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PART-B UNIT-5:
M easurements and measur ement systems:
» Definition, significance of measurement, generalized measurement system
» Definitions and concept of accuracy, precision, calibration, threshold, sensitivity,
hysteresis, repeatability, linearity, loading effect, system response-time delay. \
» Errorsin measurement, classification of errors.
»  Transducers, transfer efficiency, primary and secondary transducers, electrical,
mechanical, el ectronic transducers, advantages of each type transducers.

PART-B UNIT-6:

I nter mediate modifying and ter minating devices: Mechanical systems, inherent problems,
electrical intermediate modifying devices, input circuitry, ballast circuit, electronic amplifiers
and telemetry.

Terminating devices, mechanical, cathode ray oscilloscope, oscillographs, X-Y plotters.

L earning outcomes
At the end of unit 5 onewill be ableto understand;
* Theimportance of measurement/ Definitions
» Thevarious types of measurement
» Difference between primary, secondary and tertiary measurements
e Error analysis
M echanical M easurements
Measurement has become a natural part of our everyday life.
We require measurement for measuring lengths,temperature, force,etc.
M easurements means determination of anything that exists in some amount.
Measurement of any quantity is essential in order to control it. For ex, one must be able
to measure a variable such as ‘temperature’ or ‘flow’ in order to control it.
» Theaccuracy of control is dependent on the accuracy of measurement
» Hence, good knowledge of measurement is essential for design of systems.

Definition of measur ement:

Measurement is defined as the process of obtaining a quantitative comparison between a
predefined standard & an unknown magnitude.

Example-consider the measurement of length of bar.

We make use of ascale/sted ruler(i.e a standard)

Definition of Standard

Standard is avalue of some quantity which is setup and established by authority as arule for
measurement of a quantity.
The system of measurement must be related to a known standard or else the standard has no
meaning.

* Any system may be represented by a simple block diagram.
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» Simple diagrams of rectangles and circles connected by lines with indicators of input and
output directions.

» Showsthe essential elements of a system.

» Functional arrangements + functions of each element.

Standard
Linknown Frocess of Result
magnitude *| Comparison >
(Measurement)

Length of the bar-unknown quantity (measure and)
Compare
Scale-pre-defined standard

i.e. compare the unknown length of the bar with a known length/pre-defined standard.
We say that the bar measures so many mms, cms or inches in length.Definition-measurement is
an act of quantitative comparison between an unknown magnitude and pre-defined standard.

Basic Requirements of Measuring System

Two main requirements must be met in the act of measurement. They are;
* The standard used for comparison must be accurately defined and commonly accepted.
* The procedure employed for the measurement & the apparatus used for comparison must
be provable.

Significance of M easur ements

1. Werequire measuring quantities for performance in our day to day activities.
2. Fundamental requirement of any process is the measurement. Example-

Input —*_— Output

i.e. input is fed to the system it undergoes a process output is indicated.
I.e. output is compared with input-measurement.
Quantities pertaining to operation & performance of the device being devel oped.
Measurement provides the fundamental basis for research & development as it
involves measurement of various quantities and parameters.
Also, afundamental element of any control process, which requires the measured
discrepancy between the actual & desired performances.

» Measurement is also considered as a method of inspection

* Measurement technology combined with computer integrated manufacturing and

database management systems provide information based process control
* |.e. to prevent the occurrence of more number of defects
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8) To ensure proper performance in operations of modern power stations to monitor
temperature, pressure, vibration amplitudes etc.

9) Establish the cost of products on the basis of amount of material, power, time & labor,
etc.

10) Place/giveredistic tolerance for each of the measured values.

To establish the validity of design

Design of manufactured goods

Design of machinery to perform manufacturing operations

Design of power sources

Design of roads, waterways and other system.

To study the operation features, limitation and difficulties that are inherent in the
systems.

For proper maintenance of the equipment.

To determine the system response(Reply of the systems to given input)

For correct recording of the output data(weather forecasting, experimental values,
interpretation etc.)

agrwbdE
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Other applications of measurements

Broaden the engineering knowledge by application of theory.

Learn to verify atheoretica model or to verify/modify it by conducting experiments.
Develop ability to apply some basic principle in avariety of engineering studies-
interdisciplinary approach.

1. Application of theory

2. Techniques of experimentation

* Become acquainted with avail able experimentation.

* Learn tointerpret experimental data.

» Develop competence in sampling data.

3. Communication and reporting

* Learnto organize and direct experimental team.

» Learn procedures and develop abilitiesin report writing.

Learn to support conclusions and recommend improvements.

4. Professional
* Provide examples of experimental research and development.
* Develop competence in applying engineering judgment.
Hence considering the above, it can be concluded that measurements are quite essential in the
» Design of acomponent.
» A process to be operated with minimum cost having maximum efficiency.

Fundamental methods of M easur ement

Two basic methods are commonly employed for measurement.
(a) Direct comparison with primary or secondary standard.

(b) Indirect comparison through the use of calibrated system.
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Two basic methods are commonly employed for measurement.
(a) Direct comparison with primary or secondary standard.
(b) Indirect comparison through the use of calibrated system.

Direct comparison
In this method, measurement is made directly by comparing the unknown magnitude with a
standard & the result is expressed by a number. The simplest example for this would be, length
measurement using a meter scale. Here we compare the bar’s length(unknown  quantity/
measure and) with a scale (Standard/predefined one). We say that the bar measures so many
mms, cms or inches in length.

* Direct comparison methods are quite common for measurement of physical quantities

like length, mass, etc.
* Itiseasy and quick.

Drawbacks of Direct comparison methods
» Themain drawback of this method is, the method is not always accurate and reliable.
*  Also, human senses are not equipped to make direct comparison of all quantities with
equal facility all the times.
» Also, measurement by direct methods are not always possible, feasible and practicable.
Example: M easurement of temperature, M easurement of weight.
» One can experience or feel the hotness or coldness of a body with respect to a particular
environment.
* But may not be able to exactly predict or say the temperature.
» Further , these measurements in most cases involve human factors.
» Hencethis method in genera is not preferred and employed for very accurate
measurements.
I ndirect comparison

* Most of the measurement systems use indirect method of measurement.

* Inthis method a chain of deviceswhich istogether called as measuring systemis
employed.

» Thechain of devices transform the sensed signal into a more convenient form & indicate
this transformed signal either on an indicator or arecorder or fed to a controller.

* i.e it makesuse of atransducing device/element which convert the basic form of input
into an analogous form, which it then processes and presents as a known function of
input.

» For example, to measure strain in a machine member, a component senses the strain,
another component transforms the sensed signal into an electrical quantity which isthen
processed suitably before being fed to a meter or recorder.

* Further, human senses are not equipped to detect quantities like pressure, force or strain.

* But can fed or sense and cannot predict the exact magnitude of such quantities.

* Hence, werequire asystem that detects/sense, converts and finally presents the output in
the form of a displacement of a pointer over ascale a, achangein resistance or raisein
liquid level with respect to a graduated stem.
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DIRECT COMPARISON INDIRECT COMPARISON
1)Unknown quantity is measured 1)unknown magnitude is measured by comparing
comparing directly with primary or with astandard indirectly through the use of a
secondary standards calibrated system
2)human senses are very much 2)Consists of achain of deviceswhich form a
necessary for measurement measuring system
3)Results obtained from direct 3)this consists of a detector element to detect ,a
comparison are not that dependable transducer to transducer and a unit to indicate or

record the processed signal

4)Not always accurate 4)Fairly accurate .

Primary, secondary and tertiary measurements

* Measurements are generally made by indirect comparison method through calibration.
* They usualy make use of one or more transducing device.
» Based upon the complexity of measurement system, three basic categories of
measurements have been devel oped.
They are;
1. Primary measurement
2. Secondary measurement
3. Tertiary measurement

Primary measurement

* Itistheonethat can be very easily made by direct comparison method/direct observation.

» This can be done without any conversions or translation into lengths or displacements.

* Here, the sought value of the parameter is determined basically by comparing it directly
with reference standards

Examples:

* Matching of two colors-in finding the temperature of ared hot object.

* Useof aphysical balance-in measuring weights

* Matching or comparing lengths-to find out the length of the object

» This measurement is quite easy, but takes more time.

* Provides only subjective information.

a. Example: Anobserver isin aposition to tell that the contents of one container is heavier
than the other or contents of one object is hot than other.

* Hence, thismethod is not always accurate and reliable. So, secondary measurements are
resorted to.
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Bellows
o
Fixed end
Pressure Pu Pressure P1
——-
Displacement

Metallic Bellow

» Metallic bellows are thin walled tubes formed by hydraulic presses into a corrugated
shape as shown in fig. Bellows can be of diameters upto 300 mm & are made of Brass,
(80%copper & 20% zinc), Phosphor bronze, stainless steel, Beryllium copper.

* A differential pressure causes displacement of the bellows, which may be converted into
an electrical signal.

» When pressure P above the atmosphere is applied, to the free/open end of the bellows,

these expand.

The resulting displacement is a measure of applied pressure.

i.e. xap  k=proportionality constant

or x=Kk.p x=Displacement in mms

p=applied pressure

Spiral Springs

e

—~
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» Theseare used to produce controlling torque in analogue type electrical instruments and

clocks.
The controlling torque will be proportional to the angle of deflection.
Care must be taken not to stress the springs beyond the elastic limit asit will lead to
permanent deformation.
Forceto displacement by springs:
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The spring stretches when force Fis applied at itsfreeend daF or d=k.F

d=k.Fls

d=spring deflection
k=proportionality constant
F=force applied

s=spring stiffness

Strain gage L oad Cell

Load cell consists of a short column on which electrical resistance strain gauges are
mounted.

When force F is applied it deflects or strains the bl ock.

Here, theload is converted to strain and thisis transformed into change in electrical
resistance.

In this, the block forms the primary detector transducer, the gauges mounted on the block
acts as secondary transducer.

Bourdon Tube

When pressure p, the primary signal is applied to the open end of the Bourdon tube, the
other end deflects.

This deflection will be very small(constitutes the secondary signal) and needs to be made
larger for display purpose.

Thisis obtained by the arrangement of gear, rack and pinion arrangement and a pointer
moving against a graduated scale(which constitutes the tertiary signal).
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*  When pressure p, the primary signal is applied to the open end of the Bourdon tube, the
other end deflects.

» Thisdeflection will be very small(constitutes the secondary signal) and needs to be made
larger for display purpose.

» Thisisobtained by the arrangement of lever, rack and pinion arrangement and a pointer
moving against a graduated scale(which constitutes the tertiary signal).

Tertiary M easurements
* These tertiary measurements involve two or more translations or conversions.
Example: Bourdon pressure gauge for measurement of pressure

Generalized M easurement System

» |t can be considered as a system that is used to measure the required quantity/parameter.
Generalized measurement system consists of the following elements:
1. Primary Sensing Element(detecting element) ( detector-transducer element)
2. Variable Conversion Element-Intermediate modifying element.
3. Data Processing and Data Presentation element-Terminating stage element.

Audiliary power A lianyHovet
ibrati : source _
C_allbranon Source (optional) Indicator
signal l

. Tranzduced Intermediate Pnalogous

\ Detector- Sianal o S
Input | Transducer odifying Gy Rethidar
signal stage {analogous stage

toinput)
Controller

Most measuring systems fall within the frame work of a generalized system Consisting Of three
stages namely

(1) A detector-transducer or sensor stage
(2) An intermediate modifying stage or signal conditioning stage
(3) A terminating or read-out stage, as shown in the block diagram above.
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Basic elements of a Measuring system:

Stage |-Detector Stage |1-Intermediate Stage I11-Terminating Device

Transducer Device Modifying Device

Senses only the desired [Modifies Transduced signal  |Provides an indication or

input & provides into aform usable by final recording in aform that can be

anal ogous output stage. Usually increases evaluated by human sense or by a
amplitude and power controller

Types & Examples Types & Examples Types & Examples

Mechanical : Contacting  [Mechanical : Gearing, INDCATORS

spindle, Spring-mass, cranks, links, cams, etc. (a) Displacement types

elastic devices such as IMoving pointer & scale, light

bourdon tube, proving Hydraulic-Pneumatic: beam & scale, CRO, liquid

ring,etc. Piping, valves, dash-pots, |column, etc.

Hydraulic-Pneumatic: etc (b) Digita types: Direct

Buoyant-float, orifice, al phanumeric read out

\venturi, vane, propeller Optical: Mirrors, lenses,  |(c) Recorders: Digital
Optical: Photographic film, |[Optical filters, light levers, | printing, inked pen & chart

Photoelectric cell Optical fibers. Light beam & photographic
Electrical: Film, magnetic recording
Contactors, resistance, Electrical: (d) Controllers: All types

capacitance, Piezoelectric  |[Amplifying systems,
crystal, Thermocouple, etc. [matching devices, filters,
telemetry systems, etc.

Stage-1-Detector Transducer stage:

The important function of this stage is to detect or to sense the input signal. At the same time, it
should be insensitive to every other possible input signals. For e, if it isapressure signal, it
should be insensitive to acceleration. In the measurement of strain, the strain gauges should be
insensitive to temperature.

» Automobile tyre gauge-used for measurement/checking air pressure of an automobile
tyre.

» Construction: consists of acylinder, a piston, a spring resisting the piston movement and
a stem with graduation.

* Astheair pressure bears against the piston, the resulting force compresses the spring
until the spring force and air forces are balanced.

Stage-1-Detector Transducer stage
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* Here, the piston and cylinder combination make up the detector transducer, spring other
element.
*  Other examples-refer fig

Other pressure sensing devices
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Stage-11-Inter mediate modifying stage:

» Asthenameitself indicates, this lies between stage 1 and stage 3.

* Themain function of this stage isto modify the detected/transduced information so that it
is acceptable to the third, or terminating stage.

*  Theimportant function of this stage isto increase either amplitude or power of the
signal or both, to the level required to drive the final terminating device.

» It may aso perform selective filtering, integration, differentiation, etc. as required.

» Generally these will be electrical or electronics circuits.

» Examples: Amplifiers, mechanical levers

Stage | II-Terminating stage

» Thisstage provides an indication or arecording of the signal in aform which can be
understood by a human being or a control system.

» Thisisdone by data presentation element.

» Heretheinformation output may be obtained in different forms such as a pointer moving
over agraduated scale, in digital form asin computers or as atrace on an oscilloscope
etc.

* Anexample of ageneralized measurement system is a simple Bourdon tube pressure
gauge.

* Inthiscase, the pressureis sensed by atube of éliptical cross section which undergoes
mechanical deformation. (c/s tends to become circular)

» The gearing arrangement amplifies the displacement at the end of the tube so that a
relatively small displacement of the tube end produces a greater revolution of the center
gear.

* Thefinal indicator stage consists of apointer and scale arrangement, which when
calibrated with known pressure inputs, gives an indication of pressure signal acting on the
bourdon tube.
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In 1849 the Bourdon tube pressure gauge was patented in France by Eugene Bourdon. It is still
one of the most widely used instruments for measuring the pressure of liquids and gases of all
kinds, including steam, water, and air up to pressures of 100,000 pounds per square inch. Eugene
Bourdon founded the Bourdon Sedeme Company to manufacture his invention.

Instrument Char acteristics(Behaviour)
* The instrument and measurement system characteristics can be divided into two distinct

categories-
1. Static characteristics
2. Dynamic characteristics

Static characteristics

» Pertain to a system where quantities to be measured, are constant or vary very slowly
with time.

» Normally static characteristics of a measurement system are those that must be
considered when the system\equipment is used to measure a condition not varying with
respect to time.

Dynamic characteristics
» Pertain to a system where quantities to be measured vary rapidly with time.
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» There are many phenomenon which can be conveniently described by the static response
while on the other hand there are phenomenon which can only be reported by dynamic
response.

* Theoveral performance of asystem, many atimes can be evaluated by semi-qualitative
super position of static and dynamic characteristics.

Definitions & basic concepts

Readability: Thisterm indicates the closeness with which the scale of the instrument may be
read. For ex, an instrument with 30 cm scale has a higher readability than that of a 15 cm scale.
Least count: It isthe smallest difference between two indications that can be detected on the
instrument scale.

Range: It represents the highest possible value that can be measured by an instrument or it isthe
difference between the largest & the smallest results of measurement. Example-

Data : Elemental items of information obtained by experimental means - assumed to be in
numerical forms. Example-

Population(also called universe): A collection of data, either from finite or infinite in number all
representing the same quantity. Example-

Sample: A portion of a population, represent the time value or should be a representative of the
popul ation.

* Multi sampletest: A repeated measurement of a given quantity using altered test
conditions - such as different observers or different instrumentation.

* Merely taking repeated reading with the same procedure and equi pments does not
provide multi sample results.

* Example: Many experimenters have conducted experiments to determine the velocity of
light in vacuum.

» This has been done using different apparatus and techniques. Each leading measured is
supposedly a unigue quantity. Although, the results vary, taken together, these finding are
multi sample results.

» Singlesampletest : A single reading or succession of reading taken under identical
conditions except for time.

True value or actual value (Va): It is the actual magnitude of the input signal to a measuring
system which may be approximated but never truly be determined. The true value may be
defined as the average of an infinite number of measured values, when the average deviation of
the various contributing factors tend to zero. Indicated value (Vi): The magnitude of the input
signal indicated by a measuring instrument is known as indicated value. Thisisthe supply of raw
or directly recorded data.Correction: It is the revision applied to the indicated value which
improves the worthiness of the result. Such revision may be in the form of either an additive
factor or a multiplier or both.Result (Vr) : It is obtained by making all known corrections to the
indicated value. Vr=AVi + B, where A & B are multiplicative & additive corrections.

Discrepancy : The difference between two indicated values or results determined from a
supposedly fixed time value.

Error: It isthe difference between the true value (Va) & the result (Vr). Error=(Vr-Va)
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Accuracy: The accuracy of an instrument indicates the deviation of the reading from a known
input. In other words, accuracy is the closeness with which the readings of an instrument
approaches the true values of the quantity measured. It is the maximum amount by which the
result differs from the true value.

Accuracy=Maximum error =Vr(max)-Va

Accuracy is expressed as a percentage based on the actual scale reading / full scale reading.
Percentage accuracy based on reading =
(Vr(max or min) -Va)*100

Va
Percentage accuracy based on full scale reading = (Vr(max or min)-Va)*100

Vfs
Vfs = maximum reading the measuring system capable for the particular setting or scale being
used. Also accuracy is based on the limits of application. The cost of the system increases rapidly
if increased rapidly if increase accuracy is decreased. The limits should be made as wide as
possible. Further, a system cannot be accurate 100% at all times because an error is required to
initiate the corrective action.
Ex : pressure 100 bar +- 1 bar i.e. 100 bar pressure gauge having an accuracy of 1% would be
accurate within +-1 bar over the entire range of gauge.

Precision: The precision of an instrument indicates its ability to reproduce a certain reading with
a given accuracy. In other words, it is the degree of agreement between repeated results.
Precision data have small dispersion ( spread or scatter ) but may be far from the true value. A
measurement can be accurate but not precise, precise but not accurate, neither, or both. A
measurement system is called valid if it is both accurate and precise.

g////////' i G
% Lowr Accuracy

High Accuracy

“
g 2 é iy High Accuracy
7 High Precision g Low Precision High Precision
Sl no Accuracy Precision

1 It is the closeness with the trug It is a measure of reproducibility of the
vaue of the quantity being measurements

measured

2 The accuracy of measurement] The term precise means clearly or sharply
means conformity to truth defined

3 | Accuracy can be improved Precision cannot be improved

4 Accuracy depends upon simplg Precision depends upon many factors and
techniques of analysis requires many sophisticated techniques of
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analysis

5 Accuracy is necessary but not| Precision is necessary but not a sufficient
sufficient condition for precision condition for accuracy

Calibration: It is very widely used in industries. It is the setting or correcting of a measuring
device or a base level usually by adjusting it to match or conform to a dependably known value
or act of checking or adjusting (by comparing with standard) the accuracy of a measuring
instrument.

It is the procedure employed for making adjustments or checking a scale for the readings of a
system conforming to the accepted or pre defined standard i.e. to say that the system has to
prove its ability to measure reliably. Every measuring system must be provable. The procedure
adopted to prove the ability of a measuring system to measure reliably is called calibration.

In this process, known values of input are fed to the system and the corresponding output is
measured. A graph relating the output with input is plotted which is known as “calibration curve’

» During the process of experimentation known values of input magnitude are fed and the
corresponding output is measured.
* A plot of output against the input is drawn and is called the calibration graph.

Threshold: If the instrument input is increased very gradually from zero, there will be some
minimum value of input below which no output change can be detected. This minimum value
defines the threshold of the instrument.

Hysterisis. An instrument is said to exhibit hysterisis when there is a difference in readings
depending on whether the value of the measured quantity is approached from higher value or
from alower value as shown in

* Hysterisis arises because of mechanical friction, magnetic effects, elastic deformation or
thermal effects.

* Hysterisis is a phenomenon which depicts different output effects when loading and

unloading.

It may be with respect to a mechanical system, electrical system or any system.

Hysterisisis the non coincidence of loading and unloading curves.

Consider an instrument which has no friction due to sliding or mating parts.

When the input of thisinstrument is slowly varied from zero to full scale and then back to

zero, its output varies as shown

* Hystersis in a system arises due to the fact that al the energy put into the stress parts
when loading is not recoverable upon unloading.

Typical Hysteresis curve
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Sengitivity: It isthe ratio of the linear movement of the pointer on the instrument to the changein
the measured variable causing this motion or is the ratio of the magnitude of output
guantity(response) to the magnitude of the input quantity.

For ex, a1l mV recorder might have a 10 cm scale. Its sensitivity would be 10 cmi/mV, assuming
that the measurement is linear al across the scale.

» Thestatic sensitivity of an instrument can be defined as the slope of the calibration curve.
The sensitivity of an instrument should be high and the instrument should not have a
range greatly exceeding the value to be measured. However some margin should be kept
for accidental overloads.

» Senditivity of aninstrument isthe ratio of magnitude of the response ( output signa ) to

the magnitude of the quantity being measured ( input signal ).

Sensitivity (k)= change of output signal

change of input signal

Sensitivity is represented by the slope of the calibration curve.

Sensitivity of the instrument system is usually required to be as high as possible as it

becomes easier to take the measurement.

Resolution or Discrimination: It is defined as the smallest increment of input signal that a
measuring system is capable of displaying. Resolution is defines the smallest measurable input
change while threshold defines the smallest measurable input. Threshold is measured when the
input is varied from zero while the resolution is measured when the input is varied from any
arbitrary non- zero vaue.

Repeatability: It is defined as the ability of a measuring system to reproduce output readings
when the same input is applied to it consecutively, under the same conditions, and in the same
direction.

Reproducibility: It is defined as the degree of closeness with which the same value of avariable
may be measured at different times.

Linearity: A measuring systemissaid to be linear if the output is linearly proportional to the
input. A linear system can be easily calibrated while calibration of anon linear system is tedious,
cumbersome & time consuming. Most of the systems require alinear behavior asit isdesirable.
|.e. output is linearly proportional to input.
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» Thisisbecause the conversion from a scale reading to the corresponding measured value
of input quantity is most convenient as one has to merely multiply by afixed constant
rather than anon linear calibration curve or compute from non linear curves and
equation.

* Alsoitistobenoted that all non linear calibration curves are not inaccurate. Sometimes
they may be more accurate than linear calibration curves.

Hence, many definition of linearity exists.
The best fitting straight line or method of |east squares may be used to plot input vs. output data

Loading effect: The presence of a measuring instrument in a medium to be measured will always
lead to extraction of some energy from the medium, thus making perfect measurements
theoretically impossible.

This effect is known as ‘loading effect” which must be kept as small as possible for better
measurements. For ex, in electrical measuring systems, the detector stage receives energy from
the signal source, while the intermediate modifying devices and output indicators receive energy

from auxiliary source. The loading effects are due to impedances of various elements connected
in asystem

System response; Response of a system may be defined as the ability of the system to transmit &
present all the relevant information contained in the input signal & to exclude all others. If the
output is faithful to input, i.e. the output signals have the same phase relationships as that of the
input signal, the system is said to have good System response. If there is a lag or delay in the
output signal which may be due to natural inertia of the system, it is known as ‘measurement lag’
“Rise time” is defined as the time taken for system to change from 5% to 95% of its final value.
It isameasure of the speed of response of a measuring system and a short risetime is desirable.

Amplitude Response

* A system is said to have to good amplitude response if it treats al the input amplitudes
uniformly. i.e. if an input amplitude of 5 unitsis indicated as 20 units on the output side,
an input of 10 units should give 40 units on the output side.

* In practice a measuring system will have good amplitude response over an unlimited
range of input amplitudes.

» For ex, a 3-stage amplifier used for strain measurement has good response upto an input
voltage of 10-2 volts as shown in fig.

Amplitude response of 3-stage amplifier used for strain measurement

30 Lo
! s
E g:nn
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Freguency response

A system is said to have a good frequency response when it treats all input frequencies with
equal faithfulness. For ex, if an input amplitude of 5 units at 60 Cps is indicated as 10 units on
the output side, then irrespective of the change in input frequency, the output amplitude should
not change as long as the input amplitude does not change. In practice a measuring system will
have alower & upper limits beyond which the system can not have a good frequency response.
The fig shows response curve of a device which has good frequency response between 5 Cps &
30,000 Cps.

Frequency response of 3-stage amplifier used for strain measurement

rain

|
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Phaseresponse

* Amplitude response and frequency response are important for all types of input signals
whether ssimple or complex. The phase response is, however, important only for complex
waves.

* If theinput signal is simple like a sine wave, the amplitude of the output, though out of
phase with input, will not be affected. This is because the shape of the cycle is repetitive
and does not change between the limits of the cycle.

* If theinput signal is simple like a sine wave, the amplitude of the output, though out of
phase with input, will not be affected. This is because the shape of the cycle is repetitive
and does not change between the limits of the cycle.

Effect of poor phase response on recording of strain
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Errorsin Measurements

Error may be defined as the difference between the measured value and the true value.
No measurement can be made without errors at al times i.e. 100% accurate measurements
cannot be made at all times.

Error definition:

* Is defined as the difference between the best measured value and the true value of the
quantity.

* A mistake, or in accuracy in action, speech or atyping error.

» Aincorrect belief or awrong judgment.

* Deviation from a standard.

* Measure of the difference between some quantity and an approximation to or estimate of
it.

» Often expressed as a percentage.

» Difference between the true value of a measurement and the value obtained during the
measurement process.

Error classification:
Classified in different ways
» Systematic error

* Random errors
* lllegitimate errors

Systematic errors.
» Generally the will be constant / similar form /recur consistently every time measurement
IS measured.
* May result from improper condition or procedures employed.

Calibration errors:
Calibration procedure-is employed in a number of instruments-act of checking or adjusting the
accuracy of ameasuring instrument.
Human errors:
* The term “human error” is often used very loosely.
*  We assume that when we use it, everyone will understand what it means.
* But that understanding may not be same as what the person meant in using the term.
» For thisreason, without a universally accepted definition, use of such termsis subject to
misinterpretation.

Meanings- related to human error:
* Human error as a cause: Ex- a patients adverse reaction-alergic to some medicine-
administered by nurse.
* Human error as an event or action: A doctor forgets to match the patient record to patient
identified.
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* Human error as a consequence: A nurse leaves some sponge material inside a patient
after surgery.

In al the above, the focusis on the outcome, yet description is of the action. Hence, we must use
the human error term and relate to the event/measurement. Human errors may also be systematic
as in case of an individuals tendency to consistently read high or low values when synchronized
reading are to be taken. The apparatus and equipment itself may cause or lead to built in errors
resulting from incorrect design, fabrication, poor maintenance(Ex-defective gears, linkage
mechanism etc.)

(1) Systematic or fixed errors:
(a) calibration errors
(b) Certain types of consistently recurring human errors
(c) Errors of technique
(d) Uncorrected loading errors
(e) Limits of system resolution Systematic errors are repetitive & of fixed value. They have
a definite magnitude & direction

(2) Random or Accidental errors:
(@) Errors stemming from environmental variations
(b) Certain types of human errors
(c) Dueto Variationsin definition
(d) Dueto Insufficient sensitivity of measuring system

Random errors are distinguishable by their lack of consistency. An observer may not be
consistent in taking readings. Also the process involved may include certain poorly controlled
variables causing changing conditions. The variations in temperature, vibrations of externa
medium, etc. cause errors in the instrument. Errors of thistype are normally of limited duration
& areinherent to specific environment.

(3) Llegitimate errors:

(a) Blunders or Mistakes

(b) Computational errors

(c) Chaotic errors
Illegitimate errors : should not exist and may be eliminated by careful exercise & repetition of
measurement. Chaotic errors which may be due to extreme vibration, mechanical shock of the
equipment, pick up of extraneous noise make the testing meaningless unless al these
disturbances are eliminated. If a measuring instrument is not calibrated periodically it will lead
to errorsin measurement .

Human errors: are due to variation of physica & mental states of a person which may lead to
systematic or random errors.

Errorsof technique: are due to improper usage of measuring apparatus. This may include errors
resulting from incorrect design, fabrication or maintenance.
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Loading errors: result from influence exerted by the act of measurement on the physical system
being tested.

Sourcesof errors

(1) Noise: It isdefined as any signal that does not convey useful information.

(2) Design limitations: These are certain inevitable factors such as friction & resolving power
which lead to uncertainty in measurements.

(3) Response time: It is the time lag between the application of input signa & output
measurement.

4) Deterioration of measuring system: Physical and/or chemical deterioration or other alterations
in characteristics of measuring system constitute a source of error in measurement.

(5) Environmental effects. The change in atmospheric temperature may alter the elastic constant
of a spring, the dimensions of alinkage, electrical resistance etc. similarly other factors such as
humidity, pressure etc. aso affect measurements.

(6) Errors in observation & Interpretation: It is the mistake of operators in observing,
interpreting & recording the data.

(7) Poor maintenance of the system

Introduction to Transducers
Transducer is a first stage element of the measurement system. It detects and transforms the
sensed signal into amore useful form.

Transfer efficiency: It istheratio of output information delivered by the pick up (Sensor) to the
information received by the pick up.
Transfer efficiency h = I out

= 1
n
Where lout=the information delivered by the unit, lin=information received by the unit

Snce the pick up can not generate any information , the transfer efficiency can not be greater
than unity. The detector- transducer stage must be designed to have a high Transfer efficiency to
the extent possible.

Active & Passive Transducers: Activetransducers

Also known as self generating type transducers Develop their own voltage or current. Energy
required for production of output signal is obtained by quantity being measured.Ex, Electronic &
Piezo electric transducers.

Passive Transducers:
» Also known as externally powered transducer
* Derivethe power for energy conversion from an external power source
» Ex: Bonded electrical resistance strain gauges

Detector Transducer or Primary Transducer
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Here the sensing element may serve to transduce the sensed input and convert into a more
convenient form.
For example

1. Ordinary dial indicator-Spindle acts as a detector.

2. Load cell detects the force/load applied and gives an output in the form of a deflection.

Secondary Transducer

* Example-Strain gauge load cell-It detects the force and gives an output in the form of
deflection. This deflection may further be converted into an electrical output by strain
gauges(whose resistance value changes) mounted on the load cell.

Bourdon Pressure gauge
*  Thetube acts as detecting-transducing element-primary detector transducer.

» Linkage acts as a secondary transducer.

Tkphlomvenic

LEhaion | Foam=r
Inks & pearni s oo Elenl

Primary Detector Transducer-Classification
Based on the number of operations performed:
* ClassI-First stage element used as detector only.

» ClassI-First stage element used as detector as well as transducer.
* ClassllI-First stage element used as detector and two transducer.

Mechanical Transducers

» Mechanica quantitiesinclude force, pressure, displacement, flow, temperature, etc.
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*  The mechanical transducers commonly used to convert the applied force into
displacement are elastic members.
* They may be subjected to either direct tension/compression, Bending or Torsion.

Spiral springs: These are used to produce controlling torque in anal ogue type el ectrical
instruments and clocks.
»  The controlling torque will be proportional to the angle of deflection.
» Caremust be taken not to stress the springs beyond the elastic limit asit will lead to
permanent deformation.

Torsion bars: These are used in torque meters to sense torque which causes a proportionate
angular twist which in turn is used as a measure of applied torque. (with the help of a
displacement transducer)

Some torque meters, the strain gauges are used to sense the angular deformation.

* Provingrings: They are used to measure weight, force or load. The deflection can be
measured with the help of micrometers, dial gauges or electrical transducers.

Pressur e sensitive elements
Most pressure measuring devices use elastic members to sense the pressure. These elastic
members convert pressure into displacement & ca be of the following types;
(i)  Bourdon tubes
(i)  Diaphragms
(iii)  Bellows

BOURDON TUBES

Bourdon tubes are elliptical cross section tubes bent into shapes as shown in fig.
* Oneend of thetubeis sealed and physically held while the other end is open for the fluid
to enter.
» Thefluid whose pressure isto be measured enters the tube and tends to straighten the
tube.
» This causes the movement of the free end which can be measured.
* The commonly used materials for bourdon tubes are brass, Phosphor bronze, Beryllium
copper, etc.
Diaphragms
Diaphragms: Elastic diaphragms are used as primary pressure transducers in many dynamic
pressure measuring devices.
» These may be either ‘flat’ or ‘corrugated’ as shown in fig.
* A diaphragmisathin flat plate of circular shape fixed around its circumference.
*  When adifferential pressure (P1-P2) occurs across the diaphragm, it will deflect as
shown in fig.
* The deflection may be sensed by an appropriate displacement transducer such as strain
gauge.
» A flat diaphragm s often used in conjunction with electrical secondary transducers
whose sensitivity permits small diaphragm deflections.
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* A corrugated diaphragm is useful when large deflections are required.

* Andternative form of diaphragm to obtain large deflectionsis a metallic capsule or
pressure capsule, in which two corrugated diaphragms are joined back to back at their
edges as shown in fig. Pressure P2 is applied to the inside of the capsule whichis
surrounded by the pressure P1

e
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Disphirsma 2 Plﬂstle
:I;F"Sm.:u" E T remsu ra-Ta Flat |
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Corrugateuo Liaphragm

_a\\rlg} Metallic

capsule

Bellow

Metallic bellows are thin walled tubes formed by hydraulic presses into a corrugated shape as
shown in fig. Bellows can be of diameters upto 300 mm & are made of Brass, (80%copper &
20% zinc), Phosphor bronze, stainless steel, Beryllium copper. A differential pressure causes
displacement of the bellows, which may be converted into an electrical signal.

Fixved end
Pressure P Pressure P1
i
Msplacanent
Metallic Bellow

Electrical transducer elements
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* Most measuring devices have electrical elements as secondary transducers that convert
the displacement of a primary sensor into electrical current,resitance or voltage.
» Thetransducers may be of resistive, inductive or capacitive type

Advantages of electrical transducers:

(1) Very small size & compact.

(2) Frictiona & inertial effects are reduced .

(3) Remote recording & control possible.

(4) Amplification & attenuation of signals may be easily obtained.
(5) Less power consumption.

(6) Signal output may be easily processed and transmitted.

Resistive Transducers

The resistance of an electrical conductor varies according to the relation,

rL
R=—
A
where R= resistance in ohms, r= Resistivity of the materia in ohm-cm, L= length of the

conductor in cm, A= cross sectional area in cm2. Any method of varying one of the quantities
involved may be the design criterion for the transducer. Following are some types:

Sliding contact devices:
Convert mechanical displacement input into either current or voltage output - Achieved by
changing the effective length of the conductor - The slide or contactor maintains electrical

contact with the element and the slide is a measure of the linear displacement of the slide - Such
devices are used for sensing relatively large displacements.

Guide rod

= ! _j Sliding contact

1 Resistive Transducer

et
|
L=

o

v
o

-~
Resistance element

Potentiometers:
The resistance elements may be formed by wrapping a resistance wire around a card as shown in

fig. In this the effective resistance between either end of the resistance element and the slideisa
measure of angular displacement of the dide.
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Eesistance wire

Angular motion
potentiometer

Angular motion potentiometer

* Inductanceisthe property in an electrical circuit where achange in the current flowing
through that circuit induces an electromotive force (EMF) that opposes the change in
current.

* Iné€lectrical circuits, any electric current i produces a magnetic field and hence generates
atotal magnetic flux ® acting on the circuit.

» Thismagnetic flux, according to Lenz's law tends to oppose changes in the flux by
generating avoltage (a counter emf) that tends to oppose the rate of change in the current.

* Theratio of the magnetic flux to the current is called the self-inductance which is usually
simply referred to as the inductance of the circuit

Mutual Inductance:

When the varying flux field from one coil or circuit element induces an emf in a neighboring cail
or circuit element, the effect is called Mutual Inductance.

Magnetic reluctance
Magnetic reluctance or magnetic resistance, is analogous to resistance in an electrical circuit.
In likeness to the way an electric field causes an electric current to follow the path of least

resistance, a magnetic field causes magnetic flux to follow the path of least magnetic reluctance.
Permeance is the reciprocal of reluctance

VARIABLE SELF INDUCTANCE TRASDUCER (Single Coil)

When asingle coil is used as atransducer element, the mechanical input changes the permeance
of the flux path generated by the cail, thereby changing its inductance.
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4

9,

Meter é.,) Exciter

) Single Coil
Aar gap
Self inductance

Armature arrangement
movermnent

This change can be measured by a suitable circuit, indicating the value of the input. As shown in
fig, the flux path may be changed by a change in the air gap.

The Two Coail arrangement, shown in fig, isasingle coil with a center tap. Movement of the core
alters the relative inductance of the two coils. These transducers are incorporated in inductive
bridge circuit in which variation in inductance ratio between the two coils provides the output.
Thisisused as a secondary transducer for pressure measurement.

Variable self inductance -Two Coil (Single coil with center tap)

Core of mametic
miaterial MNon magnetic
L mmaterial

J:r | A (l; | {L
Variable Mutual inductance -Two Caoil

* Inthistype, the flux from a power coil is coupled to a pickup coil, which supplies the

output.
* Input information in the form of armature displacement, changes the coupling between

the coils.
» Theair gap between the core and the armature govern the degree of coupling.

Two Coil Mutual Inductance Transducer
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Power coil
Pickup coil
\ g Note: Three Coil mutual
. RS To stage II inductance device (LVDT)
Expitation Adr gap 4 crcutry isalready discussed in
// ? Comparators Chapter.
Armature

movement

A Variablereuctance Transducers are used for dynamic applications, where the flux lines
supplied by a permanent magnet are cut by the turns of the coil. Some means of providing
relative motion isincluded into the device.

» Thefig shows asimple type of reluctance pickup consisting of a coil wound on a

permanent magnetic core.
* Any variation of the permeance of the magnetic circuit causes a change in the flux, which

is brought about by a serrated surface subjected to movement.
» Astheflux field expands or collapses, avoltage isinduced in the coil.

Variable Reluctance Transducer

i) . Permanent magnet

Q
To CRO

W N W

Serrated
surface fi

Capacitance Transducer

Generdly it consists of two plates separated by a dielectric medium
g ™

The principle of these type isthat variations in capacitance are used to produce measurement of
many physical phenomenon such as dynar@'_% ﬂm@_dbspl acement, force, humidity, etc.

An equation for capacitanceis = r Farads
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Where K= dielectric constant (for air K=1), A= area of one side of one plate, N= Number of
plates, d= Separation of plate surfaces (cm)

The change in the capacitance may be brought about by three methods:

Changing the dielectric

Changing the area

Changing the distance between the plates

Fig shows a device used for the measurement of liquid level in acontainer.

The capacitance between the central electrode and the surrounding hollow tube varies
with changing dielectric constant brought about by changing liquid level.

Thus the capacitance between the electrodes is a direct indication of the liquid level.

. Variation in dielectric constant can aso be utilized for measurements of thickness,
density, etc.

agrwbdE

No

Capacitance Pickup to measure liquid level (Changing dielectric constant)

Capacitance

Centra
electrode
Hollow tube
- - Liguid
Jpening [T
""‘-H\H_ -~

[ T I O R N

YA L L

***capacitanceisthe ability of abody to hold an electrical charge.

Capacitance is also a measure of the amount of electric charge stored for a given electric
potential. A common form of charge storage device is atwo-plate capacitor. If the charges on the
plates are +Q and —Q, and V gives the voltage between the plates, then the capacitance is given
by C=(Q/V)

The Sl unit of capacitanceisthefarad; 1 farad = 1 coulomb per volt

Capacitive Transducer- Changing area:
» Capacitance changes depending on the change in effective area.
» Thisprincipleisused in the secondary transducing element of a Torque meter.

* Thisdevice uses asleeve with serrations cut axially and a matching internal member
with similar serrations as shown in fig.
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» Torque carried by an elastic member causes a shift in the relative positions of the
serrations, thereby changing the effective area. The resulting capacitance change may be
calibrated to read the torque directly.

Torque Meter

(Capacitive
type)

Capacitive Transducer-Changing distance

The capacitance varies inversely as the distance between the plates. The fig shows a capacitive
type pressure transducer where the pressure applied to the diaphragms changes the distance
between the digphragm & the fixed electrode which can be taken as a measure of pressure.

.
— [~

Fixed electrode

Capacitive type
pressure pickup

Cap ac%}ml:e r‘) \| ) L)
7 Change I

%':n.\_r.h_.__ﬂ.u : | clarance 'd
i

TrecoiTs Driaplragim

Advantages of Capacitive Transducers
(1) Requires extremely small forces to operate and are highly sensitive
(2) They have good frequency response and hence useful for dynamic measurements.
(3) High resolution can be obtained.
(4) They have high input impedance & hence loading effects are minimum.
(5 Thesetransducers can be used for applications where stray magnetic fields render the
inductive transducers usel ess.
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Disadvantages of Capacitive Transducers

(1) Metdlic parts must be properly insulated and the frames must be earthed.

(2) They show nonlinear behaviour due to edge effects and guard rings must be used to
eliminate this effect.

(3) They are sensitive to temperature affecting their performance.

(4) Theinstrumentation circuitry used with these transducers are complex.

(5) Capacitance of these transducers may change with presence of dust particles & moisture.

Piezoelectric Transducers:

» Certain materials can produce an electrical potential when subjected to mechanical strain
or conversely, can change dimensions when subjected to voltage. This effect is called
‘Piezoelectric effect’.

» Thefig shows apiezoelectric crystal placed between two plate el ectrodes and when a
force ‘F’ is applied to the plates, a stress will be produced in the crystal and a
corresponding deformation. The induced charge Q=d*F where ‘d’ is the piezoelectric
constant

» The output voltage E=g*t*p where ‘t’ is crystal thickness, ‘p’ is the impressed pressure &
‘g’ is called voltage sensitivity given by g=(d/e), e being the strain.

Fiesoe les e
cryetal Ontpnt velta ge
E=rip

Piezoelectric effect

Piezoelectric materials

The common piezoelectric materials are quartz, Rochelle salt (Potassium sodium tartarate),
ammonium dihydrogen phosphate and ordinary sugar. The desirable properties are stability, high
output, insensitivity to temperature and humidity and ability to be formed into desired shape.
Quartz is most suitable and is used in electronic oscillators. Its output is low but stable. Rochelle
salt provides highest output, but requires protection from moisture in air & cannot be used above
450C. Barium titanate is polycrystalline, thusit can be formed into a variety of sizes & shapes.

Piezoelectric transducers are used to measure surface roughness, strain, force & torque, Pressure,

motion & noise. Desirable Properties of Piezoelectric Crystals Good stability, should be
insensitive to temperature extremes, possess the ability to be formed to any desired shape.
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Photodlectric Transducers:

A photoelectric transducer converts a light beam into a usable electric signal. As shown in the
fig, light strikes the photo emissive cathode and releases electrons, which are attracted towards
the anode, thereby producing an electric current in the circuit. The cathode & the anode are
enclosed in a glass or quartz envelope, which is either evacuated or filled with an inert gas. The
photo electric sengitivity is given by; I=s*f where I=Photoelectric current, s=sensitivity, f=
illumination of the cathode. The response of the photoelectric tube to different wavelengths is
influenced by

(i) The transmission characteristics of the glass tube envelope and
(i) Photo emissive characteristics of the cathode material.

Anode

I
. )
Light
: - §R 5 Photoelectric tubes ar e useful
for counting purposesthrough
periodic interruption of alight
I sour ce

Cathode

Photoconductive Transducers:

The principle of these transducers is when light strikes a semiconductor material, its resistance
decreases, there by producing an increase in the current. The fig shows a cadmium sulphide
semiconductor material to which a voltage is applied and when light strikes, an increase in
current isindicated by the meter.

Photoconductive transducers are used to measure radiation at all wavelengths. But extreme
experimental difficulties are encountered when operating with long wavelength radiations.

Light Ammeter Photoconductive
@ Transducer

demiconductor - |
material 1 |+

I
E
The principle of photovoltaic cell is illustrated in the fig. It consists of a bas metal plate, a
semiconductor material, and a thin transparent metal layer. When light strikes the transparent
metal layer and the semiconductor material, a voltage is generated. This voltage depends on the

load resistance R. The open circuit voltage is a logarithmic function, but linear behavior may be
obtained by decreasing the load resistance.
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* Itisusedin light exposure meter for photographic work.

Light

Thin transparent
metal layer

K Eo
_ Photovoltaic
Semiconductor
maerial L + cell
Metallic
Base plate

lonization Transducers

* lonization Transducers consist of aglass or quartz envelope with two electrodes A & B
and filled with a gas or mixture of gases at |ow pressures.

* Theradio frequency (RF) generator impresses afield to ionize the gas inside the tube.

» Asaresult of the RF field, aglow dischargeis created in the gas, and the two electrodes
A & B detect apotentia difference in the gas plasma.

» It depends on the el ectrode spacing and the capacitive coupling between the RF plates
and the gas

* When thetubeis at the central position between the RF plates, the potentials on the
electrodes will be the same, but when the tube is displaced from its central position, a
D.C potentia will be created.

* Thusionization transducer is an useful device for measuring displacement.

Applications:

Pressure, acceleration & humidity measurements. They can sense capacitance changes of 10-15
farads or movements of 2.5x10-5 mm can be accurately measured with alinearity better
than 1%.

| onization Transducer

Radio frequency
generator

=T
N~/

EF plates

Electrodes

Gas fille :
tube ! " ! Displacem ent

i ———
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» Thefig shows the schematic diagram of an Electronic transducer element whichis
basically an electronic tube in which some of the elements are movable.

* Here, the plates are mounted on an arm which extends through a flexible diaphragm in
the end of the tube.

* A mechanica movement applied to the external end of the rod is transferred to the plates
within the tube thereby changing the characteristics of the tube.

Applications:

Electronic transducer element is used as surface roughness

Plate71 movable support

Displacement | ¢

NN

—— =

Flexible diaphragm

Electrokinetic Transducer

* The Electrokinetic phenomenon is also referred to as ‘Streaming Potential” which occurs
when apolar liquid such as water, Methanol, or acetonitrile (CH3CN) is forced through a
porous disc.

*  When theliquid flows through the pores, avoltage is generated which isin phase with
and directly proportional to the pressure across the faces of the disc.

» When direction of flow isreversed, the polarity of the signal is also reversed.

Electrokinetic Transducer

Inpermesdhle porcelain Hng

[ ]
| |
| |
.I rd Porous porcelain disc
-1 Wite mesh electrodes
Thin diaphragm
Polar liguid

& lnmindur strips

\/(Output)
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An unlimited supply of liquid is required on the upstream to measure static differential pressure
with this type of pickup. Since this is impractical, finite amount of liquid is constrained within
the electrokinetic cell. i.e. the device is used for dynamic rather than static pressure
measurements.

Fig. shows a typical electrokinetic cell. It consists of a porous porcelain disc fitted into
the center of an impermeable porcelain ring.
The diaphragms are tightly sealed on either side to retain the polar liquid, which fills the
space between the diaphragms.
* Awiremesh electrode is mounted on either side of the porous disc, with electrical
connections via the aluminium strips.
* Thewhole assembly isfitted in a suitable housing.

Applications: Measurement of small dynamic displacements, pressure & acceleration.
Limitations: Can not be used for measurement of static quantities.
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Slide No -2
I ntermediate M odifying Devices

* Inmost cases, the mechanical quantity which is detected will be transduced into an
‘electrical form’.

» Theoutput of thefirst stage has to be modified (signal conditioning) beforeit isfed to the
third or terminating stage such as indicators, recorders or control elements.

* S0, the modifications are carried out in the intermediate stage commonly called as the
signal conditioning stage.

» Sgnal conditioning equipment used may be of mechanical, electrical or electronic.
Mechanical types (using elements such as linkages, gearing, cams, etc.) have many
limitations such asfriction, inertia, non linearity, backlash, elastic deformation, etc.

* Hence electrical & electronic systems are used which are free from these drawbacks.

* Alsothey give large voltage & power amplifications required to drive the recording
devices.

The mechanical signals transduced into electrical signals are not only amplified but in special
types, signal conditioning may involve filtering, integration, differentiation, remote recording,
etc Inherent Problems: mechanical intermediate devices or elements pose certain problems of
considerable magnitude especialy when measuring dynamic inputs. Frictional amplification,
inertial loading, elastic deformation present problems.

Mechanical Amplification
* {Mechanical advantage or Mechanica Gain}
= output displacement output velocity
input displacement input velocity

Reflected frictional amplification
* Dueto mechanical gain, asmall frictional force in a mechanism will reflect back as
magnified load.
* Asaresult of this, the input to the mechanism or mechanical system is reversed.
» Thiswill be equa to the gain between the frictional source and the point of input of
energy to the mechanism, i.e. gain is proportional to the friction.

Total frictional drag reflected to input
Ffr=3 A.Ff
i.e., Reflected frictional amplification=gain * Ff
Ffr=total reflected frictional force at the input of the system
A=mechanical gain or amplification
Ff=frictional force at the source

Reflected inertial amplification

» [inertiasweight-mechanical system-robust construction-hence requires more input-output
loss due to more weight]

* Inertiaforces also cause problems similar to those caused by frictional force.

* |.e. their effects may be considered as reflected back to the input in proportion to the
mechanical amplification existing between the source and the input signal.

Page 35 of 50 "z‘ GETMYUNI



WWW. get myuni . con

Thisisreferred to as reflected inertial amplification.
Fir=Y A.Ffi

Fir=total inertia force at the system input
A=mechanical gain or amplification

Ffi=frictional force at the source

Backlash/Amplification of backlash/and of Elastic defor mation

» Backlash results from temporary non-constraint in alinkage caused by clearances
required in mechanical fits, where relative motion occurs.

» Backlash and elastic deformation cause alost motion at the output signal equal to the
backlash multiplied by the amplification between the source and the outpui.

» Elastic deformation is brought about by loads and forces, carried by links

Temperature problems

» Causedimensional changes and changes in the physical properties both elastic and
electric resulting in deviation referred to as “Zero shift and scale error”

e Zero-shift: Results in change in the no-input reading. This depends mainly on
temperature and also primarily a function of linear dimensional changes caused by
expansion or contraction with changing temperatures.

Examples-
Spring scale:

* Theindicator on the spring scale should be set to zero whenever there are no weightsin
the pan.

» If the temperature changes after the scale has been set to zero, there may be differential
dimensional change both the spring and the spring scal e altering the reading.

» Thischangeisreferred to as Zero-shift

Scale error-Examples
Springs.

» Temperature changes also affect the spring scale calibration when resilient(capacity to
regain original shape and size) load carrying members are included. When temperature
changes, the coil diameter and the wire diameter will also get altered.

 These variations cause a changed spring constant hence changed |oad-deflection
calibration resulting in what is referred to as scale error. Also change in temperature
results in change in the resistance of the material and alters the dimensions due to
expansion and contraction

M ethods to minimize temperature problems
1. Minimization through careful selection of materials and operating temperatures(Sel ect
materials which have low coefficient of expansion)
2. Compensation: May be made in different forms depending on the basic characteristics of

the system like
* If amechanica system is used-make use of composite construction i.e. bimetals,
composites etc
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» For electrical circuits-Strain gauges are used
3. By dimination-Efforts should be made to eliminate the temperature effects altogether. Thisis
the best solution.

Simple current sensitive cir cuit

A Cwrent indicator

’W‘ to sense output

curent ig

— Resistance
type transducer

Input Circuitry for Electrical Devices
Simple current sensitive circuit:
» Thiscircuit uses the flow of current through a passive resistance transducer as an
indication of value of the resistance.
» Theresistance of transducer changes when thereis a change in physical quantity being
measured, thereby causing a change in the current.
Let Rt=maximum resistance of the transducer, kRt= Resistance of the transducer when
measuring a particular value of physical quantity,
Rm= Resistance of the measuring circuit excluding the transducer.
k represents a %age factor which may vary from O to 1.
Using ohm’s law, the current flowing through the circuit io (the current indicated by the

indicator) is,
: e
I, =——
KR +R_
The maximum value of current occurs when k=0.
.'.imaxzi, Rewriting,_IO = R"‘k = L
[ +
R, o RotkR k( R ]
R,

The fig shows the variation of (io/imax) ratio with k for various values of (Rt/Rm), io represents
the output signal and k depends on the input signal and hence represents the input.

» Hencethe fig shows the input-output relationship for a current sensitive circuit which is

non linear which is undesirable.
* Also higher theratio (Rt/Rm) , the greater is the output variation.
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* |t can aso be noted that the output io is afunction of imax, which in turn is dependent on
e .
* Thismeansthat careful control of the driving voltage is necessary if calibration hasto be
maintai ned.
Variation of output current with input signal k for a current sensitive circuit

Ballast Circuit
A ballast circuit is only a simple variation of the current sensitive circuit. In this case a voltage
sensitive device is connected across the transducer as shown in fig. It is also called as ‘voltage

sensitive circuit’.

* A ballast resistor Rb isthe resistance of the measuring circuit excluding the transducer.
* Inthe absence of abalast resistor, the voltage indicator will always record the full source
voltage e & hence some value of resistance Rb is aways necessary for proper

functioning of the circuit.
* In order to analyze a ballast circuit, we assume that the voltage indicator has an infinite

resistance such that it does not draw any current

Schematic of Ballast Circuit

Resistance
type transducer

ei st Voltage indicator
J— 10 scnsc outp wt kR

— voliage ¢, 2/

By Ohm'slaw, the output currentis,

i, = S it g, isthevoltageacrosskR,, whichis indicated by
R, +kR
the voltageindicator, then the output voltageindicated s,

e, =i, (kR)= ﬂ This can be written as,
R, +kR

& KR _ kR/R, .Foraballastcircuit,iisameauwreof the output and

ei:Rb+kR(_1+(kR(} e
R,

(k—RJ isameasureof theinput.
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* Fig showsthe input-output relationships for a ballast circuit.

* It may be noted that a percentage in supply voltage e results in greater change in output
than does a similar percentage change in k, hence very careful voltage regulation must be
employed.

» Further the relationship between input & output is not linear.

I nput-output relationship for Ballast Circuit

0.E

—_—

Electronic Amplifiers

» Electronic amplifiers are used to provide voltage gain, current gain, and impedance
transformation.

* In most transducers, electrical voltage is the output but the voltage level available from
the transducer is very low, hence a voltage amplifier is required to increase the level for
subsequent processing.

* Sometimestheinput signal may be used to drive arecorder or some control apparatus.

* Insuch cases power must be increased by using current or power amplifiers.

* Also high output impedance leads to noise.

* Henceit is desirable to include an amplifier which converts high impedance input into a
low impedance outpuit.

Vacuum tube Amplifiers

Flate
Grid ?i s
o L
Signal \ _
it mhﬁu
b
Heater supply 1
o Smglc_e.stage .
Amplifier circuit
— £ —1 ||+
|l {
Bias voltage Plate supply

() L=}
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Vacuum tube Amplifiers

* Inthis, the electrons emitted from a heated cathode are attracted to a positively charged
plate, causing a current to flow in the plate circuit as shown in fig.

* Theflow of electronsis controlled by a grid which is placed between the cathode and the
plate and is negatively charged relative to the cathode. This negative voltage on the grid
is called “‘bias voltage’.

» Variationsin the charge on the grid supplied by the input signal controls the current flow
in the plate circuit. As shown in the fig, C supplies the necessary bias voltage, B provides
the plate supply, and A heats the cathode. In practice, these voltages are drawn from a
common supply using voltage dividers.

* Thisillustrates a single stage amplification. Number of stages may be connected together
for greater amplifications.

Telemetry

» Téeledistance and Metry-measurements

» Telemetry isthe technique of measuring from a distance.

* It may be defined as indicating, recording or integrating of a quantity at a distance by
electrical means.

* lItisavery important part of intermediate modifying stage.

* Telemetry systems require radio links which permits use of readout devices located on
the ground.

 They are used in missile , aircraft flight testing, industrial, medica & transportation
applications.

* A genera telemetering system is as shown in fig.

Block diagram of genera Telemetering System

Measuring | [Frimary ~ Telemeter | Telemeter | Telemeter ~ |Exnd
quantity | detector  Jtransmitter | channel o | rceiver ~ | devices
Intermediate stage Indicator
-~ Lo recorder or
controller

* The primary detector and end devices of the telemetering system have the same
functions as in any general measurement system.
However, the intermediate stage consists of three elements, such as telemeter transmitter,
telemeter channel & telemeter receiver. The function of the telemeter transmitter is to convert the
output of a primary detector into an analogous signal which can be transmitted over the telemeter
channel. The function of the telemeter receiver at the remote location is to convert the
transmitted signal into arelated suitable quantity.

Advantages: of telemetering over recording of data at source are;
(1) For the same capacity, weight of telemetering equipment is less.
(2) Many channels may be individually and continuously monitored without the direct
attention of the operator.
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(3) Exceeding of safe limits may be immediately recognized and corrective measures can be
taken.

(4) In case of destructive failure, telemetered data gives a complete record up to the final

moment. Thisisimportant in missile testing when the test item may not be recoverable.

(5) Practical recording timeis not limited.

Disadvantages:
(1) It ismore complex & expensive.
(2) Therequired extra processing of dataleads to greater chance for error.
(3) Greater chances for the introduction of unwanted signals.
(4) It isnot quite economical.

Telemetry transmitting & receiving system

* The telemetering transmitting system widely uses subcarrier oscillators (SCO) whose
frequencies are controlled by the input signals through appropriate transducer elements.

A variety of audio- frequency channels may be employed, with the frequency of each
SCO modulated by the magnitude of the corresponding input signals.

The outputs from all these SCO’s are then mixed and fed to a phase modulated transmitter which relays
the combined information to a remote receiving station. At the receiving end, the various subcarrier
frequencies are separated using filters or discriminating circuits, and the information from the individual
channels may be recorded by conventional methods. The operation is time controlled initiated by the
pilot, or controlled from the recording installation with the help of radio links.

I TELEMETRY

= =L TRANSMITTING

T e ature
I % [sco |- SYSTEM

Transmihter

b d b
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Terminating devices

Il stage element of measuring
» Usefulness of any measuring system depends on its ability to present the measured
quantity in a form which can be understood fully by the human operator or any
controlling device.
* The primary function of a terminating device is to accept the analogous driving signal
and to provide output for the immediate reading or for recording.
For direct human interpretation, aterminating device provides information as,
(1) Arelative displacement: For ex, a pointer moving over ascale, light beam & scale, liquid
column & scale, etc.
(2) A digital form: Examples. Odometer in an automobile speedometer, a rotating drum
mechanical counter.
(3) “Yes’ or ‘No’ limiting type: EX, red oil pressure lights in automobiles, Pilot lamps on
equipments

Most of the dynamic mechanical measurements require electrical terminating devices due to poor
response characteristics of mechanical, pneumatic or optical systems.

Types of Readouts
* Readouts deviceis mainly of two types
1. Analog indicator
2. Digita indicator

Analog indicator
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Meter indicators

Pointer & scale meters/indicators are useful for static & steady state dynamic indications, but not
suitable for transient measurements. Thisis dueto relatively high inertia of the meter movement.
Meter indicators may be classified as:

(i) Simple D’ Arsonval type meter

(i) Ohm meters & Volt-Ohm milli ammeters

(iii) Vacuum tube voltmeters.

* Among these, D’Arsonval type meter iswidely employed as the final indicating device.

» D’Arsonval type meter is the common type used for measuring either current or voltage.

* It consists of acoil assembly mounted on a pivoted shaft whose rotation is constrained
by two spiral springs, one at each end of the shaft as shown in fig. The coil assembly is
mounted in amagnetic field.

* Theélectric current to be measured is passed through the coil and the two interacting
magnetic fields result in atorque applied to the pivoted assembly.

» Then the resulting displacement of the pointer on scaleis calibrated in terms of electric
current.

» Thisprinciple formsthe basis for most of the electric meters, stylus & light beam
Oscillograph.

D’Arsonval type meter
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Mechanical counters

Counters are used for counting a particular event. Mechanical counters are usually of decade
drum type as used in the conventional automobile odometer. A mechanica counter consists of a
large number of small drums, each numbered from O to 9 round the periphery as shown in fig.

The first drum may rotate continuously. As each rotation of drum 1 is completed, atransfer
segment engages with atransfer pinion, to rotate the drum 2 by 3600. A compl ete rotation of
drum 2 rotates drum 3 by 3600 and so on. Thisdevice is used in automobile odometers, in
component counters, shaft revolution counters, etc.

» Alternately operation may be by an electrical solenoid, actuated by a pulse from a switch
or transducer.

* Variantsof the basic counter may be used to add or subtract digits or to operate a switch
after apreset number of pulses or rotations have been counted.

CATHODE RAY OSCILLOSCOPE (CRO)

CRO is the most versatile readout device and display device for mechanical measurements. It is
used for measurement and analysis of waveforms and other phenomenon in eectrica &
electronic circuits. CRO is a voltage sensitive instrument with an electron beam striking the
fluorescent screen. The extremely low inertia beam of electrons enables it to be used for
following the rapidly varying voltages.

The heart of the CRO is the Cathode ray tube (CRT), whose important parts are;

(1) Electron gun assembly: The electron gun assembly produces a sharply focused beam of
electrons which in turn are accelerated to high velocity.

This beam of electrons strikes the fluorescent screen with sufficient energy to cause a luminous
spot on the screen.

(2) Electron gun: An electron gun emits electrons and makes them into a beam. It consists of a
heater, cathode, grid, focusing and accelerating anodes. Electrons are emitted from an indirectly
heated cathode.

These pass through a small hole in the control grid. The grid controls the electrons emitted from
the cathode and hence the intensity of the beam. The electrons are then accelerated by
accelerating anodes.

(3) Deflection plates: These are two pairs of electrostatic plates. A voltage applied to apair of
vertical plates moves the electron beam vertically up or down. And if the voltage is applied to the
pair of horizontal plates, the electron beam moves horizontally from one end to other end of the
screen. The CRT is evacuated so that the emitted electrons can move freely from one end of the
tube to the other.

» Usually in CRQO’s, the horizontal voltage is internally developed where as the vertical
voltage is the voltage under investigation (input).
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This voltage moves the luminous spot up & down in accordance with the instantaneous
value of voltage. In other words, it traces the ‘waveform’ of the input voltage w.r.t. time.
CRO’s can also be used to visualize various quantities such as current, strain,
acceleration, pressure if they can be converted into voltages.

Important parts of a Cathode ray tube

Flou rescent
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deflection
plates

Applications of CRO

(1) To observe waveform of voltage: In order to observe waveform on a CRO, the voltage
under test is applied to vertical or “Y” deflection plates and a voltage obtained from a saw
tooth oscillator is applied to horizontal or “X” deflection plates.

(2) To measure voltage & current: The deflection of the el ectron beam is proportional to the

voltage on the deflection plates. The CRT screen is calibrated in terms of voltage
(Volt/cm).

(3) The vaue of current can be obtained by measuring the voltage drop across a known
resistance connected in the circuit.

(4) To measure phase relations & frequency: ‘Lissajous patterns’ may be used for this
purpose. ‘Lissajous patterns’ are the characteristic patterns obtained on the CRT screen

when sinusoidal voltages are simultaneously applied to horizontal & vertical deflection
plates.
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(b} 180 deg outof phase

In phase relations: When the two voltages are in phase, then as X voltage increases, so also does
the Y voltage. The resulting trace will be aline diagonally passing across the tube. 180 degrees

ALY
N

Lissajous pattern for equal
voltages and frequency

(a) In phase

(b) 180 deg out of phase

out of phase: The trace will be similar but of the opposite direction.

_-._1'1‘
> )
1
[
s

voltage applied
io 'Y 'plates

to 'X ' plates

1

1
|
n
voltage applied

L issajous pattern for equal
voltages and frequency but
90 deg out of phase

90 degree out of phase relations. When the voltages are 90 degrees out of phase, then as one
voltage passes through the zero line, the other will be at maximum and vice versa. The resulting
trace will then be an lipse
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phase shift f

Lissajous pattern for equal
voltages and frequency with a

Deter mination of angle of phase shift (f)

The resulting elliptical trace of the beam provides a means of finding the phase difference
between the two applied voltages. From the fig, the sine of the phase angle between the applied
voltagesis given by, sin f=(X1/X2)=(Y /Y 2) from which phase angle can be calcul ated.

1

Mejor

axis

/_..1

M easur ement of frequency
» Lissgous patterns may be used for measurement of frequency.
* The signal whose frequency has to be measured is applied to the “Y’ plates, while a

standard variable frequency source is connected to the “X’ plates.

Phase shift angle

f= Sin-1(XUX2)=(Y U/Y2)

» Thestandard frequency is adjusted until the pattern appears as acircle, or an ellipse
indicating that both signals are of same frequency.

If it is not possible to adjust the standard signal frequency to the exact frequency of the input
signal, then it can be adjusted to a multiple of unknown frequency such that the pattern appears
stationary. By observing the Lissgjous patterns, arelation may be used to determine the unknown

frequency.
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Frequency of unknown

signal applied to Y’ plates

(f,)

Frequency of known

signal applied to ‘X’ plates

(f,)

No. of intersections on
horizontal line

[ p S
No. of intersections on
vertical line

Lissajous patternsfor different frequency ratios
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Oscillographs

AN/

Oscillographs are basically writing instruments unlike CRO which is a display device. These are
current sensitive devices. Oscillographs work on the principle of D’Arsonval meter movement.
They are available in two types:

(1) Direct writing stylus type: This employs some form of stylus which directly contacts a
moving paper.

(2) Various forms of stylus may be used , depending on whether the recording is
accomplished through the use of ink, or by a heated stylus on a treated paper, or by
means of a stylus & pressure sensitive paper.

(3) Thefigillustrates direct writing stylus consisting of a current sensitive movement and a
paper drive mechanism

* Asthe stylusis deflected by the input signal, the paper is moved under it at a known rate,
thereby recording the time function of the inpui.

» Thefrictional drag between the paper & pen of the stylus requires considerably more
driving torque. These types may have as many as 8 channels.

Permanent magnet

Coil assembly

STYLUSTYPE
OSCILLOGRAPH
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(2) Light beam or Mirror type:

This type employs alight beam for writing on a photographic film or paper as shown in fig.

It consists of acurrent sensitive coil assembly, a paper transport mechanism and an optical
system for transmitting coil assembly rotation to a displacement on the
photographic/photosensitive paper.

* Animportant parameter in oscillograph is the magnitude of the magnetic flux from the
permanent magnet. Thisrequiresrelatively alarge & heavy magnet.

» Asthe magnitude of the input signal varies, current flows in the moving coil and the
mirror deflects. This rotation of mirror deflects these beam(reflected beam) in to
photosensitive paper to get the output.

Light beam or Mirror type Oscillograph

Difference between oscilloscope and oscillograph

Oscillosceope Qscillograph
+ Basically a display + Basically a writing
device instrument
+ Voltage sensing + Current sensitive
device device.
X-Y Plotters

* Itisaninstrument used to obtain a cartesian graph originated by two d.c inputs one
plotted along the X-axis and the other along Y -axis.

» Here, an emf is plotted as afunction of another emf.

» Theemf used for the operation of X-Y plotters may be the output of atransducer that
may measure displacement, force, pressure, strain or any other physical quantity.
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* Thuswith the help of X-Y plotters along with appropriate transducers, a physical quantity
may be plotted against another physical quantity.

* Asshowninfig, an X-Y plotter consists of apair of servo systems driving arecorder pen
in two axes through a proper ‘sliding pen & moving arm’ arrangement with reference to
a stationary paper chart.

» Thesignals are attenuated to the full scale range of the plotter and then passed to a
balance circuit.

* Here, itiscompared with aninternal reference voltage and the differenceif fed to a
chopper which convertsd.c to a.c signal.

» Thesigna isthen amplified in order to drive servomotors.

These actions take place in both axes simultaneously and thus give a record of one variable w.r.t
another.
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