely matched with
the input analog values with small quantization error. For every sampling interval the DAC
output follows a ramp fashion so that it is called as Digital ramp type ADC. And this ramp
lookslikestaircasesforeverysamplingtimesothatitisalsocalledasstaircaseapproximation type
ADC.
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Conversion time of ADC is the time taken by the ADC to convert the input sampled analog
valuetodigitalvalue.Herethe ~maximumconversionothighinputvoltage foraNbitADCis the
clock pulses required to the counter to count its maximum count value. So

ThemaximumconversionofCountertype ADCis=(2"-1)T
Where, T is the time period of clock pulse.

IfN=2bit thentheT1ax=3T.

ByobservingtheaboveconversiontimeofCountertype ADCitisillustratedthatthesampling period
of Counter type ADC should be as shown below.

Ts>=2N-1)T
Advantagesof CountertypeADC:
=  Simpletounderstandand operate.
= Cost is less becauseofless complexityindesign.

Disadvantagesorlimitations ofCountertype of ADC:

» Speedis lessbecauseeverytimethecounterhas tostart fromZERO.

» There may be clash or aliasing effect if the next input is sampled before completion of
one operation.

SUCCESSIVEAPPROXIMATIONTYPE ADC

» ASuccessiveApproximationRegister(SAR)isaddedtothecircuit

» Instead of counting up in binary sequence, this register counts by trying all values of
bits starting with the MSB and finishing at the LSB.

» Theregistermonitorsthecomparatorsoutputtoseeifthebinarycountisgreaterorless than
the analog signal input and adjusts the bits accordingly
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Fig.7Successive ApproximationADCCircuit

Elements:

>

YV V ¥V V V V

DAC=Digital toAnalog Converter
EOC=End ofConversion
SAR=SuccessiveApproximationRegister
S/H=Sampleand Hold Circuit

Vin=Input Voltage

Comparator

Vier=Reference Voltage

Algorithm

>

YV VvV V VYV V V

Usesann-bitDAC andoriginalanalogresults
PerformsabinarycomparisonofVpacand Vin

MSBis initializedat 1forDAC
[fVin<Vpac(Vrer/2”n=1)thenMSBisresetto(
[fVin>Vpac(Vrer/2”n)SuccessiveBitssetto 1 otherwise0
Algorithmisrepeatedup toLSB

Atend DACin =ADC out



» N-bitconversionrequiresNcomparisoncycles

Examplel:

5-bitADC,Vin=0.6V, V=1V Cycle

1 => MSB=1

SAR=10000

Vpac=Vies2''=5 Vi>Vbac  SARunchanged =1 000 0
= (Cycle2

SAR=11000

Vpac=.5+.25=.75 Vin<Vpac SARDit3 reset to0 =100 0 0
= Cycle3

SAR=10100

Vpac=.5 +.125=.625 Vin<Vbac SARDit2 reset to0 =10 0 0 0
= Cycle4

SAR=10010

Vpac=.5+.0625=.5625 Vir>Vpac SARunchanged =1 001 0
= Cycle5

SAR=10011

Vpac=.5+.0625+.03125=.59375

Table2:Inputvs Voltage

Bit 4 13 2 1 0

Voltage S| .25 125 .0625 03125

Advantages
» Capableothighspeedand reliable

MediumaccuracycomparedtootherADCtypes
Goodtradeoffbetweenspeedandcost

Capableofoutputthe binarynumberin serial (onebit at a time) format.

YV VWV VYV V

Highresolution



» Noprecisionexternalcomponentsneeded

Disadvantages

» HigherresolutionsuccessiveapproximationADC’swillbeslower
» Speed limited.

DUALSLOPEADC

> Anunknowninputvoltageisappliedtotheinputoftheintegratorandallowedtoramp for a
fixed time period (tu)

» Then,aknownreferencevoltageofoppositepolarityisappliedtotheintegratorandis allowed
to ramp until the integrator output returns to zero (tq)

» Theinput voltage is computedas afunction ofthe referencevoltage, theconstant run- up
time period, and the measured run-down time period.

» The run-down time measurement is usually made in units of the converter's clock, so
longer integration times allow for higher resolutions.

» Thespeed of theconverter can beimproved bysacrificing resolution

LK
I l—e cir  Counter

(n bis)

V.o _ d
in __Vref t_

Control Logic

I—CLK Output Buffer
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Fig.8Dual SlopeADC
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Table 3:Comparison
Type Speed (relative) Cost(relative)
Dual Slope Slow Med
Flash VeryFast High
Successive Appox Medium- Fast Low
Sigma-Delta Slow Low

INTRODUCTIONTODELTA-SIGMA

A Delta Sigma (SD-ADC) has a modulator and a digital filter (also known as
decimationfilter)asshowninfigurebelow.Amodulatorconvertstheinputanalogsignalinto
digitalbitstreams(1sand0s).Onecanobserveabit,either] ’blor1’bOcomingateveryclock edge

of the modulator.
Thedecimation filter receivestheinput bit streams and, dependingon the oversampling ratio
(OSR)value,itgivesoneN-bitdigitaloutputperOSRclockedge.Forexample,ifweconsider
OSRtobe64, thenthe FiltergivesoneN-bitoutputfor every64 clock edges(64 data outputs of the
modulator). Here N is the resolution of the SD ADC.
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Fig.10DeltaSigmaADC

In a conventional ADC, an analog signal is integrated, or sampled, with a sampling
frequency and subsequently quantized in a multi-level quantizer into a digital signal. This
process introduces quantization errornoise.Thefirst stepin adelta-sigma modulation is delta
modulation. In deltamodulation thechangein the signal (its delta)is encoded, ratherthan the
absolute value. The result is a stream of pulses, as opposed to a stream of numbers as is the
case with PCM. In delta-sigma modulation, the accuracy of the modulation is improved by
passing the digital output through a 1-bit DAC and adding (sigma) the resulting analog signal
to the input signal, thereby reducing the error introduced by the delta-modulation. Primarily
because of its cost efficiency and reduced circuit complexity, this technique has found
increasing use in modern electronic components such as DACs, ADCs, frequency
synthesizers,switched-modepowersuppliesandmotorcontrollers.BothADCsandDACscan
employdelta-sigmamodulation. Adelta-sigmaADCfirstencodesananalogsignalusinghigh-
frequencydelta-sigma modulation, and then applies a digital filter to form a higher-resolution
but lower sample-frequency digital output. On the other hand, a delta-sigma DAC encodes a
high-resolutiondigitalinputsignalintoalower-resolutionbuthighersample-frequencysignal  that
is mapped to voltages, and then smoothed with an analog filter. In both cases, the temporary
use of a lower-resolution signal simplifies circuit design and improves efficiency.

In brief, because it is very easy to regenerate pulses at the receiver into the ideal form
transmitted. The only part of the transmitted waveform required at the receiver is the time at
which the pulse occurred. Given the timing information the transmitted waveform can be
reconstructed electronically with great precision. In contrast, without conversion to a pulse
streambutsimplytransmittingtheanalogsignaldirectly,allnoiseinthesystemisaddedtothe analog
signal, permanently reducing its quality. Each pulse is made up of a step up followed
afterashort interval bya stepdown. It is possible,even in thepresenceofelectronicnoise,to
recoverthetimingofthesesteps and from that regeneratethetransmitted pulsestream almost
noiselessly. Thentheaccuracyofthetransmissionprocessreducestotheaccuracywithwhich the
transmitted pulse stream represents the input waveform.



Delta-sigma modulation converts the analog voltage into a pulse frequency and is
alternatively known as Pulse Density modulation or Pulse Frequency modulation. In general,
frequencymayvarysmoothlyininfinitesimalsteps,asmayvoltage, andbothmayserveasan
analogofaninfinitesimallyvaryingphysicalvariablesuchasacousticpressure,lightintensity,
etc. Thesubstitutionoffrequencyforvoltageisthusentirelynaturalandcarriesinitstrainthe
transmissionadvantagesofapulsestream. Thedifferentnamesforthemodulationmethodare the
result of pulse frequency modulation by different electronic implementations, which all
produce similar transmitted waveforms.

The ADC converts the mean of an analog voltage into the mean of an analog pulse
frequency and counts the pulses in a known interval so that the pulse count divided by the
intervalgivesanaccuratedigitalrepresentationofthemeananalogvoltageduringtheinterval.
Thisintervalcanbechosentogiveanydesiredresolutionoraccuracy.The methodischeaply
produced by modern methods; and it is widely used.

5.3.TYPESOFDAC
+T Vy T...
o . (MsB) I
LI« SO o+
[ —
Bi \Y
w::gwo dn-i v SR — — DAC 5 _o
d" (LSB)
Figl1:DAC

The input in the digital to analog converter is an n-bit binary word D and is combined with a
reference voltage V .to give an analog output signal. The output of a DAC can be either a
voltage or current. For a voltage output DAC, the D/A converter is mathematically described
as

V,=K Vg (d,2 '+ d,22+...+d2™

Where,

V ,=outputvoltage
V rs=fullscaleoutputvoltage
K=scalingfactor usuallyadjusted to unity

d.d,....... d ,=n-bitbinaryfractionalwordwiththedecimalpointlocatedattheleft
d=mostsignificantbit(MSB)withaweightofV gg/2

d ,=mostsignificantbit(MSB)withaweightof V /2" There
are various ways of implementing DAC

e Weighted-Resistor DAC



e 2RladderDAC
e PWMtypeDAC

WEIGHTEDRESISTORDAC

OneofthesimplestcircuitsisshowninFigureusesasummingamplifierwithabinary
weighted resistor network. It has n- electronic switchesd: d....... d,controlled by binary
input word. These switches are single pole double throw (SPDT) type. If the binaryinput to a
particularswitchis1,itconnectstheresistancetothereferencevoltage(-V r).Andiftheinput
bitis0,theswitchconnectstheresistortotheground. FromFigure(a)theoutputcurrent I ,for an ideal
op-amp can be written as

L=L+L+...+1
= J:.E.dl +_Vﬂ_d2 +___+_IVB_dn
2R 2R 2"R

- %{dl 2 v 224 .. .+d,27°")

Theoutput voltage

V, = LR, = Lfg%{dlz-l + 22 4.+ d,2")
e
Comparingequation(1)with(2)itcanbeseenthatif R ;=RthenK=landV gs=V p.

The circuit shown in Figure uses a negative reference voltage. The analog output
voltageisthereforepositivestaircase asshowninFigurefora3-bitweightedresistorDAC. It may be
noted that

v' Althoughtheop-ampinFigureisconnectedininvertingmode,itcanalsobeconnected in
non-inverting mode.

v" Theop-amp is simplyworkingasacurrent to voltageconverter.

v’ Thepolarityofthereferencevoltageischoseninaccordancewiththetypeoftheswitch  used.
For example, for TTL compatible switches, the reference voltage should be =5 V and
the output will be negative.

TheaccuracyandstabilityofaDACdependsupontheaccuracyoftheresistorsandthe
tracking of each other with temperature. There are however a number of problems associated
with this type of DAC. One of the disadvantages of binary weighted type DAC is the wide
rangeofresistorvaluesrequired.ltmaybeobservedthatforbetterresolution,theinputbinary ~ word
length has to be increased. Thus, as the number of bit increases, the range of resistance value
increases. For 8-bit DAC, the resistors required are 2°R, 2'R, 2°R... 2"R. the largest resistor
is 128 times the smallest one for only 8-bit DAC. For a 12-bit DAC, the largest resistance
required is 5.12 MQ if the smallest is 2.5 kQ. The fabrication of such a large resistance is IC
is not practical. Also the voltage drop across such a large resistor due to the
biascurrentwouldalsoaffecttheaccuracy. Thechoiceofsmallestresistorvalueas2.5kQis



reasonable;otherwiseloadingeffectwillbethere. Thedifficultyofachievingandmaintaining
accurate ratios over such a wide range especially in monolithic form restricts the use of

weighted resistor DACs to below 8-bits.
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Fig.12(a)Asimple weightedresistorDAC(b)Transfercharacteristics ofa3-bit DAC

R-2RLADDERDAC

WiderangeofresistorsarerequiredinbinaryweightedresistortypeDAC.Thiscanbe
avoided byusing R-2R ladder type DAC where onlytwo values of resistors are required. It is
wellsuitedforintegratedcircuitrealization. Thetypicalvalueofresistorrangesfrom2.5kQto 10k€Q.

Forsimplicity,considera3-bitDACasshowninFigure,wheretheswitchposition
d: d; dscorresponds to the binary word 100. The circuit can be simplified to the equivalent
formofFigure(b)andfinallytoFigure(c).then,voltageatnodeCcanbeeasilycalculatedby the set
procedure of network analysis as



e 0 P Y
2 4
2R+=—
"3

Fig.13(a)R-2RladderDAC(b)Equivalentcircuitof(a),(c)Equivalentcircuitof (b)

Theoutput voltage

The switch position corresponding to the binary word 001 in 3 bit DAC is shown in
Figure (a). The circuit can be simplified to the equivalent form of Fig(b). The voltages at the
nodes (A,B,C) formed by resistor branches are easily calculated in a similar fashion and the
output voltage becomes
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Fig.14(a)R-2Rladder DACforswitchpositons001(b)Equivalent circuit

In a similar fashion, the output voltage for R-2R ladder type DAC corresponding to
other 3-bit binary words can be calculated.

PWMTYPEDAC

ThePWMsignaloutputsonadevicearevariabledutycyclesquare-waveswith3.3volt
amplitude. These signals can each be decomposed into a D.C. component plus a new square-
wave of identical duty-cycle but with a time-average amplitude of zero. Figure below depicts
this graphically.

[/ [R——

| LT

Original PWM signal D.C. Component Zero average square wave

Fig.15DecompositionofPWM signal

The idea behind realizing digital-to-analog (D/A) output from a PWM signal is to
analog low-pass filter the PWM output to remove most of the high frequency components,
ideallyleavingonlythe D.C. component. This is depicted in Figure below. Thebandwidth of
thelow-passfilterwillessentiallydeterminethebandwidthofthedigital-to-analogconverter. A
frequency analysis of the PWM signal is given in the next section in order to provide a
theoretical basis for the filtering strategy.



Analog
Filter

t t
Original PWM Signal Desired Analog Output

Fig.16 Analogfilteringof PWM signal

The PWM/DAC approach is not new, but performance limitations have historically
confineditsusetolow-resolution,low-bandwidthapplications. Theperformanceofthemethod
relates directly to the ability of the low-pass filter to remove the high-frequency components
ofthePWMsignal.Useafilterwithtoolowacut-offfrequency,andDACbandwidthsuffers. Use a
filter with too high a cut-off frequency or with slow stop-band roll-off, and DAC
resolutionsuffers,butonewaytoalleviatebothoftheseproblemsistoincreasethefrequency of the
PWM. However, as PWM frequency increases on conventional microprocessor generated
PWM, digital resolution problems begin to manifest.

ADC/DACPROBLEMS

1)
The basic step of a 9-bit DAC is 10.3 mV. If 000000000 represents 0 V,

what output is produced if the input is 1011011117

Solution _
The output voltage for input 101101111 1s
=1{J.3mV(1¥’23+0x2"'+1x25+1x25+0x2¢+1)(234_1
x22+1%x2 +1x2%
= 10.3 mV (367)
=378V

2
}Ca]culate the values of the LSB, MSB and full scale output for an
8-bit DAC for the 0 to 10V range.

Solution
1 1
ISB= —=—
28 256
For 10 V range, LSB = 10¥ =39mV
256
and MSB = (%] full scale =5V

Full scale output = (Full scale voltage — 1 LSB)
10V -0039V=9961V



5.4CRT Display

The device which allows, the amplitudeof such signals, to be displayed primarilyas a function of time, is
called cathode ray oscilloscope. The cathode ray tube (CRT) is the heart of the C.R.O. The CRT generates the
electron beam, accelerates the beam, deflects the beam and also has a screen where beam becomes visible as a
spot. The main parts of the CRT are

1) Electrongun
1) Deflectionsystem
ii1)  Fluorescent screen

iv) Glasstube or envelope
v) Base
Beam deflection
| I Phosphor
vgid 2Ky V screen
g o o 0"
Preaccelerating |+400 10kV ._|

anode V

Base\ \

Visible
o ‘
= \HH]] [H light
== = LN .- Electron_____ > EMission
— ‘ Bright
| | spot

. Calhode Focus | =
Pins for anode Vertical

external - Horizontal
. Control deflection \
connection { grid IAcceIerating plates deflection
anode plates
Electron gun

producing electron beam



Electrongun

@ Theelectrongunsectionofthecathoderaytubeprovidesasharplyfocused,electronbeamdirected towards the
fluorescent-coated screen.

OThissectionstartsfrom thermallyheatedcathode,emittingtheelectrons. @The

control grid is given negative potential with respect to cathode.

This grid controlsthenumberofelectronsintbeam,goingto thescreen.

OThe momentum of the electrons (their number x their speed) determines the intensity, or brightness, of
the light emitted from the fluorescent screen due to the electron bombardment.

@Thelight emittedisusuallyofthegreencolour.

DeflectionSystem

@When the electron beam isacceleratedit passes through the deflection system,with which beam can be
positioned anywhere on the screen.

Fluorescent Screen

OThe light produced by the screen does not disappear immediately when bombardment byelectrons
ceases, i.e., when the signal becomes zero.

OThe timeperiodforwhichthetraceremainsonthescreenafterthesignalbecomeszero isknownas
“persistenceorfluorescence”.

OThepersistencemaybeasshortasafewmicrosecond,oraslong astensofsecondsor even minutes.

OMediumpersistencetracesaremostlyusedforgeneral purposeapplications.
OLongpersistencetracesare usedinthestudyoftransients.

OLong persistence helpsin the study of transientssince the trace is still seen on the screen
after the transient has disappeared.

GlassTube

@ AllthecomponentsofaCRTare enclosedin anevacuatedglasstubecalledenvelope.
@ Thisallowstheemittedelectronstomoveaboutfreelyfromoneendofthetubetothe other end.



Base

OThebaseis provided totheCRTthrough whichtheconnectionsaremadeto the various

parts.

DigitalStorageOscilloscope

BlockDiagram

Theblockdiagram of digital storageoscilloscopeisshownintheFig.
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© Theinput signalisappliedto theamplifier and attenuatorsection.
@Theoscilloscopeusessametypeofamplifierandattenuatorcircuitryasusedinthe conventional

oscilloscopes.

(OTheattenuatedsignalisthen appliedtotheverticalamplifier.
OTo digitizetheanalogsignal, analogto digital (A/D) converteris used.
OTheoutputofthevertical amplifierisappliedtothe A/D converter

section.

The successiveapproximationtypeof A/D converterismostoftenlyusedin thedigitalstorage

oscilloscopes.

O Thesamplingrate and memorysizeareselecteddependingupon theduration&the waveform to be

recorded.

@0Oncetheinputsignalis sampled,theA/D converter digitizesit. @The
signal is then captured in the memory.



0nceitisstoredinthememory,manymanipulationsarepossibleasmemorycanbe readout without
being erased.

Thedigitalstorageoscilloscopehasthree modes:

1. Rollmode
2. Storemode
3. Holdorsavemode.

Advantages
1) Itiseasier to operate and has morecapability. i1)Thestoragetimeis
infinite.
ii1) Thedisplayflexibilityisavailable. Thenumberoftracesthatcanbestoredandrecalled depends on the
size of the memory.
1v) Thecursormeasurementispossible.
v) The characters can be displayed on screen along with the waveform which can indicate
waveform information such as minimum, maximum, frequency, amplitude etc.
vi) TheX-Yplots,B-Hcurve,P-V diagramscanbe displayed.
vii) Thepretriggerviewingfeatureallowstodisplaythewaveformbeforetriggerpulse.
viii) Keepingthe recordsispossible bytransmittingthedata tocomputer system where thefurther
processing is possible
ix) Signalprocessingispossiblewhichincludestranslatingtherawdataintofinishedinformation
e.g. computingparametersofacapturedsignallike r.m.s.value,energystoredetc.

5.5DATA LOGGER

Definition
Dataloggerisanelectronicdevicethatrecordsdataovertimeorinrelationtolocationeitherwitha built in
instrument or sensor.
Components
(@Pulse inputs
Countscircuitclosing O
Control ports
Digitalinandout
Mostcommonlyusedtoturnthingsonandoff Can
be programmed as a digital input
@Excitation outputs

Though they can be deployed while connected to a host PC over an Ethernet or
serial port a data logger is more typically deployed as standalone devices. The term data logger (also
sometimes referred to as a data recorder) is commonly used to describe a self-contained, standalone
data acquisition system or device. These products are comprised of a number of analog and digital
inputs that are monitored, and the results or conditions of these inputs is then stored on some type of
local memory (e.g. SD Card, Hard Drive).



Examples

Examplesof wherethese devicesareused abound. Afew oftheseexamplesareshown below:

O monitoringtemperature, pressure, strain and other physical phenomena in aircraft flight tests (even
including logging info from Arinc 429 or other serial communications buses)

(Monitoringtemperature,pressure,strainandotherphysicalphenomenainautomotiveandin-vehicle  tests
including monitoring traffic and data transmitted on the vehicles CAN bus.

@ Environmental monitoring for quality control in food processing, food storage, pharmaceutical
manufacturing, and even monitoring the environment during various stages of contract assembly or
semiconductor fabrication

O Monitoring stress and strain in large mechanical structures such as bridges, steel framed
buildings,towers, launch pads etc.

@Monitoringenvironmentalparametersintemperatureandenvironmentalchambersandtestfacilities. @ A
data logger is a self-contained unit that does not require a host to operate.

Oltcanbeinstalledinalmostanylocation,andlefttooperateunattended.

(IThis datacan beimmediatelyanalyzedfortrends, orstored forhistorical archive purposes.

ODataloggerscanalsomonitorforalarmconditions,whilerecordingaminimumnumberofsamples, for
economy.

Olftherecordingisof asteady-statenature,withoutrapidchanges,theusermaygothroughrollsof paper,
without seeing a single change in the input.

OAdataloggercan recordatverylongintervals,savingpaper,andcannote whenan alarmcondition is
occurring. When this happens, the event will be recorded and anyoutputs will be activated,
even if the event occurs in between sample times.

O Arecordofallsignificantconditionsandeventsis generatedusingaminimumofrecording hardcopy
OThedifferencesbetweenvariousdataloggersarebased onthewaythat dataisrecordedandstored. @ The
basic difference between the two data logger types is that one type allows the data to be stored in a

memory, to be retrieved at a later time, while the other type automatically records the data
onpaper,for immediateviewingand analysis.

@OManydataloggerscombinethesetwofunctions,usuallyunequally,withtheemphasison eitherthe ability to
transfer the data or to provide a printout of it

Advantages



@ A data logger is an attractive alternative to either a recorder or data acquisition system in many
applications. Whencomparedtoarecorder,dataloggershavetheabilitytoacceptagreaternumber of input
channels, with better resolution and accuracy.

OAlso,dataloggersusuallyhavesomeformofon-boardintelligence,whichprovidestheuserwith diverse
capabilities.

@ For example, raw data can be analyzed to give flow rates, differential temperatures, and other
interpreteddatathatotherwisewouldrequiremanualanalysisbytheoperatortheoperatorhasa
permanent recording on paper,

ONootherexternal orperipheralequipmentisrequiredforoperation, and

OManydataloggersofthis typealsohavetheabilitytorecorddatatrends,inadditiontosimple digital data
recording
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