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Foreword

It gives me immense pleasure to write a foreword for Electronic Measurements and
Instrumentation. The author has extensive experience in teaching this subject to students
of B.Tech and Electronics and Communication Engineering and has based this book on his
insights into the training needs of those who have opted for this field of study.

Technical education is expanding rapidly and every year several new engineering colleges
are coming up, particularly in the state of Andhra Pradesh. With an increased number of
students choosing engineering education there is an urgent need for good textbooks in
this discipline. As there is a dearth of well-written books which meet the requirement of
subject coverage from the perspective of Indian students, this book by Dr Lal Kishore is
an important contribution in this area. Written in a lucid style with a rich repository of
pedagogical features, this book will be useful for undergraduate students of electronics and
communication engineering, instrumentation engineering, and allied branches. This book
will also be useful to AMIETE and AMIE (Electronics) students. The author has incorporated
several illuminating features in this book, and these include:

1. Chapter outlines

2. Summaries at the end of each chapter

3. Points to remember covering important terms
4. Objective-type questions

5. Review questions

6. Solved and unsolved problems for each chapter
I

am sure that this textbook will be beneficial to students and teachers as well.

Prof. D. N. Reddy

Vice Chancellor

Jawaharlal Nehru Technological
University Hyderabad, Hyderabad
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Preface

The role of science is to discover the laws of nature, while the role of engineering and
technology is to invent methods to apply these laws to serve human needs. The development
of science began at a rapid pace in the 19th century, and it continues unabated to this day.
Measurement plays an important role in the context of the progressive metamorphosis of
science and technology. The subject of measurement is crucial to advancements in the field of
electronics. It is interesting to note that time, as a parameter first attempted to be measured by
primitive races, is the most accurate that can be studied by contemporary technology.

This textbook has been written against a backdrop of the imperative need to closely examine
the science of measurement vis-a-vis its emergence as a discipline indispensable to the study
of electronics and related fields. Though a number of textbooks have been written on the
topic, a need was felt to address the typical difficulties faced by the student in learning the
subject and to clearly explain the subtle points and principles involved. Written in a user-
friendly manner, the book engages both the student and the teacher with its lucid style and
focussed pedagogical features that include summary, points to remember, objective-type
questions, review questions, and unsolved problems. The subject has been discussed with the
undergraduate student in mind, and all topics generally covered at the undergraduate level
are examined in this book. The reader is acquainted with specifications, parameters, and the
typical values obtained during usage of the different types of instruments. The subject can
be understood well when related numerical problems are solved. To this end, a number of
problems are worked out in all chapters.

The textbook will be useful to students appearing for competitive examinations as well,
since it includes the topics covered in a number of universities. It would also be beneficial to
students of AMIETE, AMIE, M.Sc. (Electronics), and all programmes that include electronic
measurements and instrumentation as a subject of study.

Suggestions and feedback to improve this book are welcome.

Acknowledgements

I am thankful to Dr. E. N. Ganesh, Assistant Professor, Department of Electrical Commu-
nication Engineering (ECE), BSA Crescent Engineering College, for his help in writing this
textbook. I am also grateful to E. V. L. N. Rangacharyulu, Associate Professor, Department of
ECE, Sri Indu College of Engineering and Technology, Hyderabad, for his inputs. A number
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of textbooks, journals, instrument manuals, and data manuals have been referred to at the time of writ-
ing this book. Thanks are due to the authors of all these textbooks and research articles. I am obliged to
M/s Tektronix Instruments, M/s Keithley Instruments, and M/s Peridot Technologies, Hyderabad, for
providing technical information on various instruments.

K. Lal Kishore
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1.1 INTRODUCTION o

Although the measurement of simple physical parameters like time dates back to ancient times,
measurement as a precise technology is only a few hundred years old. Perhaps, zime was the
first parameter measured by man. In olden days, time was measured during the day time by the
position of sun in the sky. To count days or years, stones were placed at a particular position.
Years were counted in the same way, by placing stones whenever a particular season arrived. The
age of a person was also counted similarly. On the death of a person, the stones accumulated on
his/her account were buried with his/her body. Though it is a crude technique, it was a kind of
measurement. This method is still being followed as a ritual by some primitive races in Africa.
Ironically, the same parameter ‘zimeé’ is that which can be measured most precisely compared to
other parameters. Cesium—Hydrogen atomic clocks have an accuracy of 1 sec in 30,000 years.
When Galileo found the simple pendulum, clocks were built based on this principle. No other
physical quantity can yet be measured with such an accuracy as zme.

The first major contribution to scientific instrumentation is from the science of optics.
The telescope, the microscope, and the spectroscope were the first categories of scientific
instruments. The spectroscope revealed new elements on Earth. The microscope showed that
the cellular structure of living matter and microorganisms is the effective cause of diseases.




2 Electronic Measurements and Instrumentation

The role of science is to discover the laws of nature and how they operate in complex systems. The
role of engineering is to apply the discoveries of science to human needs. Scientists make discoveries
that increase our understanding of the world. Engineers make inventions intended to increase our
productivity or ability to survive. Instrumentation is a branch of engineering that serves not only
science but also all branches of engineering and medicine. The precise measurement of dimensions
like temperature, pressure, power, voltage, current, impedance, etc., are as important to engineering
as to science.

Accurate measurement is needed for economic design. A bridge several times stronger than needed
to carry its heaviest possible load serves no one better and costs more. For millions of people watching
TV, the dramatic moment of the Apollo-11 mission occurred when Neil Armstrong first set foot on the
moon. But for many of the engineers who designed the lunar module, the dramatic moment occurred
2 hr earlier, when the lunar landing module set its feet on the moon. At that moment only 10 sec worth
of fuel remained. Such a critical design was required since every gram of fuel saved could be used to
increase the pay load of the lunar escape module.

The science of instrumentation plays an important role in technology. But electronics engineering
plays a vital role in the field of instrumentation. The reason is that most physical quantities can be
converted by transducers into electrical signals and once an electrical signal is available, the signal
can be amplified, filtered, multiplexed, sampled, and measured. Nowadays, it is also possible to
convert the signal into a digital form, interface it with a microprocessor (UP), or a microcontroller
(LC), or a personal computer (PC) and can be monitored, controlled, and displayed effectively. The
rapid strides made in semiconductor device technology and integrated circuits (IC) fabrication had its
bearing on instrumentation also. The old instruments and systems using vacuum tubes were replaced
by semiconductor devices and ICs. Now uP, uC, and PC-based measuring instruments and systems are
the order of the day. Making use of the concept of composite materials, Thick-film Technology, Thin-
film Technology, Hybrid Microcircuits, and new types of sensors that are smaller in size and lesser in
weight are being developed. By embedding a processor, memory, and digital display, intelligent sensors
are being developed.

Thus, electronic measurements and instrumentation is a rapidly changing subject and contributes
significantly to science and technology.

In this chapter, the construction and principle of the working of electronic instruments are explained.
The measurement of voltage, current, and resistance is given with figures and circuits. In addition,
extension of range of the instruments and frequency compensation techniques have been discussed.

Due to mechanical movement, electromechanical type of instruments for the measurement of
voltage, current, and resistance have inherent disadvantages. In this chapter, electronic circuits used for
the measurement of these parameters are described. The student is expected to understand the working
of circuits and the advantages of these instruments over electromechanical types. Average reading, peak
reading, true rms reading voltmeters, principle of operation, and working of these meters as well as
electronic AC voltmeters, balanced bridge voltmeter circuits, operation, and working are to be learnt,
from this chapter.

1.2 TERMINOLOGY o

This subject has broadly two divisions, one dealing with measuring instruments called electronic
measurements and the other dealing with transducer sensors, monitoring, and controlling physical
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parameters called Instrumentation. In general, the manner in which instruments are put to use is
classified as follows:

1. Monitoring of processes and operations.
2. Control of processes and operations.
3. Experimental engineering analysis.

This is only a general way of classification and there could be other applications as well.

Monitoring of processes and operations: Some measuring instruments have only a monitoring function; for
example, thermometers and barometers. They simply indicate the condition of the environment and
cannot control any function.

Control of processes and operations: Some instruments are put to use for the control of process
operations; for example, home-heating system using a thermostat control. A temperature-measuring
instrument senses the room temperature, thus providing information necessary for proper functioning of
the control system. Missiles guided by the heat blast that is ejected from planes are another example.

Experimental engineering analysis: In research and development work, measuring instruments are
used in carrying out experiments such as measurement of voltage, current, etc. Here the application of
instruments is specifically intended for experimental purpose only.

1.2.1 Advantages of Instrumentation Systems

A few of the advantages of instrumentation systems include:

1. Remote measurement.

Accurate measurement.

Measurement in adverse conditions: nuclear reactors, space applications, etc.
Convenience: recording of data, printout, etc.

Reduction in size.

A

1.2.2 Block Schematics of Measuring Systems

Measurand: The quantity to be measured is called measurand.

Transducer: A device that converts a physical quantity into an electrical quantity or vice-versa.

Signal conditioner: Amplification, Filtering, Modulation, Demodulation, A/D conversion, etc.

Display/Record: 'The quantity is recorded using X—Y or strip-chart recorders or displayed on monitors,
etc.

Any general measurement system as shown in Fig. 1.1 will have a transducer that converts the
physical quantity into an electrical form, so that the signal may be modified suitably according to the
requirements. Signal conditioning devices will carry out this task, and the parameter to be measured is
displayed or recorded.

Signal »| Display/
conditioning Record

Y

Measurand Transducer >

Figure 1.1 Block schematic of a general-purpose measuring system
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1.2.3 Other Systems

1.2.3.1 Block schematic of telemetry system. Telemetry stands for measurement of
a parameter from a distance. The parameter is measured in one place and recorded at a remote point

(Fig. 1.2).
I

Measurand Transducer cor?éﬁ?;lnng »| Transmitter Antenna
Display/ |, Processing Receiver J Rx
Record Antenna

Figure 1.2 Block schematic of a telemetry system

1.2.3.2 Block schematic of control instrumentation. Here a feedback loop exists
between the input and the output to control the parameter to be measured as shown in Fig. 1.3.

¥

Processing Parameter
values

Y

Measurement

Y

Controller

Figure 1.3 Control instrumentation system

1.2.3.3 Data process system. Here digital control techniques are employed using uP or pC
on a PC as shown in Fig. 1.4. The analog signal is converted to a digital signal by ADC and is processed
by microprocessor (UP) or microcontroller (uC) or PC.

conditioning

Measurand » Transducer ~| Signal » ADC T

uP/uC/pC

Display/Record <J

Figure 1.4 Data process system
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1.2.4 Objectives of Measurement

1. To establish the validity of design.
2. To predict the limit of capacity.
3. To provide information needed to supplement further analytical work.

The type of instrument to be used depends upon the type of data. The data are classif ed as follows:

1. Steady-state data: If the data vary in the range of 0-5 Hz.
2. 'Transient data: If the parameter variation is at a much higher rate >5 Hz.
3. Dynamic data: The parameter variation is periodic.

Just as electronic engineering has different sub-branches like electronic devices, circuits, microwaves,
radar engineering, etc., the subject of Instrumentation and Electronic Measurement have also vastly
developed. Electronic instrumentation, mechanical instrumentation, bio-medical instrumentation
meteorology are different sub-branches in this area.

The types of instruments used in electronic measurements are broadly classified as analog and digital.
The instrumentation systems are also classified in the same manner. A comparison between them is given in

Table 1.1.

1.2.5 Comparison between Analog and Digital Instruments
Table 1.1 Comparison of analog and digital instruments

Analog Digital
1. Low precision High precision
2. Continuous stepless deflection  Numerical readout
3. More flexible Limited flexibility, different instruments for various
ranges and applications
4. Frequency response is large, Frequency response can also be very high

from DC or low-frequency range
to high-frequency range

5. Parallax error in readout is No such error due to digital display
possible
6. Not convenient for readout Convenience in readout, viz. in low light, from a
distance, etc.
7. Errors due to friction, spring No such errors
tension can arise.
8. No direct PC or uP or uC Compatibility with microprocessors (uP),
compatibility microcontrollers (uC), and personal computers (PC)
is possible

1.2.6 Factors for the Selection of Analog and Digital Equipments
Based on the requirements and applications, analog or digital instruments are selected considering the
following factors:
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1. Accuracy and precision of measurement (these parameters are introduced, subsequently, in the
latter part of the notes).

2. Simplicity.

3. Minimum reading error.

4. Cost.

5. Resolution.

6. Display and readout.

7. Types of data to be measured.

8. Reliability.

9. Environment.

1

0. Availability.

Owing to the advantages associated with digital instruments, analog instruments are becoming
obsolate. With WP and PC-based instrumentation systems becoming popular, digital instruments are
being preferred.

1.3 PERFORMANCE CHARACTERISTICS o

Measurement involves using an instrument as a physical means of determining the value of a quantity
or a variable.

An instrument may be defined as a device for determining the value or magnitude of a quantity or
a variable.

Different instruments are compared and analysed by the performance characteristic parameters. The
performance characteristics are divided into

1. Static characteristics.
2. Dynamic characteristics.

Static characteristics, as the name implies, indicate the response of the instrument for slowly varying
data or time-invariant data. Dynamic characteristics denote the behaviour of the instrument for
time-varying quantities. The instrument design, testing, and evaluation are performed based on these
parameters.

1.3.1 Definitions

1. Accuracy: Accuracy is the closeness with which an instrument reading approaches the true value
of the variable being measured. Accuracy, in other words, indicates the maximum error, which will not
be exceeded, as assured by the manufacturer of the instruments. If the accuracy of a 100 V voltmeter
is +1%, the maximum error for any reading will not exceed +1 V. The term accuracy can be explained
as ‘conforming to truth’ .

2. Precision: The meaning may be given as ‘sharply or clearly defined . It is the measure of order
or degree to which a particular parameter is measured. This term is also distinctly different from the
term ‘reproducibility’. The definition for the term reproducibility is given later in the section. A voltage
reading expressed as 75.2347 V is a precise value. Therefore, precision indicates the degree or level
or number of decimal places to which a particular quantity can be measured. But precision does not
guarantee accuracy. The difference between the two terms must be understood clearly. For example,
7 = 3.14 is a correct or true value. It can be mentioned as an accurate value. But = = 3.1428574 is a
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precise as well as an accurate value. However, if the 7 value is given as 3.2428574, it is still a precise value
because the value is expressed to more number of decimal places, but it is not an accurate value. Thus,
precision does not guarantee accuracy. Digital instruments are more precise than analog instruments. A

3V digit digital voltmeter (DVM) is more precise than a 2% digit DVM.

3. Expected value: It is the value of the parameter being measured or computed. To use the right
kind of instrument and to select the correct range for measurement, one should know the correct value
of the parameter being measured. For example, if voltage is being measured, whether the value expected
is in LV, mV or tens of volts, hundreds of volts, etc; then the proper range of the instrument is to be
chosen. Only then will the measurement be accurate.

4. Sensitivity: Sensitivity of an instrument indicates the capacity of the instrument to respond truly
to the change in the output, corresponding to the change in the input. For a voltmeter, sensitivity is
referred to as Ae,|Ae, the ratio of the change in the output to the change in the input. If the output
voltage changes by few millivolts, the output should also change by the same amount in the ideal
case.

The ratio of change in the output signal to the change in the input is called sensitivity. For a voltmeter,
it is the ratio AV /AV, If V, changes by 0.1 V, the output reading should also change by 0.1 V. For
a given meter, it may change by 0.08 V or less. This change in V for a change in V] is expressed as
sensitivity.

5. Resolution: Resolution is the smallest change in the measured value to which the instrument
can respond. It is the smallest change the instrument can measure. For example, a 100 V voltmeter
may not be able to measure 100 mV. Only when the minimum input is 0.5 V, the needle may deflect
or the reading changes from 0. Any input or change in input less than 0.5 V may have no effect on
the instrument. Therefore, the resolution for that particular instrument is 0.5 V. When V; changes by
1 V and the output reading changes by 0.8 V only, the ratio is expressed as sensitivity. The difference
between the two terms, sensitivity and resolution, must also be understood clearly.

6. Error: The difference between the measured value and the true value is called error. Error is
expressed specific to a particular measurement. Accuracy indicates the maximum error for a given
instrument. The error in a particular reading will be less than or equal to the value given by accuracy.

7. Repeatability: This is defined as the variation of scale reading when the input is randomly applied
(with time gaps).

8. Reproducibility: This is the scale reading over a given period of time when the input is constantly
applied. For a given voltmeter, if 10 V is applied as input, and the input is continuously connected to
the instrument, the output reading of the voltmeter must be 10 V only. If it fluctuates, and reading
changes, reproducibility of the instrument is poor. This parameter indicates the steady-state response
of the instrument. If the input is intermittently applied, as long as the input is 10 V, the meter reading
must be the same. If the reading is different each time, the repeatability of the instrument is poor.

9. Drift: There are three types of drifts.

1. Zero drift or calibration drift: If the whole calibration shifts by the same amount, because
initially zero adjustment is not made, it is called zero drift.

2. Span drift. If the drift is not constant, but increases gradually with the deflection of the pointer,
it is called span drift.

3. Zone drift: If the drift occurs only in a particular zone of the instrument, it is called zone

drift.
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10. Dead zone: The maximum value of the input to which the instrument does not respond due to
hysteresis of the instrument is called the dead zone.

11. Threshold: It is the minimum value to which the instrument responds when the input is
gradually increased from zero value.

12. Limiting error or guarantee error: The limit of deviation from the specified value is known
as limiting error or guarantee error. Circuit components such as capacitors, resistors, etc., are guaranteed
with a certain percentage of their rated value. If a resistor value is given as 100 2 + 1 %, the manufacturer
guarantees that the resistance value falls between the limits 99 and 101 Q. The error is guaranteed to
be no greater than the limits set.

1.4 SIGNIFICANT FIGURES o

An indication of the precision of the measurement is obtained from the number of significant figures in which
it is expressed. The more the significant figures, the greater the precision. In the number 5.26, there are three
significant figures. If the number is 5.267 there are four significant figures. A zero after the decimal has more
significance if it is followed by a number. Observe the following numbers and the significant figures as shown
in Table 1.2.

Table 1.2 Country significant figures

Number Significant Figures
52 2

520
5.14
5.014
5.125
5.1250
50.02

A~ 0B~ PO

If the resistance value is specified as 68 Q, its value is closer to 68 than 67 or 69. If the value is
specified as 68.0 €, its value is closer to 68 than 68.1 or 67.9 Q. Therefore, a zero after the decimal point
is significant.

When two or more measurements with different degrees of accuracy are added, the result is only as
accurate as the least accurate measurement. For example, a bridge constructed with 10 pillars of which
9 are equally strong but with one weak pillar is just as strong as the weakest pillar.

13. Lag: Speed of response of the instrument is referred in terms of lag. If the input is changing
rapidly, output must also change exactly at the same rate, in an ideal case. The time delay in the output
to change with the input is termed as lag.

14. Dynamic error: Error in the reading is the difference between the true value and the measured
value. If the error value is constant, it is referred to as static error. If the error in the measurement is not
constant, but is changing, it is called dynamic error.
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1.5 DYNAMIC CHARACTERISTICS o

The dynamic characteristics of the instrument are important, if the instrument is to be used for varying
or dynamic inputs. In practice, the parameters may vary at different rates. It is not possible to study
or design instruments for these specific variations. Hence, certain standards have been prescribed for
determining the dynamic behaviour of the system.

The inputs specified are as follows:

1. Step input.
2. Ramp.
3. Sinusoidal input.

The dynamic characteristics of an instrument are:

15. Fidelity: It is the quality of indication by the instrument with regard to the changes in input.
This is indicated as dynamic error. Dynamic error is the difference between the true value of the process
variable and the meter indication.

16. Speed of response: It is the rapidity with which the instrument responds to the changes in
input. The delay in the response is known as lag.
The dynamic characteristics of the instruments are represented by differential equations. The order of
the equation represents the order of the instrument. But, in general, the instruments are classified as
1. Zero order.
2. First order.
3. Second order.
This classification applies to electromechanical-type instruments with a moving element.

Zero-order instrument: E.g. Linear potentiometer. It is represented by the equation

ayy = bx
where 4, and 4 are constants
x = input
y = output

The output follows the input with a proportionality constant £ = b/a,.
First-order instrument: E.g., Mercury thermometer. It is represented by the differential equation

dy
a | £ |-ayy=125,
1(4;} '

Depending upon the type of input, &x is to be modified.
For a step input x = x,

For a ramp input x = x,#

For a sine input x = x_sin w¢

Consider a step input
a _
Av1]|r=]—|%
élo d()
This can be written in the form
(T—-1)y=Kx,
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where
k=t -4 (1.1)
4 )
The solution to equation (1.1) with initial conditions, y =0 at7 = 0, is

y=Kx) (1= (1.2)

The measurement lag of the instrument is obtained from the graph by calculating the time taken by
the output to reach 90% of the final steady-state value. It is also called the measurement lag. Though the
input changes in a step function form, the instrument takes a definite amount of time.

The instruments are designed using these mathematical equations to meet the given specifications.
The corresponding figure is shown in Fig. 1.5.

—» T

Figure 1.5 Response of the instrument for step input

Second-order instrument: E.g., Spring balance (Fig. 1.6). These are represented by the equation
2

ﬂzd'zy+¢llﬂ +ayy+bx=0 (1.3)
where dx dx
x = input; y = output
2
Fo M2 Yk,
a{x2 o s
where
= mass

damping coefhicient

A~

= spring constant

P

Figure 1.6 Spring balance equivalent circuit
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1.6 TYPES OF ERRORS o

Different types of errors that occur in measurements have been classified into three categories. These
include

1. Gross errors.

2. Systematic errors.

3. Random errors.
This will enable users to avoid these errors and thus prove and increase the correctness in
measurement.

1.6.1 Gross Errors

These are basically human errors caused by the operator or person using the instrument. The instrument
may be good and may not give any error but still the measurement may go wrong due to the operator.
The different types of gross errors are:

(i) Taking wrong readings.

(i) Reading with parallax error.

(iii) Incorrect adjustments of zero and full-scale adjustments.

(iv) Improper applications of instruments: Using a 0—100 V voltmeter to measure 0.1V, etc.

(v) Wrong computation: When power is to be determined, ‘V’ and ‘7 are measured. If the
computation goes wrong, even though ‘V’ and ‘I have been measured correctly, the
measurement of power will be wrong. Thus, wrong computation can result in error.

1.6.2 Systematic Errors
These are divided into two categories:

(i) Instrumental errors: Due to shortcomings of the instruments.
(i) Environmental errors: Due to external conditions affecting the instrument.

1.6.2.1 Instrumental errors. Even if human errors are avoided or proper care is taken to see
that such errors do not occur, errors can still occur in measurements due to the instrument. The possible
reasons can be as follows:

(a) Friction in bearings of various moving components can cause incorrect readings.

(b) Irregular spring tension in analog meters.

(c) Calibration errors due to aging.

(d) Zero setting not adjusted properly.

(e) Full-scale setting not adjusted properly.

(f) Faulty display circuit in digital instruments.
These errors can be avoided by

* Applying correction factors.

*  Selecting suitable instruments.

* Calibrating the instruments.
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1.6.2.2 Environmental errors. Ambient parameters such as temperature, pressure, humidity,
magnetic and electrostatic fields, dust, and other such external parameters can affect the performance
of the instrument. Improper housing of the instrument also can give wrong readings. Such errors
can be avoided by air-conditioning, magnetic shielding, cleaning the instruments, and housing the
instruments properly depending on the application and type of the instrument.

1.6.3 Random Errors

Though gross errors and systematic errors can be avoided by taking proper care, some other errors can
also occur in measurements. No specific reason can be assigned and precaution could be taken to avoid
these errors.

Such errors are categorised as random errors. Noise that is impracticable can cause random errors
in measurements. To avoid these errors, frequency of measurement is to be increased, i.e., the same
parameter is to be measured often. Error in such measurements can be estimated by statistical analysis.

1.7 STATISTICAL ANALYSIS o

This method is employed to estimate the value or error when unpredictable errors or random errors are
dominant. When the reason for specific error cannot be identified and the deviation from the true value
is to be estimated, the statistical analysis method is to be employed. This will give the deviation from the
true value, and the correctness of the readings taken. The statistical analysis is employed by taking a large
number of readings of a particular parameter, and calculations are made in the following ways:

Arithmetic meanX : A large number of readings are taken and the average value is computed. The

average reading is the most probable value.
— X tXxytxztootx, (1.4)

n

% = arithmetic mean
n = number of readings taken

Deviation: It is the departure of a given reading from the arithmetic mean of the group of
readings.

d, = deviation of the reading x,, from the average x
dl =X — X3 a'2=x2—9?; d3=xn—p? (1.5)
The deviation can be positive or negative.

Average deviation D: It is an indication of precision of the instruments used in making measurements.
Highly accurate instruments with good reproducibility will have a low average deviation:

b _ld|+ldy |+ ds |+ |d,| _ 2] (1.6)
n

n

Standard deviation o: 2 5 ) )
i +dy +di +---d;

n

(1.7)

Variance 0°: Tt is the mean square deviation, and 6 is calculated. Probable error = + 0.6745 0. Thus,
the probable error in a given set of readings can be calculated.
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1.7.1 Probability of Errors and Gaussian Curve

A method of presenting test results is in the form of a histogram or block diagram. The number
of readings of the same quantity is taken and the measured value readings obtained are as given in

Table 1.3.

Table 1.3 Set of measurements to estimate random errors

Measured Value (Hz)

Number of Readings

49.6
49.7
49.8
49.9
50.0
50.1
50.2
50.3
50.4

5

8
12
19
20
19
12
10

4

Now a graph is plotted between the number of readings and the value of frequency (Fig. 1.7). This
graph is called a HISTOGRAM. The distribution and the shape of the curve indicate that the average
value is the most probable value. The deviation on the positive and negative sides of the average value
is uniform. Therefore, the middle or the average value is the most appropriate one.

20 -
Number of e
observed readings
! \\
! \
! \
! \
12— —12
! \
! \
! \
! \
! \
/
/ Y10
/
8 \
4 N
. N
g8 H T
RS N % .
D T Frequency
S T RS TSS

Figure 1.7 Histogram showing distribution of parameter readings

The Gaussian law or normal law: The Gaussian law of error is the basis for the study of random
effects. When random errors are predominant, the probable error in a particular measurement can be

estimated. The equation for the Gaussian law is

J

/7 _h?
—F¢
Jn

(1.8)
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where
b = constant = L
o2
0 = standard deviation
® = magnitude of deviation from the mean
y = probability of occurrence of deviation w

For each reading, the probability of occurrence of deviation is calculated. A graph is plotted between
yand w as shown in Fig.1.8.

The deviation is calculated in terms of 0 on both sides of the average value, and a graph is plotted.
If the average value is the true value, the probability of occurrence of zero deviation is maximum.
Therefore, corresponding to the average value, we will have a peak. If the shape of the graph is as shown
in Fig. 1.9, we can confidently say that the average value is the most correct value.

yT yT

T T T T T T

Ve = w0y 03 0g 0] 0y 03 T Ve Ve =— éa ég fa 1o 20 30 40— Ve
— Deviation — Deviation @
Figure 1.8 Probability of occurrence Figure 1.9 versus o curve

of deviations w

Root Sum Squares (RSS) formula: In the statistical analysis method, to associate the probable error,
the number of readings of the same parameters is taken, and graphs are plotted. A simple mathematical
formula to estimate the probable error, by taking only one set of readings, is the Root Sum Squares
(RSS) formula. If a parameter N is a function of other parameters #,, #,, ..., #,, IV is computed by
measuring #;, #,, ..., #,, and each measurement of u,, u,,..., u, has a certain degree of error or
uncertainty; the overall error, in the computed value of IV, Ey¢q is given by

N = f(u, uy, ..., 1)

2 2
Epss = (AUli +(AU26—) +eoet
m Buz

AU, i) (1.9)

Uy

This formula is derived based on numerical mathematical analysis. The usage of the formula is
illustrated in Example 1.1.

Example 1.1

A current of 10 A with a probable error of 0.1 A passes through a resistor of 100 €2, with a probable
error of £2Q. Determine the power dissipated and the probable error.
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Solution

P = PR
u; = L uy=R N=P

Applying Epgs
AP = variation in P due to probable error

2 2
AP = |(Ar9PY +(ar%F (1.10)
oR ol

I _ p 9P _Hpp
oR a7

Therefore,

AP = \J(ARD?+(AI2IR)

I = 10A; Al=0.1 A
R = 100Q; AR=20Q

AP = \J(2%x100)? +(0.1%20 X100)

AP = 8x10% =283 W

P IPR=10%2x100=10kW (1.11)

Hence, in the computed value of power = 10 kW, the probable error is +283 W. Thus, by making
only one set of measurements, the probable error can be estimated.

1.8 MEASUREMENT STANDARDS o

To establish uniformity in measurement and relative comparison and understanding, measurement
standards have been established by international convention. The fundamental unit or mass in the
International System (SI) is the kilogram, which is defined as the mass of a cubic decimeter of water
at its temperature of maximum density of 4°C. The mass of the international prototype kilogram
consisting of a platinum—iridium alloy cylinder is preserved at the International Bureau of Weights
and Measures at Sevres near Paris. Similar standards have been developed for other units including
standards for the fundamental units as well as for some of the derived mechanical and electrical units.

For convenience and local use by industries, laboratories, and research organisations, the standards
of measurement are classified as:

1. International standards.
2. Primary standards.

3. Secondary standards.
4. Working standards.

The international standards are derived by international agreement. International standards are
periodically evaluated and checked by absolute measurements in terms of fundamental units.

Primary or basic standards are maintained by national standards laboratories in different parts of the
world. The National Bureau of Standards in Washington is responsible for the maintenance of standards
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in North America. In India, the National Physical Laboratory (NPL) maintains primary standards. The
function of the primary standards is the verification and calibration of secondary standards.

Secondary standards are reference standards used for industrial applications. These are maintained by
the concerned industry and are checked locally against other reference standards. Secondary standards
are generally sent to the national standards laboratories periodically for calibration and returned to the
industry with a certification from the NPL.

Working standards are maintained in a laboratory. These are the principal tools of measurement. A
manufacturer of precision resistances uses a standard resistor in the quality control department of his
plant to check his testing equipment. 1

The standard for 1 m is the distance in which light propagates in vacuum in ) s

29,97,92,458

The International Committee of Weights and Measures has defined seconds in terms of frequency of
the cesium transition assigning a value of 9, 192, 631, and 770 Hz to the hyperfine transition of cesium
atom unperturbed by external fields. IEEE has evolved standard procedures, nomenclature, definitions,
etc., which are the standard test methods for testing and evaluating various electronic systems and
components. IEEE 488 standard is one of the most important standards in digital interfacing for
programmable instrumentation.

Example 1.2

A voltmeter has 100 scale divisions and can measure up to 100 V. Each division can be read to
+ division. Determine the resolution of the voltmeter in volts.
Solution
Resolution is the smallest change in input that can be measured. The meter can be read to %2 division.
The resolution is & division and its value in volts is
100 div= 100 V
ldiv=1V

4+ div =05V

Therefore, the resolution of the instrument is 0.5 V.

Example 1.3

A 31 digit DVM can measure 19.99 V. Determine the resolution in volts. (A + digit in digital
instruments corresponds to 1. A full digit can be display decimal numbers from 0 to 9.)

Solution

The maximum number of counts that can be made with 9.3 5 digit DVM is 1999. The smallest change
in input that can be measured is 1 count.
1 count in volts corresponds to resolution

1999 counts 19.99 V

1 count = 2

19.99/1999 0.01 Vor10 mV
.. Resolution= 10 mV
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Example 1.4

A voltmeter having a sensitivity of 10 kQ/V reads 75 V in its 100 V scale when connected across an
unknown resistor when the current through the resistor is 1.5 mA. Calculate the percentage error due
to loading effect.

Solution

Consider Fig. 1.10. Owing to the finite resistance of the voltmeter, it draws some current from the
source. Ideally, the voltmeter must have infinite resistance and should not draw any current. Therefore,
the net resistance measured V//is the parallel combination of R and R and not R _alone. This is called
loading of the source by the meter and results in certain error in measurement.

R Unknown
I

W resistor  /

Y~

R,,— R meter
- Vv

Figure 1.10 For Examplei.4

75V
apparent 15 mA =50 kQ
=100V x MK 1Mo - 1000 kO
v
R parallel with
R = BeBu _sokq; R -1mQ; R =2
R.+R,
R, = 52.63kQ

Percentage error due to loading effect: The true value of the unknown resistor R is 52.63 kQ. The
measured value is 50 kQ.
_ 52.63-50
52.63
= 4-99

% error 100

1.9 SUSPENSION GALVANOMETER o

This is used for DC measurements and is one of the earliest measuring instrument mechanisms. A coil
of fine wire is suspended in a magnetic field produced by a permanent magnet. When electric current
is passed through the coil, the coil will rotate in the magnetic field. The fine filament suspension of the
coil serves to carry the current. The elasticity of the filament sets up a moderate torque in opposition
to the rotation of the coil.
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The deflecting torque is the electromagnetic (EM) torque. The balancing torque is the mechanical
counter torque of the suspension. The coil will deflect until these two torques become equal. The
pointer attached to the coil indicates the corresponding position. The coil deflection is the measure of
the current carried by it. An optical effect is also used by attaching a mirror to the coil, which deflects
a beam of light.

The principle governing the suspension galvanometer applies to the permanent magnet moving-coil
(PMMC) mechanism shown in Fig. 1.11. When current flows in the coil, an EM torque is developed
and causes the coil to rotate. This EM torque is balanced by the mechanical torque or control springs
attached to the movable coil. The expression for torque is

T = BAIN (1.12)

where
= torque produced (Newton-meters)
= flux density in air gap (E or Tesla(T))

2
m

= Lw; L = Length of the coil; w = width of the coil
= current in the movable coil
N = turns of wire on the coil

T
B
A = effective coil area (m?)
A
I

From equation (1.12), 7'is directly proportional to B, 4, 1, and N. The flux density and the coil area
are fixed for a given instrument. Typical values are: the coil area A will be in the range 0.5-2.5 cm?, B
ranges from 1500 to 5000 gauss or 0.15-0.5 Tesla. For a PMMC panel, instrument of 1 mA range and
free-scale deflection of 100°, 4 = 1.75 cm?, B=0.2'T, N = 84 turns, 7'= 2.92 x 10~ Nim, coil resistance
= 88 Q, and power dissipation = ¢'W.

Horseshoe magnet

Zero position control

y "% Control spring

Pointer

Counter weight

7, Pole shoe

Coil

Figure 1.11 PMMC movement

1.10 D’ARSONVAL MOVEMENT o

The PMMC movement was invented by D’Arsonval. Hence, it is also called D’Arsonval movement. The
power consumption in this system is very low. It requires low current for free-scale deflection (FSD). This
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system has a permanent magnet in the horseshoe form with soft pole pieces attached to it. Between the
pole pieces is a cylinder of soft iron. It provides uniform magnetic field in the air gap between the pole
pieces and the cylinder. The coil is wound on a light metal frame and is mounted so that it can rotate
freely in the air gap. The pointer attached to the coil moves over a graduated scale, which indicates the
angular deflection of the coil and therefore the current through the coil. Thus, the deflecting rorque T y
is produced by the EM eftect. The controlling torque T is provided by rwo phosphor—bronze conductive
springs. Spring tension must be uniform for maintaining the accuracy of the instrument. The moving
system is balanced by three weights. The V-jewel is commonly used in instrument bearings. The top of
the pivot may have a radius from 0.01 to 0.02 mm. The basic PMMC instrument is a linear reading DC
instrument, because Td, the torque, is directly proportional to the coil current.

T, <1
The power requirements of the D’Arsonval movement will be in the range 25-200 puW. The
accuracy of the instrument is of the order of 2-5% of full-scale reading (FSR). The PMMC instrument
is unsuitable for AC measurements, unless the current is rectified before the application to the coil.

Figure 1.12 shows the details of a moving coil for PMMC movement, Fig. 1.13 shows details of
instrument bearings, and Fig. 1.14 shows the construction of the core magnet.

Figure 1.12 PMMC movement showing the control springs and the indicator

(@ (b)
Figure 1.13 (a) V-jewel bearing and (b) spring-back jewel bearing
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(©

Figure 1.14 Construction of the core-magnet moving-coil mechanisms

1.10.1 Taut-Band Suspension

This is based on the suspension-type galvanometer mechanism. This is used in laboratories where high
sensitivity is required and the deflecting torque is very low. When the torque is low, even the low
friction of pivots and jewels are to be eliminated. Figure 1.15 shows construction details of a taut-band

suspension mechanism.

Die cast hub

Stop plate

Top wedge . .
Tension spring

Insulating hub
Spring washer
Abutment — : > Washer
Bottom wedge
Bridge

Ribbon

Anchor nut
Movable element

Figure 1.15 Taut-band suspension eliminates the friction of conventional pivot and
jewel suspensions

The movable coil is suspended by means of two torsion ribbons. The ribbons are placed under
sufficient tension to eliminate any sag. Taut-band instruments are relatively insensitive to shock and
temperature. They are capable of withstanding greater overloads. The advantage in these instruments is
that friction due to jewel—pivot suspension is eliminated.
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1.10.2 Temperature Compensation

PMMC movement can be made insensitive to temperature effects by providing temperature compensation,
and the appropriate use of series and shunt resistors of copper and manganin. As the temperature increases,
the magnetic field strength and the spring tension decrease. The coil resistance increases with increase in
temperature. The uncompensated PMMC mechanism tends to read low by approximately 0.2% per °C
rise in temperature. The resistors that provide temperature compensation are called swamping resistors.
These are connected in series with the moving coil, as shown in Fig. 1.16.

The swamping resistor is made of manganin and copper. Manganin has practically a zero-temperature
coeflicient. Manganin is mixed with copper in the ratio of 20/1 to 30/1. As the temperature increases,
the total resistance of the coil and swamping resistor increase slightly. This will counteract the effect of
temperature on springs and magnet. Therefore, the overall temperature effect is zero. A copper shunt
resistor is also connected as shown in Fig. 1.17.

The resistance of the copper shunt resistor increases more than the series combination of coil and
manganin resistor. Therefore, a large fraction of the total current passes through the coil circuit. By
correct proportioning of the copper and manganin parts in the circuit, complete cancellation of
temperature effects may be accomplished. The disadvantage is that full-scale deflection sensitivity is
reduced.

Coil (Cu)

Swamping
resistors,
Coil VVVYV

(Cu) (Mn) (Mn)

Swamping resistor

Shunt resistor
] e
(Cu) S

(a) (b)

Figure 1.16 Placement of swamping resistors for temperature compensation of a meter
movement. (a) Simple compensation circuit and (b) improved compensation
using series and shunt resisters

N le

? D’Arsonval
R Ry, movement

(e} *

Figure 1.17 Basic DC ammeter circuit
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1.10.3 Shunt Resistor

The coil of a PMMC movement can take very small current. If the instrument is to be used as ammeter
to measure large currents, the excess current must be bypassed through a shunt.
The value of the shunt resistance to be connected can be calculated as shown below:

R, = internal resistance of the coil

R = resistance of the shunt

I, = full-scale deflection current of the movement
I, = shunt current

~
I

full-scale current of the ammeter including the shunt

The voltage drops across the shunt and movement must be the same, as they are in parallel.

Vs/mnt = Vmave‘ment IR
]:}JR:};= ]mRm; R_r = 7; m (1.13)
h
[sh = [—[m (1.14)
Therefore,
R, = Lnfn (1.15)
I-1,

The shunts are made from alloys of manganin or constantine. Evenly spaced sheets of resistive material
are welded into a large block of heavy copper on each end of the sheet.

1.10.4 Ayrton Shunt

The current range of the DC ammeter can be further extended by a number of shunts selected by a
range switch. The Universal Shunt or the Ayrton Shunt is shown in Fig. 1.18. By this the overall meter
resistance will be higher. Direct current ammeters are available over wide ranges from 20 YA to 50 A

—o

Figure 1.18 Universal or Ayrton shunt
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full scale. With the external shunt, the range can be extended to 500 A. Ammeters should be connected
in series with the voltage source. They should not be connected in parallel because due to the low
resistance, heavy current may flow and destroy the delicate movement.

Advantages

1. Wide range of measurement.
2. Meter (ammeter) with a deflecting pointer always has a resistance in shunt.

1.11 DIRECT CURRENT METERS o

The first DC measurement was done by Hans Oesterd in 1820, when he discovered a relationship between
current and magnetism. In 1881, Jacques D’Arsonval developed and patented a PMMC meter.
In D’Arsonval meter, two types of suspension mechanisms are employed:

1. Jewel and pivot: Full-scale current: 50 pA.
2. Taut-band mechanism: Full-scale current: 2 pA.
The more sensitive and more expensive Alnico alloy of aluminium, nickel, and cobalt for magnetic
materials and spiral phosphor bronze springs are used in D’Arsonval’s meter. It also has a horseshoe-
shaped permanent magnet with two soft iron poles (see Fig. 1.19).

Pointer

Permanent magnet

Nl)L (@) (] s

N7

Moving coil Spring

Figure 1.19 PMMC (permanent magnet moving coil) movement

Between the Vand S poles, a cylindrical-shaped soft iron core is used about which a coil of fine wire
is wound. This fine wire is wound on a longest metal frame and is mounted as a jewel setting, so that
it can rotate freely.

The DC current to be measured passes through the windings of the moving coil and inducing forces
make it to behave like an electromagnet, making the coil to rotate.
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The pointer deflects when current passes through the coil in the proper direction. Therefore, all the
DC meters have polarity in direction.
Ta’ = Tc
The pointer comes to rest when the deflecting torque 77 is equal to the controlling torque 7.

The direction of the current through the coil determines the poles of the induced electromagnet
(Fig. 1.20).

(Iilsh) 1 m

Figure 1.20 Current division of /into /, and /¢,

For a DC ammeter:

Vo= (LR)

Vip = Vi

I, = (U-1)

R, = L IRy :[—’”Rmzl <R
L, 1, 1, -1,

‘Example 1.5
Given 1 mA ammeter with R, =100 Q to measure 10 A, find R,.
Solution
I, =1-1=10mA-1 mA =9 mA
V,=1,R;=1mAx100Q2=0.1V
v, o1y

R,= Lo S11.11Q
I, 9 mA
I = Practical range of ammeter
I =nl, ;
n = Multiplication factor = .
A m
s n[:b - [m
R
R, = —m
n—1

Power dissipation of the shunt is the main criteria.
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Example 1.6

Given ammeter range = 100 uA, R, = 800 €2, and range to be extended to 100 mA and 10A, find R,
(Figs. 1.21, 1.22).

10A 11a
° O+ o +
Figure 1.22 For Example 1.6 Figure 1.22 For Example 1.6
Solution
100 mA
Lo, 100mA 600
1, 100 WA
Ru _ -3 o800
n—1 999
1—-A range:
Rﬂ + Rb + RL‘ = R_y}]
R
R — "
sh —1
1
n o= —
[Wl
I, = Meter current

I = Total range
(R), + R) is in parallel with R + R . Because / current flows through (R + R)

VR& +Re VRﬂ + Rm
or

(R, +R) (I~ 1)

[, (R +R,)

or

[(R,+R)~1 (R,+R) = I [R,—(R,+R)+R]

m

"R, = [R,—(R,+R)]

a
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~I(R,+R)—1 (R,+R)= I R,~I (R,+R)+I R
or

1, (R,+R,)

R, +R
b
!

c
R is known. Therefore, it is
R
R, + R+ R, = m
n—1
...R = RJ/ﬂ_(Rb+R€)

a

In the maximum current range of 10 A, / " will flow through R p R, and R . and L, through R .
1, (Rsh + Rm)

]x})
SIyR= I (R +R,+R)

or Iy,
(I-I)R. = I (R,+R,+R)

IR = I (R,+R,+R)+I R
= I (R,+R,+R +R )

R, = R,-R,-R,

IR = I (R,+R)

R - I, (RS,?+Rm)=100><10_6(0.8+800)

I 10 A
= 0.08Q
‘Example 1.7

For the meter circuit shown in Fig. 1.23, determine the values of R » Ry, and R- [ =100 UA;
R =1kQ.
m

1A 100 mA 10 A

Figure 1.23 For Example 1.7
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Solution
I, = 100pA
R
R — m
sh 1
-3
no = i:@:looLoéﬂoo
I 10 10x10~
LRy = KT 4049
100—1 99
1, +R
R+ - (;] ) 100 HA(10.1Q+1k) Col00
100 mA
R is the resistance in the 1 A range. It comes in parallel with R,
" IR = I (R,+R)
or
I, (R, +R))
R = it Tom
I
_ 100 nA(10.1Q+1k€Q) _101 0
1mA
Ré = >(Rb+RC)ZIOIQ
R = 0101 Q

R, = 1.01-0.101=0.909 Q
R = RSh_(Rb-'—RC)
= 10.1 2-(0.909 2 + 0.101 ) =9.09 Q

1.12 D’ARSONVAL METER MOVEMENT USED IN DC
VOLTMETERS o

By controlling resistance R, in series with the meter, D’Arsonval meter can be used for voltage
measurements. The purpose of R_is to limit the current through the meter and extend the range to
measure voltage. The circuit is as shown in Fig. 1.24.

V ®-.
|

Figure 1.24 Circuit for voltage measurements
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1
Sensitivity S is defined as —, where ]ﬁ = Full-scale deflection current.
5
Sensitivity = 1 = 1 - Ohms
Ampere  Volt/Ohm  Volts
([S x Range] - R, )

((Sensitivity x Range) — Meter resistance)

R

K

Example 1.8

Calculate the value of the multiplier resistance on the 50 V- range of a DC voltmeter that uses a 500
UA meter movement with an internal resistance of 1 k€ (Fig. 1.25).

Figure 1.25 For Example 1.8

Solution

(R, + R,) = Total Resistance = (S x range)
R, =(§xrange) — R

s- Lo 1 _oxow
I 500 uA

R =S xRange-R
_2kQ

27 x50V-1kQ=100kQ - 1kQ =99 kQ2
_ v
Example 1.9

Calculate the value of multiplier resistances for the multiple range DC voltmeter. The circuit is shown in

Fig. 1.26.
I,=50 pA
Ry R, ZR,, R,=110QA
3V 10V 30V
+ _
O (e,

Figure 1.26 For Example 1.9
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Solution

L1 ke
I; S0uA v
'The values of multiplier resistances in the different ranges are
3-Vrange: R;=SxRange-R
20 kQ

= " x3V-1kQ
\Y4

50 kQ
10 - Vrange: R,=S5x Range-R
_ 20K ovo1kQ
A\
=199 kQ
30 —Vrange: R3=8xRange—-R
20 kQ

= 27 x30V-1kQ
A\

599 kQ

1.12.1 Ammeter Loading Effect

An ideal ammeter should have Rm = 0. It should not reduce the current flowing through the circuit due
to internal resistance. This is referred to as loading effect due to ammeters (see Fig. 1.27).

AN~

Ry

with meter resistance R,

Figure 1.27 Ammeter loading effect

The expected current in the circuit in an ideal case is /, = —
1
But due to finite resistance of the ammeter R,

; 1%
m — \R+R,

Rl
I R+R,
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Example 1.10

A current meter that has an internal resistance of 78 €2 is used to measure the current through resistance
R . Determine the % errors of the reading due to ammeter loading.

Solution

Consider the circuit shown in Figs. 1.28 and 1.29.

— 3V Rp=1kQ
R,=1kQ Ry =1 KO b
t—__— 3V R.=1kQ
Y
Figure 1.28 For Example 1.10 Figure 1.29 For Example 1.10
Thevenin’s resistance:
R =R+ R By
R, +R,
R =1kQ+05kQ=15kQ
I, R 1.5 kQ

=0.95

I, R+R, 15kQ+78Q

I =0951

The reading shown by the meter is 95% of the expected value
Error =5

I
Loading error = |:1 —([—mﬂ 100% = 5%

e

1.13 DC VOLTMETERS o

By adding a series resistance or a multiplier, the D’Arsonval movement can be converted into a dc
voltmeter. The series resistance R or the multiplier limits the current through the meter, so as not to
exceed the full-scale deflection current /¢, (Fig. 1.30).

The value of the multiplier resistance required to extend the voltage range is calculated as follows:

I

m

deflection current of the movement

R, = internal resistance of the movement
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Multiplier

o AW "

R

s

v (/) Current meter with
resistance R,

Figure 1.30 For DC voltmeter

R = multiplier series resistance

V' = full-range voltage of the instrument

V=1 R+R) (1.16)

R = V-1,R, _ l—R (1.17)
I, I, m

Direct current voltmeters are available up to 500 V. The multiplier resistance is built into the meter.
For higher voltage ranges, R is mounted separately.

1.13.1 Multirange Voltmeter

A voltmeter with different ranges can be obtained by connecting a number of multipliers. This is shown in
Fig. 1.31.
R, is the multiplier resistance for the voltage range V;
R, is the multiplier resistance for the voltage range V,,
and so on.

Figure 1.31 Multirange voltmeter
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To determine the value of R, R, . . ., etc., the following equations are used:
I (R, +R) =1V, (1.18)
I, (R, +R) =V, (1.19)
I (R, +R) ="V, (1.20)

The multiplier resistances can also be connected in series as shown in Fig. 1.32. The advantage with
this system is that all multipliers except the first have standard prevention values and can be obtained
commercially.

R R, R, Ry

ZERRZ Q) R

+ o

— O

Figure 1.32 More practical arrangement of multiplier resistors in the multirange
voltmeter

The resistance offered by the voltmeter for each range is expressed as the sensitivity of the voltmeter.
It is expressed in Q/V. It is also called the ohm-per-volt rating of the voltmeter. An ideal voltmeter should
have infinite input resistance. When the voltmeter is connected across two points, it shunts the circuit or
source. Therefore, the net resistance decreases. Due to this, the voltage measured will be less than the
actual voltage. This is known as the loading effect.

1.14 OHMMETER o

The basic D’Arsonval meter can be used to measure resistance. There are two types of ohmmeter:
1. Series type.
2. Shunt type.

1.14.1 Series-Type Ohmmeter

This meter consists of a D’Arsonval movement connected in series with a resistance and a battery to a
pair of terminals where the unknown resistance R, is connected. The current passing through the meter
depends on the value of R. Therefore, the deflection of the pointer is proportional to R. The circuit
diagram is shown in Fig. 1.33.

current-limiting resistor
zero-adjust resistor
internal battery

R,
Ry
E
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R
| A
o -
Ry, (/) Ry < R, RQ/\
© 0
E
[, Maximum deflection for R = 0.
! B

Figure 1.33 Series-type ohmmeter

internal resistance of D’Arsonval movement
unknown resistor

R

m
R
X
The disadvantage with the series-type ohmmeter is that it does not compensate for the decrease
in battery voltage due to aging. As the source voltage decreases, the deflection or full-scale current

decreases.

1.14.2 Shunt-Type Ohmmeter

The circuit diagram of a shunt-type ohmmeter is shown in Fig. 1.34.

MW
s

E= Ry (/) R, R/_\
0Q2 Q2
S . .
Maximum deflection for R = 0.
—". o -
B

Figure 1.34 Shunt-type ohmmeter

The battery is in series with an adjustable resistance R, and the D’Arsonval movement. The unknown
resistance is connected across terminals A and B in parallel with the meter. An on—off switch is to be
provided to disconnect the battery from the circuit when not being used. If R _= 0, the meter current is
zero. If R = oo, the current finds a path only through the meter. The meter can be made to read full scale
by adjusting R. Thus, the meter deflection is proportional to the value of the unknown resistance R..

This meter is more suitable for measuring low values of resistances, upto 100 kQ. This instrument
is used in laboratories.

1.14.3 D’Arsonval Meter Movement Used in Ohmmeter

The basic D’Arsonval meter can also be used to measure resistance. The circuit is shown in Fig. 1.35.
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a%fll;(s)t Full-scale I}
J adjust "

I||| o O

X Y

Figure 1.35 Equivalent circuit with ‘zero adjust’

In Fig. 1.35, between the terminal X-Y, the unknown resistor R
flowing through the circuit is proportional to the resistance R, .

and full-scale adjust

.1 connected. Therefore, the current

If AB is shorted, a full-scale deflection 7, will be obtained. If the needle deflection is less, it is adjusted

by the potentioammeter a R . Usually this potential will have 10%
zero and oo adjustment in the ohmmeter.
Full-scale current

14
I, = ——
i Rp+R,
14
Current / when resistor R_is connected= ——————
x Rp+R,+R,
! Rp+R,

of the total resistance R This is the

Iﬁ Rp+R,+R,

This ratio L is represented as P and is equal to
£ Rp+R, _
Rp+R,+R,

Example 1.11

A1 mA meter movement is to be used as an ohmmeter. R = 200 €. Battery supply = 5 V. Determine
the resistor values for full-scale, 20%, 40%, and 50% of deflection.

Solution
Ii=1mA; V=5V; R, =200Q; R, =
_ 14
£ R YR
5V
200Q+ Rp
RP = 4.8 kQ

Value of R with 20% full-scale deflection,
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Po- Lo_oow-02-[ RetRy g _;
Iy R,+Rp+R,
' R,+R,
“R= TR eR)
4.8kQ+0.2kQ
= ———————(4.8kQ+0.2kQ)
0.2
= (25-5kQ =20kQ
R, for 40% FSD, R, <R, 5 kO
= —— —(Rp+Rm)= 04 -5kQ
R, = 125kQ-5kQ=7.5kQ
R_for 50% full-scale deflection,
R, +R

_ P m

e (Rp+Rm)
5kQ
?—Sks}:l()kQ—SkQ:SkQ

.. The multimeter scale is non-uniform.

For 50% of FSD, R _= (R )+ R ) = R, gives the total internal resistance of the multimeter.

1.14.4 Multiple Range Ohmmeters

(@) R x I range, Equivalent circuit: Equivalent circuit 20 € resistor is connected at X — Y terminals
in the R x 1 range (Fig. 1.36).

I =50 pA
R, =2kQ
_ A
@ “Qprfzst Q‘“
Rx1
T i 100
Rx100 .100Q
1Q
i o o
X v

Figure 1.36 Equivalent circuit for R X /range
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Voltage across 10 Q resistor, V'

15V | 102 ) _osv
10Q +20Q

The current through the meter movement is (Fig. 1.37)
05V

[ _166uA
30 kQ
Rx1 Im
R, =2kQ
= E=15V r=100"

R,=28kQ

Figure 1.37 Equivalent circuit for R x 1 range

(b) R x 10 range: When the ohmmeter is set on the R x 10 range when 200 €2 is connected at
X — Y terminals (Fig. 1.38).

Vacross 100 Q is
100 Q

174 e
100 Q+200 Q

1.5V x

1
1.5V x 5:0.5\/

Current through the ohmmeter (Fig. 1.38), when R = 200 Q is

05V
[ -2V _i66ua
30 kQ
Ry=2kQ
E=15V = 100 Q2

=28kQ
R,=200Q

X Y

Figure 1.38 Equivalent circuit for R x 10 range
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(" Multimeter )
This is an instrument that measures /, V] and R. It usually uses D’Arsonval meter movement with
a current range of 50 HA. Sensitivity = 20 kQ/V.

Ranges for 1, V; and R
Direct current: 0 — 50 mA, 0 — 1, 10, 100, 500 mA, 0 — 10 A.
DCvolts: 0 —250 mV, 0 - 2.5V, 10, 50, 250, 1000, 5000 V.
AC volts : 0 — 2.5, 10, 50, 250, 1000, 5000 V.
Ohms: Rx 1, R x 100, R x 10,000.

\_ Other specs: Input |z|, frequency range:10 Hz. )

1.14.5 Electrolyte Capacitor Leakage Tests

If a capacitor is fully charged, from a DC source V,, the charging current should stop. When V=V,
and if the capacitor has a leakage, V. tends to decrease and the charging current continues to flow. The
current that flows, after V. reaches a value close to V, is called the leakage current.

Usually for an electrolyte capacitor, the leakage current will be more. Therefore, using an ammeter,
the leakage current of the capacitor can be detected. The circuit is shown in Fig. 1.39.

+ (A
Regulated power ke "
supply V Ve ==cC

- | l

Figure 1.39 Measurement of leakage current of an electrolytic capacitor

Typical values of leakage current are:
Capacitor C rated for 300 V or more: 0.5 mA.

Capacitor C rated for 100 — 300 V: 0 — 2 mA.
Capacitor C rated < 100 V: 0.1mA.

1.14.6 For Non-Electrolyte Capacitors

An ideal capacitor should have infinite resistance in parallel with C (see Fig. 1.40).

Figure 1.40 Equivalent circuit for an ideal capacitor
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If the capacitor is not an ideal one, the supply voltage V, will get divided across the meter resistance
R, of the voltmeter C and the finite resistance R of the capacitor (see Fig. 1.41).

LR <R[Vl
V.

LV ViR
R+R,
“V.R+R)= VR

or RV,-V) = -V,R,
"R = V.R /(V.-V)

DC source

Figure 1.41 Equivalent circuit for a capacitor with finite shunt resistance ‘R’

1.15 MULTIMETER o

Combining the three measurements of /, V/ and R, a single instrument can be constructed known as
volt-ohm-milliammeter or multimeter. D’ Arsonval movement can be used for all the three measurements.
Hence, a single deflecting mechanism can be built to measure all the three parameters. The circuit
diagrams of this type of instrument are shown in Fig.1.42.

The movement has a full-scale current of 50 pA.
Internal resistance = 2000 Q; sensitivity = 20 kQ/V.

Flux density produced = 1000-4000 gauss.

1.16 ALTERNATING CURRENT-INDICATING
INSTRUMENTS o

In D’Arsonval deflection system, the deflecting torque ‘7, is directly proportional to current through
the circuit ‘7; Tl If the AC input is given for such an instrument, during the negative half cycle,
a positive deflection is produced. During the negative half cycle, deflection in the opposite direction
is produced. For a symmetrical AC input, the net deflection will be zero. If the frequency of the AC
input is high, the instrument will not be able to respond at all. By rectifying the AC input and applying
D’Arsonval meter, AC current and voltage can be measured. Another method is to use the heating
effect of the AC to produce an indication of its magnitude.
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50 WA, 2000 Q, 100 mV

Rys

@

Ry4

+

Ry Rip Ry

Switchers shown in 50 V
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Figure 1.42 (a) Schematic diagram of a multimeter (b) DC voltmeter section of a
multimeter and (¢) DC ammeter section of the Simpson model 260
multimeter

1.16.1 Electrodynamometer

An electrodynamometer is used in the frequency range of 50 Hz and also up to the lower-order audio
frequency range. Making modifications, an electrodynamometer can also be used as:
1. Wartt meter.
2. VAR meter.
3. Power-factor meter.
4. Frequency meter.
Figure 1.43 shows the schematic diagram of an electrodynamometer movement.
In this type of a deflecting system, the permanent magnet used in D’Arsonval system to produce
a magnetic field is replaced by a fixed value split into two equal halves. The current passing through
these coils produces the magnetic field. The two coil halves are connected in series with the moving
coil and are fed by current under measurement. The movable coil rotates. A pointer attached to the
movable coil deflects and it is balanced by counter weights. Its rotation is controlled by springs.
The complete assembly is surrounded by a laminated shield to protect the instrument from stray
magnetic fields, which may affect its operation. Damping is provided by aluminium air vanes,
moving in sector-shaped chambers. Using the same equation for the torque produced,

T = BAIN (1.21)
where

T = Torque produced

B = Magnetic flux density

A = Cross-sectional area of the coil

I = Current through the coil
N = Number of turns in the coil

where the magnetic flux density B depends on [ since it is an electromagnet (Fig. 1.43).
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Figure 1.43 Electrodynamometer movement

Therefore,
7 = IAIN = I2AN

Therefore, the torque produced 7T« /2.

Hence, this instrument can be used for AC measurements in addition to DC measurements.
It obeys the square law and the deflection scale is not linear. Even for the negative half cycle of
AC as T o« 2, a positive torque is produced. The flux density is in the range of 60-100 gauss.
However, in D’Arsonval movement, this will be 1000-4000 gauss. Due to the low value of ‘B’ in an
electrodynamometer-type instrument, its sensitivity will be low. By connecting a series resistance, the
electrodynamometer can be used as a voltmeter. The sensitivity of this voltmeter is in the range 10—
30 k€2/V compared to 20 k€2/V of a D’Arsonval meter. If the frequency of the AC input increases,
the reactance of the coils also increases. Therefore, the application of the instrument is limited to
low-frequency AC inputs. At the 50 Hz frequency it is quite accurate and it is used as a secondary
standard.

1.17 RECTIFIER-TYPE INSTRUMENTS o

The problem of low sensitivity associated with the electrodynamometer movement for AC applications is
overcome by rectifying the AC input and by giving to D’Arsonval movement, which has high sensitivity.
A bridge rectifier circuit with germanium or silicon diodes is used. Copper oxide and selenium rectifiers
have become obsolete because they have small Peak Inverse Voltage (PIV) ratings. The circuit and
waveforms are shown in Fig. 1.44.

Multiplier
AC input

T =,

/ D’Arsonval
movement
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| ()

Figure 1.44 D’Arsonval meter for AC measurements

The bridge rectifier produces a pulsating unidirectional current through the meter movement over
the complete cycle of the input voltage. Because of the inertia of the moving coil, the meter will
indicate a steady deflection proportional to the average value of the current. AC voltages and currents
are expressed in 7ms values. But the D’Arsonval deflection is proportional to the average value. Hence,
the scale is to be calibrated in terms of the 75 value of a sinusoidal waveform.

1.18 METER PROTECTION o

The DC meters are usually protected by connecting a diode across the meter (Fig 1.45(a)). If a silicon
diode is used, the voltage drop across the meter is maintained. At 0.6 V or just below the cut-in voltage
V., of the diode, when the input exceeds the maximum value, the diode starts conducting as its cut-in
voltage value is reached due to the excess input. Therefore, the current is diverted through the diode,
protecting the meter. If only one diode is used it is called single diode protection. If two diodes are used
for both half cycles or either direction of input, it is called double diode protection (Fig. 1.45(b)).

® ®

gt
N

D

Ny NP2

L1 L~

Single diode protection Double diode protection
@ (b)

Figure 1.45 Meter protection

1.19 EXTENSION OF RANGE o

The range of measuring instruments can be extended suitably by connecting a resistance in series or
shunt as the case may be. If the range of an ammeter is to be extended, a ‘shunt’ resistance of a value
lower than the meter resistance is connected in parallel with the meter as shown in Fig.1.46. The value

of the resistance to be connected depends on the current to be measured.
Let

total current to be measured
current through the shunt

I
1}
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Figure 1.46 Extension of range of an ammeter

I, = maximum current that can be permitted through the meter
R = resistance of the meter

R = shunt resistance

[ = I,+1 (1.22)
I, = (-I); [=(-1) (1.23)

IR =1R
I R
R = =t InR (1.24)
1, (] — 1y )
R - R (1.25)
o(r,-)

The ratio of the total current to the instrument current 7/ 1 is called the multiplying power of the
shunt. This is usually expressed as /V.

R = R or N=I+£

! (N -1) R

S

The shunts are available commercially. They consist of one or more thin strips of manganin, the
ends of which are soldered to two heavy copper blocks. A special pair of leads are usually supplied
with ammeters intended to be used. Manganin has low temperature coefficient. Therefore, it will not get
heated up. The shunts will have good heat radiation ability.

The range of voltmeters can be extended in a similar way by connecting a high resistance in series
with the meter, so that only the permeable maximum current passes through the meter (Fig. 1.47).

Figure 1.47 Extending the range of voltmeter
Let

= maximum current that can pass through the meter
= maximum voltage range of the meter
meter resistance

= series resistance to be connected to extend the range of the meter

S m S
1l

= extended voltage range
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“V=IR-IR
IR = (V+I R)
2k VHLR,) (1.26)
Im
R - (l”g J (1.27)
m
[m

Thus, the value of R to be connected in series with the meter to extend its voltage range from v, to
V can be calculated.

1.20 FREQUENCY COMPENSATION o

The inductance associated with the coil puts a limitation to the maximum frequency of the AC input
that can be measured. The frequency range of a given AC instrument can be extended by using a
capacitor (C) and a resistor (7) as compensating elements. Thus, a parallel combination of 7 and C'is
connected in series with the coil as shown in Fig. 1.48.

R, , L

J\/\/\/\/R

|
I
C

Figure 1.48 Frequency compensation

Let
R ., = meter resistance
L = inductance of the coil
r = compensating resistor

C = compensating capacitor

r
Z = R 0L + ——— 1.28
m IO +1+ja)cr ( )
) r(1— jwcr)
Z = R +j0ol + —L—~ (1.29)
m*J 1+w’c?r?

For frequency error elimination, the impedance Z must be a pure resistance.

(UC?‘Z
ol — _ 0 (1.30)
1+(,()26‘27'2
P22 -1
ol —wer? =0 (1.31)
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or L = ¢ (1.32)
L
c = 7—2 (1.33)

This is the value of C to be used for a given value of L and 7 to get frequency compensation.

Example 1.12

Calculate the resistance of a shunt required to make a milliammeter, which gives maximum deflection

for a current of 15 mA and which has a resistance of 5 €, read up to 10 A (Fig. 1.49).

5Q

1I5mA  ppp'p O Ly
I I
10 A Ry,
15mA _VVVV L

[sh
Figure 1.49 For Example 1.12

Solution

L, =(U-1,)
= (10 A-0.015)
=9.985 A

9.985 R, =15x 107 x5Q
C15x107° X5 0.075
* 9985 9.985
R, =0.007511 Q

Example 1.13

The coil of a measuring instrument has a resistance of 1  and the instrument reads upto 250 V when
a resistance of 4.999 Q is connected in series. Find the current range of the instrument when used as

an ammeter with the coil connected across a shunt of resistance and the exact value of series

resistance to be connected to measure 500 V DC. 499Q

Solution

1
- 20 L A_005A

]meter
4999+1 20

The current through the meter should not exceed 0.05 A. R, =1 Q. Hence, the voltage drop across
the meter is V'=0.05x 1 =0.05 V. Isg when 1/499 Q connected across the meter is
0.05
(1/499)
Current range = Isg +1,=2495+0.05=24A

= (0.05) 499=24.95 A
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0.05 (1 +R) =500V
_ (500-0.05)
0.05

=999 Q

Series resistance Ry

Example 1.14

For the meter shown, determine the values of R » Ry and R. Given [ = 100 uA, R =1 kQ
(Fig. 1.50).

+ O o

1A 100 mA 10 mA

Figure 1.50 For Example 1.14

Solution
R
R = m
g N -1
N = L
[m
I = 10mA
[, = 100uA
I _ N 10x1073
- - -6
I, 100X10
1kQ 1kQ
Shunt resistance, R, = =——— =10.1Q
100—-1 99
In a 100 mA range,
& I,(R,+R)
Rb +Rf = I
100 pA (10.1Q+1kQ)
B 100 mA
= 1.01 Q

R.is the resistance in a 1 A range. It is in parallel with R gx
IR =1,(R,+R)
R =1 (R,+R)/I
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R. =100 uA (10.1 Q + 1 kQ)/1A = 0.101

Rb =?
(R,+R) =1.01Q; R =0.101Q
R, =101 Q-R
R, =1.01Q-0.101 Q
" R, =0.909 Q

R, =R,~(R,+R)
" R, =10.1-(0.909 + 0.101) = 9.29 Q

1.21 ELECTRONIC VOLTMETER (FOR DC) o

Electronic voltmeters, in general, consist of the following:
1. A potential divider network to reduce the input in case it is high, to make it suitable, to give as
input to the amplifier.
2. An amplifier circuit to enhance the signal so that the sensitivity and resolution of measurement
improve.
3. A rectifier and filter circuit in case the meter for deflection is a DC meter.

Usually, the electronic circuits generate a current proportional to the quantity being measured. Many
digital instruments have auxiliary provisions to make permanent records of measurement results using
printers or magnetic tape recorders. mP-based instruments with PC compatibility are the new type of
instruments developed so far. The general block schematic of an electronic DC voltmeter is shown in

Fig. 1.51.

Tnput ™ potential | bc
divider amplifier

> Meter

Figure 1.51 Block diagram of an electronic DC voltmeter

The potential divider network is nothing but a series of resistors to alternate the value of input in
case it is large. If the signal magnitude is small and needs no attenuation, it is passed directly. The signal
is amplified by the DC amplifier and then given to the meter. The meter is calibrated in terms of the
parameter to be measured. The DC amplifier used can be

1. Direct-coupled amplifier.
2. Chopper-type DC amplifier.

Direct-coupled amplifiers are preferred because they are economical. A typical circuit for a FET
input electronic DC voltmeter is shown in Fig. 1.52.

The DC input voltage is applied to a Range attenuator, which is a potential divider network. It is
calibrated on the front panel control. The attenuator is necessary to provide input voltage levels, which
the DC amplifier can take. The input stage of the amplifier consists of a JEET. It provides high input
impedance and isolates the meter circuit from the input. Hence, loading of the input on a circuit under
test can be prevented. The two BJTs form a direct-coupled DC amplifier, driving a meter movement.
The transistor Q, is in a common-base configuration. It provides the voltage gain. Transistor Q) is in
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10 kQ 22kQ

. —
050 pA DC
Figure 1.52 Circuit diagram for an electronic DC voltmeter

a common-collector (CC) configuration. Its voltage gain is less than one, but provides a large current
gain. The input to the meter is the amplified version of actual input. The output from the collector of
Q, is directly coupled to the base input of Q,. Hence, it is named direct-coupled amplifier. The output
current from the emitter of Q; since it is in the CC configuration is given to the meter. Zero adjustment
of the meter can be done with the help of R,. Full-scale adjustment can be done with R. The gain in
the amplifier allows the instrument to be used for the measurement of even millivolts.

This circuit has the added advantage that accidental high voltages do not damage the instrument
because amplifier saturation limits the maximum current through the meter.

A chopper-type DC amplifier is used to avoid drift problems. These are used in high-sensitive

instruments. Zero adjustment is done using R, to make the transistor Q, to go to cut-off.

1.22 ELECTRONIC VOLTMETER (FOR AC) o

Electronic AC voltmeters are similar to electronic DC voltmeters except that the signal is rectified
before being amplified. The block schematic is shown in Fig. 1.53.

Rectifier amDplCiﬁ or » Meter

Potential
divider

A

Figure 1.53 Block diagram for an electronic AC voltmeter

However, designing a DC amplifier is more difficult and expensive, because the input signal right
from 0 Hz is to be amplified. The input AC signal is first amplified and then rectification and filtering
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are done and a DC meter is used for deflection. Therefore, sometimes an AC amplifier is found to be
more convenient. The block schematic of an AC voltmeter is shown in Fig. 1.54.

Potential - DC Rectifier Meter

Input divider amplifier

Figure 1.54 Block diagram for an electronic AC voltmeter (another version)

AC voltmeters are subdivided into three categories:
1. Average reading voltmeter.
2. Peak responding voltmeter.
3. True RMS responding voltmeter.

The difference between average and peak responding voltmeters is only in filter circuits.

1.22.1 Average Reading Voltmeter

The simplified circuit diagram is shown in Fig. 1.55. This meter reads the average value of a positive half
cycle or a negative half cycle of the AC input. It depends on the position of diode D. In the above figure,
the diode conducts during the positive half cycle of the AC input. It provides half wave rectification of
the input. The average value of the positive half cycle is developed across the resistor R. This is applied
to the DC amplifier and meter. If the diode position is reversed, the meter indicates the voltage across

the negative half.

D
: To
AC input DC amplifier
O A O

Figure 1.55 Circuit diagram for an average reading voltmeter

1.22.2 Peak Reading Voltmeter
A circuit diagram for a peak reading voltmeter is shown in Fig. 1.56.

Bl
© I

° ° ’e)

O~

) To
AC input D R DC amplifier

O

O

Figure 1.56 Circuit diagram for a peak reading voltmeter
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In this circuit, since the diode D is connected as shown in Fig. 1.56, it gets forward biased during
the positive half cycle. Therefore, the capacitor gets charged to the positive peak. The charge cannot leak
off rapidly because of the one-way conduction of the diode. The voltage across the meter stays near the
peak value of the input. The value of resistor R is greater than the forward resistance of the diode but
less than the reverse resistance. Therefore, when the diode is forward biased, it gets charged through the
diode. When the diode is reverse biased, the discharge path is through resistor R. If the position of the
diode is reversed, the meter reads negative peak value of the input.

Peak reading voltmeters or Peak detectors are used in coaxial configurations to measure signals up
to 40 GHz, by keeping the diode and the capacitor in a probe without applying to the amplifier or
meter.

In the average reading circuits, the input is full-wave rectified (FWR), and the low-pass filtering
characteristic of the meter movement is used to extract the average value.

The rms reading meter circuit approximates the required square law parabola with a few straight
line segments in the fashion of a diode function generator. The voltage applied to the meter is only an
average value. However, the scale is calibrated for 77s value.

1.22.3 Peak-To-Peak Detector

In the peak detector instrument, only the positive peak or negative peak of the input will be measured.
If the input waveform is not symmetrical, the positive and negative peak values will be different. An
unsymmetrical waveform causes turnover error in meters. This is overcome in peak-to-peak reading
voltmeters. The circuit diagram for this is shown in Fig. 1.57.

Figure 1.57 Circuit diagram for a peak-to-peak reading voltmeter

The detection efficiency of the peak-to-peak detector is twice that of a peak responding meter.
During the negative half cycle of the AC input, diode D, becomes forward biased. o charges up to
approximately the negative peak voltage. When voltage V] goes positive, D, is reverse biased and D,
becomes forward biased. The change on C| is gradually transferred to C, during the initial transient
period. When the circuit is in steady-state operation, the output voltage is the sum of the voltage
developed across C; during the negative portion of the input V} and positive peak of V}, which is
equal to the peak-to-peak input voltage. C; and C, must be large enough, so that the voltage does not
change appreciably across C, during one period of the input voltage and the voltage across C| does not
appreciably change in the process of recharging C,.

Peak-to-peak detectors are used for non-sinusoidal waveforms or complex waveforms. These are used
in communication systems for modulated waves.
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1.23 DC METER WITH AMPLIFIER o

Another typical circuit of a DC voltmeter employing an amplifier is shown in Fig. 1.58. This amplifier
circuit has high input impedance. Therefore, the current drawn from the circuit under test will be less.
This circuit has unity gain amplifier with a high input resistance. A source follower drives an emitter
follower.

N
05y /
.

O
2.5kQ
45V —
10 kQ 22kQ

Figure 1.58 DC voltmeter circuit with FET input

The input impedance of the meter is 10 M€; the power required for 0.5 V deflection is 0.025 pW.

The power required for a meter without amplifier for the same 0.5 V deflection will be 25 pW.
Therefore, there is an increase in sensitivity by 100 times.

Figure 1.59 shows the simplified circuit schematic of a meter that can measure voltage and current.
The input voltage is amplified and applied to a meter. If the gain in the amplifier is 10, the sensitivity
of the meter also increases 10 times.

For meter deflection, if a milliammeter is being used, the driving current required must be of the
same order. If a DC current of nanoamperes is to be measured, the amplifier of the meter should have
a gain of 10°. For a DC application, direct coupling is to be employed. Capacitor coupling cannot
be used since the input is DC when the gain in the operational amplifier (Op-amp) being used is so
large, and the limitations of the Op-amp also come into the picture. The offset current, drift, etc., will
also be of the same order. Therefore, using trim-potentiometers accessible on the panel of the meter,
adjustments are to be provided to reduce errors due to drift, offset, etc. However, temperature and time-
induced drifts would cause errors and these cannot be minimised easily. Instrumentation amplifiers
with the required characterisation have to be used in such cases.
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9kQ

Volts 1 kQ
O—O\H 100 kQ

Amps

Ground

1 Q=900 kQ 100 £A

10 mV/mA

90 kQ 1v/1A 100mV/mA

Figure 1.59 Amplifier voltage and current meter

1.24 CHOPPER-STABILISED AMPLIFIER o

To measure very small DC voltages and currents, a high-gain DC amplifier is required. However, this
amplifier will have drift and offset problems. If an AC amplifier can be used, these problems can be
overcome. Therefore, if the DC is converted to AC, an AC amplifier can be used. This is the technique
employed in meters with chopper-stabilised amplifiers. Figure 1.60 shows the circuit schematic.

AC-coupled
amplifier

DC input 40\—7] [: C,

o Output

-

Chopper
driver

Figure 1.60 An AC-coupled amplifier can be used to amplify DC signals if the input and
output are chopped using the circuit shown
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The input signal is converted to AC by chopping, that s, the input is connected between the amplifier
and the ground by an electronic switch or an electromechanical chopper, which is similar to a relay. The
output of the chopper is an AC signal with a peak value equal to the input DC voltage. The resulting
waveform will have a DC component of approximately one-half of the input DC voltage. The chopped
voltage is fed to an AC amplifier.

The amplified signal is chopped in a similar manner as the input and in synchronism with the input
chopper. The synchronised chopping restores the DC value of the input signal amplified by the AC
gain of the amplifier. As the amplifier does not have a DC gain, the effect of the DC offset voltage and
the current are eliminated.

The difhculties with the chopper are:

1. When two dissimilar metals are joined, depending on the temperature, small voltages can
be generated. The chopper is to be specifically made to reduce these thermally generated
voltages.

2. The electromechanical chopper being a mechanical device has a shorter life. Therefore,
electronic choppers are preferred.

3. The chopper should not inject any current into the circuit being chopped. If a MOSFET is
used, since it has high input impedance, the leakage current will be less.

A series-shunt chopper using two MOSFETs is shown in Fig. 1.61. The chopping signal is fed to
the inverter, which drives the two chopper FETs, one on each half of the chopping cycle. The input
impedance of the chopper- stabilised amplifier is very high for DC. The series chopper switches the
input to the AC-coupled amplifier every half cycle. The series chopper switch is always opened before
the shunt switch is closed. Therefore, there is no path to ground.

AC-coupled
amplifier

Cy C,
DC input DC output

) Chopper
= driver =

Figure 1.61 All electric chopper circuits use field effect transistors

1.25 AC VOLTMETER USING RECTIFIERS o

Electronic AC voltmeters are similar to DC meters, except that AC is rectified before it is applied to
the DC meter circuit. Here a good AC amplifier is to be designed. In some cases, rectification is done
before amplification. In this case, a good DC amplifier with zero drift characteristics and unity voltage
gain are required. This is shown in Fig. 1.62.
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mA

AC input R;, m

i

Figure 1.62 DC mode of operation-based AC voltmeter circuits

Figure 1.63 shows the circuit wherein the AC signal is rectified and amplified. The AC amplifier
must have high open-loop gain and large amounts of negative feedback to overcome the non-linearity
of the rectifier diodes. Different rectifier circuits used in AC meters are shown in Fig. 1.63.

The general form of an AC input is a sine wave (Fig 1.64). Therefore, all the AC instruments are
calibrated for the sine wave. For AC measurements, the 7s value is measured. However, all the AC
meters are usually average responding. Therefore, the pointer deflects proportional to the average value
of the input but the scale is calibrated in terms of the rms value. The average reading is multiplied
by the form factor and the scale is calibrated in terms of the 77s values. If a non-sinusoidal input
such as a square wave or a triangular wave is applied to a sine wave meter, there will be error in the
measurement.

AC input To
ey R DC amplifier

| ||

AC input

|

R To
DC amplifier

(b)
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Figure 1.63 Rectifier circuits used in AC voltmeter: (a) series-connected diode providing
half-wave rectification for an average reading meter (b) four diodes in a bridge
circuit for full-wave rectification and application to an average reading meter
and (c) shunt-connected diode used in a peak reading voltmeter

Figure 1.64 Sine wave AC input
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Therefore, for an average responding voltmeter, the scale reading is to be multiplied by 1.11 to get
the 7ms value. For a square wave, the form factor is 1.0, that is, the average and 77s values are same.

If a square wave is applied to a meter calibrated to read the 75 values of a sine wave, there will be
an error in the measurement.

1.26 TRUE RMS-RESPONDING VOLTMETER o

To measure the values of complex AC inputs, true 7s-responding voltmeters are to be used. The heating
power of a given input signal is proportional to the square of the 775 value of the voltage. Sensing this
power, this meter produces a deflection using a thermocouple. Thermocouple outputs are non-linear,
in general. This difficulty is overcome by placing two thermocouples in the heating environment. The
schematic of this meter is shown in Fig. 1.65.

Measuring
thermocouple
o] : e
AC input AC ! = ! DC
voltage | amplifier [ 1 \= ! | amplifier
o] i i
i i Indicating
! ! meter
| KA .
! ' Balancing
| i thermocouple
i W Feedback
********************** r— current

Figure 1.65 Block diagram of a true rms-reading voltmeter. The measuring and balancing
thermocouples are located in the same thermal environment

The unknown AC input voltage is amplified and applied to the heating element of the measuring
thermocouple. The thermocouple in the input side is the measuring thermocouple. The thermocouple
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in the feedback path is the balancing thermocouple. They are similar thermocouples and form a
complementary pair. Therefore, the non-linearity due to the measuring thermocouple is cancelled by
the similar non-linearity of the balancing thermocouple. The heater coil gets heated due to the AC
input given. The measuring thermocouple produces a voltage, which upsets the balance of the bridge.
The imbalance voltage is amplified by the DC amplifier and feedback to the heating element of the
balancing thermocouple. Bridge balance is restored when the feedback current delivers sufficient heat
to the balancing thermocouple, so that the voltage output of both thermocouples are the same. The DC
current in the heating element of the feedback thermocouple is equal to the AC current in the input
thermocouple. Therefore, this DC current is directly proportional to the effective or s value of the
input voltage. This is indicated on the meter movement in the output circuit of the DC amplifier. Thus,
the true 7ms value of the AC input can be measured irrespective of the shape of the input.

Peak value of input
RMS value

Crest factor =

Laboratory-type meters can measure inputs with a crest factor of 10/1.
Voltage range: 100 1V to 300 V.
Frequency range: 10 Hz to 10 MHz.

1.27 BALANCED BRIDGE VOLTMETER (VTVM) o

The Vacuum Tube Voltmeter (VI'VM) is used to measure both AC and DC voltages. Owing to the
disadvantages associated with vacuum tubes, this type of meter is not in use now. The triodes used in
the balanced bridge amplifier circuit are replaced by B]Ts and JFETs, and such electronic meters are
used for measurement.

VTVM consists of the following:

1. Balanced bridge DC amplifier together with a DC meter circuit.

2. Rectifier section to convert AC to DC.

3. Internal battery and circuit to measure resistance.

4. Switching arrangement to select the function of the meter and potential divider for range
selection.

The circuit consists of two triode amplifiers, which form the two arms of the bridge. The other two
arms of the bridge are two resistors with a zero adjust control. The DC meter indicator is connected to
the anodes of the triodes. The input is applied to the grid of one triode through an attenuator. The grid
of the other triode is grounded.

VTVM has provision to measure both AC and DC current and also the resistance. The advantages
and disadvantages of VI'VM are as follows:

1.27.1 Advantages

High input impedance of the order of 100 MQ.
Large voltage range from pV to hundreds of V.
Large current range.

Provision to measure resistance.

L e
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1.27.2 Disadvantages

1. Size is bulky due to the usage of vacuum tubes.

2. Time lag for the amplifiers to respond when switched on, due to thermionic emission
cathodes.

3. Short life due to thermal wear and tear of thermionic cathodes.

4. Needs large voltage and power to operate.

1.28 TRANSISTOR VOLTMETER (TVM) o

VTVM:s are not used due to their disadvantages, but the same circuit principle is employed, replacing
the vacuum triodes with BJTs. Such a meter is called a Transistor Voltmeter (TVM). The basic bridge
circuit configuration used is as shown in Fig. 1.66.

+Vee

e

Q, and Q, form the lower arms of the bridge circuit. R, and R, form the upper two arms of the
bridge. R, is the zero adjust resistor. Base B, of Q, is grounded through Ry,. Input is applied to Ry,.
Zero adjustment can be done using R,. The differential output (Vo; — V|,) is proportional to the
input. A potential divider circuit modifies the input to make it suitable to be applied at Rp. Current
measurement can also be done.

Figure 1.66 TVM bridge circuit

1.29 ELECTRONIC MULTIMETER o

This meter can measure DC and AC voltages and currents as well as resistance. Therefore, these meters
are also called VOM meters; that is, Volts, Ohms, Milliampere-measuring instruments. Generally, a
multimeter consists of the following:
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1. A balanced bridge DC amplifier and an indicating meter.

2. An input attenuator or range switch to limit the magnitude of the input voltage to the desired
value.

3. A rectifier section to convert an AC input to a proportional DC value.

4. An internal battery and additional circuitry to measure resistance.

5. A function switch to select various measurement functions of the instrument.

Figure 1.67 shows the circuit diagram of a balanced bridge DC amplifier using JFETs. The circuit
operation is similar to the one shown in Fig. 1.66. Instead of BJ Ts, JEETs are being used here. The two
JFETs form the upper arms of a bridge circuit. Resistors |, R, together with zero adjust resistor R;
form the lower bridge arms.

+DC supply

+0

DC input

!
Figure 1.67 Balanced bridge DC amplifier with input attenuator and indicating meter

The meter movement is connected between the source terminals of the FET, representing the two
opposite corners of the bridge. The maximum voltage that can be applied to the gate of Q; depends
on the operating range of the JFET. It will usually be a few volts. The input is usually applied through
a range switch. A typical circuit of a range switch is shown in Fig. 1.68.

1.29.1 Resistance Ranges

When the selector switch of the multimeter is put in the resistance range, the unknown resistor is
connected in series with an internal battery. The voltage drop across the resistor is measured and it is
proportional to the value of the unknown resistor. The meter is calibrated in terms of the resistance. The
circuit diagram is shown in Fig. 1.69.

The unknown resistor R_is connected to the two terminals and the range switch is kept in the
ohms position. The 1.5 V internal battery supplies current through one of the range resistors and
the unknown resistor to the ground. A voltage drop V| across R is applied to the input of the bridge
amplifier and causes a deflection on the meter. The meter is calibrated in terms of the resistance values.
If the resistance value is more, the voltage drop will be more; therefore, the meter deflection is also
more. Hence, in electronic multimeters, the resistance values increase from left to right similar to
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To gate of
mput FET

Figure 1.68 Typical input voltage attenuator for a VOM. The range switch on the front of
the panel of the VOM allows selection of the desired voltage range

) Ohms
Resistance terminal Amplifier and

%100 kQ range meter section
selector

Figure 1.69 Resistance range selector circuit of a VOM

voltage and current scales. In conventional multimeters, a current meter is used for deflection. The
current is inversely proportional to resistance. Therefore, the meter deflection is minimum when the
value of the resistance is large. Hence, in such meters, the resistance values decrease from left to right
on the scale. Figure 1.70 shows the simplified metering circuit of an electronic VOM.
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+18V 07 — Q4 Matched
22 kQ I 22 kQ  2N5232 transistors
0
0}
O4
33 MQ

To DC
voltage

910
divider

+0.5 V Cal =
-0.5V Cal
,J; + -° +
200 pA ()
+ _
K\ 182 MQ
G jO'Ol' A A A S00 MQ
= b 1 1 MQ * 33 J_Cz 0.01
W MWW e
3me 002 t 0.02 3 Mo
1l

L+18V

Figure 1.70 Typical metering circuit of a solid-state VOM

1.30 AC CURRENT MEASUREMENT o

The current to be measured is passed through a series resistor of suitable value in the current scale. The
voltage drop across the resistor can be measured by the voltmeter and the meter deflection is calibrated
in terms of the current. In some cases, an AC current probe is also employed. The probe clips the wire
under test, without disturbing the circuit. The curve through which current is passing and which is to
be measured forms the one-turn primary of a transformer with a finite core and a many-turn secondary
within the current probe body. The signal induced in the secondary winding is amplified, and the
output voltage of the amplifier is applied to a suitable AC voltmeter for measurement. The amplifier is
designed so that 1 mA in the wire being measured produces 1 mV at the amplifier output. The current
is read on the voltmeter, which is calibrated in mA or amps.

1.30.1 Differential Voltmeter

It is one of the most accurate means of measuring an unknown voltage. Here the unknown voltage is
compared to a known voltage. It is also called potentiometric voltmeter, since the principle of operation
is similar to a potentiometer (see Fig. 1.71).

A precision resistance-divider network is used to divide down an accurately known reference voltage.
The divider is adjusted until the output voltage equals the unknown voltage. The multimeter indication
is proportional to the difference of the potentials between the reference source and the unknown voltage



62 Electronic Measurements and Instrumentation

Null motor

Reference voltage source | | — —= Reference source Lp

Figure 1.71 Differential voltmeter

source. To detect small differences in unbalanced potentials, a sensitive meter movement is required.
The reference source consists of a low-voltage DC standard such as a 1 V DC supply on low-voltage
Zener-controlled precision supply.

To measure high voltages, a high-voltage reference supply can be used. However, normally a potential
divider network is used to reduce the unknown voltage supply to a sufficiently low value for direct
comparison against a low-voltage DC standard (Fig. 1.72).

The AC differential voltmeter is a modification of DC differential voltmeter.

The AC to DC converter gives an average value of the voltage. Therefore, this voltmeter gives an
average value of the AC input. The meter can be calibrated to give the 7ms value. The scale factor
is 1.11.

AC to DC

AC input
converter

Attenuator

Reference
supply

Figure 1.72 AC Differential voltmeter

Example 1.15

Design a range switch for the DC volt section of a balanced-bridge VIVM or (FET input VM). The total
resistance of the attenuator should be 11 M€. The attenuator should be so arranged that input voltages
from 3 to 1000 V can be accommodated in the customary 1-3—10 sequence (gate of FET). The bridge
circuit requires 1 V at the gate of the balancing circuit to cause full-scale meter deflection.

Solution

Consider Fig. 1.73. The input to the grid of amplifiers should be only 1 V. Therefore, when the selector
switch is at the 1000 V position, and the mass input is 1000 V; the drop across R, should be 1 value.

RTotal = R1+R2+-~-+R7:llmQ

R = Y | xm@=-11kQ
1000 V




Chapter One Measurements and Instruments 63

Ry

3V

|_

10 V------

b

30V

100 V
All the voltages 3, 10, 30, 100 are measured

with respect to the ground, i.e., drop across
(Rs+R7) is 1V when the input is 300V

300V

1000 V

R, is the probe resistance
Ri+Ry+ -+ R=11 MQ

Figure 1.73 For Example 1.15

Similarly, when the selector switch is at the 300 V' position, the drop across (R + R;) should
be 1 V.

R = Lxumg)_n kQ = 36.67 — 11 = 25.67 kQ.

Similarly,
Lo mg) (R + Ry) = 110~ 36.67 = 73.33 kQ

R, - (%x 1 mQ)— 110 kQ = 256.7 kQ
1
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Example 1.16

A differential voltmeter uses a reference source with an internal resistance of 200 € and a terminal
voltage of 3.0 V. The galvanometer has a current sensitivity of 1 mm/pA and an internal resistance of
100 Q.

(a) Calculate the emfof the unknown source, neglecting its internal resistance, if the galvanometer
deflection is 250 mm.

(b) Calculate the resolution of the measurement setup if the galvanometer deflection can be read
to 1 mm.

(c) For the differential voltage measurements in the above problem, a second galvanometer with
a current sensitivity of 5 mm/pA and an internal resistance of 1000 Q is available. Calculate
which of the two galvanometers provides the greatest sensitivity to imbalance, expressing the
result in millimeter per millivolt.

Solution

(a) Consider Fig. 1.74

100 ©

200 Q

Figure 1.74 For Example 1.16

Sensitivity =1 mm/pA
Deflection =250 mm
.. Current through the galvanometer = 250 pA

R =200 + 100 = 300 2
Voltage drop across R 300 x 250 x 1070 =75 mV

total =
“E,=3.0-75mV =2925V
(b) 1 mm corresponds to 1 HA
Resolution = 1 pA x 300 = 300 pV/mm
(c) Galvanometer A: 1 mm deflection for 300 mV.

total

Sensitivity = 1/300 mm/mV

Galvanometer B:
R /= 1000 + 200 = 1200 Q

tota,

A 5 mm deflection is caused by 1 pA x 1200 € or 1200 pV.
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Sensitivity = 5 mm/1200 pV = 1/1240 mm/pV

.. Galvanometer B provides amplifier sensitivity.
1 1

N —>—
240 300

1.31 DIFFERENTIAL AMPLIFIER o

The temperature drift terms are major limits to amplifier sensitivity. The method of compensating these
is to balance out these effects with an equal but opposite drift signal. This is the principle of operation
of the differential amplifier shown in Fig. 1.75. If a signal is applied to the input terminals of Q; and Q,
it appears as an amplified signal at the collector of Q; and Q,. Kirchhoft’s Voltage Law loop equations
are written for the two input signals V;; and V), as follows.

i2

il

Figure 1.75 Differential amplifier

Viy =V + Ve = RB1[Bl + (Rpy + Ry) I,y + Ryl
Vi2 — VBE2 + Vg = RleBz + RXIE1 + (REZ + RX) [e2
In addition,
161 =
[ez = [B

2+0‘21e y)

2 T ooy
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The output voltage
V10: fo_ (allel +1,) RL1

col
VZO = chc - (0‘2]@2 + ]mz) RLZ
After considerable algebraic manipulation, the gain of the differential amplifier is
Vio = V; 2aR
4, oAbl L

Z v, -V, R
N Re+(ﬁ3)+(R§/ZBzRX)

If the drift voltages are equal, they will get cancelled and will not be applied in the output. Operation
with identical signals is called the common mode. A measure of how a differential amplifier cancels
undesirable signals is called the common mode rejection. The parameter is called CMRR.

Adm 2RXﬂ1ﬂ2
CMRR = =
Ac,,  Rp(B1-B2)

It is expressed in decibels (dB).
Thus, in the ratio of differential gain to common mode gain, RB1 and RB2 are to limit the base
currents. By means of Ry, we can make the output zero at ambient temperature, with no input.

1.32 ALTERNATING CURRENT INSTRUMENTS
(AC METERS) o

Various AC instruments are as given in Table 1.4.

Table 1.4 Different types of AC instruments

Types of Meter Use

Movement DC AC
Electrodynamometer Yes Yes

Iron vane v v
Electrostatic v v

(Gold leaf out-dated)

Thermocouple v v

D’Arsonval v With rectifiers

1.32.1 D’Arsonval Meter Movement for AC Circuit
If you are applying 10 V DC to the D’Arsonval meter (see Fig. 1.76(a))

10V

Y I mA
£ 10 KkQ
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n_

R, =10kQ
og Ve
rsonval meter P
[p=1mA /\/\
o R, =100Q ol T 27
() (b)

Figure 1.76 (a) D’Arsonval meter and (b) E, = 0.636 Ep for FWR

Therefore, sensitivity

s- L1
=1kW/vV

If you apply 10 V AC current, 10 V being 7ms values for the above circuit, AC is half-wave rectified
(HWR) by the diode (for AC, the value given is 77s)

Peak value of the 10V _sine wave £ P
E =10V x1414=1414V

P
(= ﬁErmI)
The DC meter movement will respond to the average value of the FWR signal:
E, = Ep x 0.636
= 14.14 x 0.636
= 899V

For a HWR circuit, the average value is half of this value.
E, for HWRsignal = 0.318 Ep

_ 0318 x 14.14
- 899 _4svy
2

If the meter reads 10 V for DC, and if we apply 10V to the HWR circuit, the meter reads 4.5 V.

Therefore, the sensitivity of the meter is only 45% of the sensitivity of the DC meter (HWR
circuit).

To determine the multiplier resistance,

R Ea_p 06E, g
[dr " [dc
ac O‘4SSdc

Sensitivity
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Example 1.17
Determine the value of the multiplier resistance for 10V, - AC range.

Solution

Consider Fig. 1.77.

[ﬁ:luA
R, =300 Q

Figure 1.77 For Example 1.17

0.45F
Rx - rms _Rm
[de
_ 045x10 300
1 mA

= 4.5 kQ-300 Q = 4.2 kQ

1.32.2 Modified Circuit for AC Measurements

Two diodes D,, D, are employed in the circuit itself as shown in Fig. 1.78.

—_—

n

(@ (b)
Figure 1.78 D’Arsonval meter with HWR circuit

D is the diode for half wave rectification.

D, is reverse biased in the positive half cycle and forward biased in the negative half cycle. Therefore,
the reverse leakage current of D, will flow through D, in the negative half cycle, instead of the meter. R f
of D, < R, . Hence, the errors in the measurement circuit get reduced. As the reverse saturation current
is not flowing through the meter, the meter responds to the average value and the error in the average
value reduces.
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The purpose of R_ is to prove the linearity of the circuit. The diode /~V'is characteristic non-linear
(it is exponential in nature). Therefore, the calibration of the meter will also be non-linear. To make it,
if R, oS connected, the net resistance seen by the circuitis R ||R, g,which is less than R . Hence linearity
increases

E E

T w w

- <
" R+ (R, |R,) R +R,

Therefore, more current flows through the meter. Hence, linearity improves.

1.32.3 D’Arsonval Meter Movement Circuit (FWR)
Consider Fig. 1.79

E,, =10V m,

o}

Figure 1.79 D’Arsonval meter with bridge circuit

E, =1414E,,

If
Epp= 10V, E,= 1414 x 10 = 1414V
Eqv = 0.636 Ep =qV
Therefore, if you give 10 V.. AC it reads as equivalent to 9 V DC (average value is equivalent to
DC).
Therefore, sensitivity with the FWR circuit will be 90% of S ;.

Srwr =0.9.5,

Example 1.18
For a given meter, Iﬁ =1mA, R =500%, E, =10V, . Determine the value of R (Fig. 1.80).

I =1mA R,=500Q E, =10V, . R-=?

rms’ s
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E
HQW Epy =10 Vs (D [=1mA
R,, =500 Q

Figure 1.80 For Example 1.18

Solution

1
Sﬂ, = _=1kQ/V

g
S,=098,=900 QIV
R =S . x Range — R

s a

_ 2002 0V —5000Q

v rms
= 8.5kQ

1.33 ELECTRODYNAMOMETER MOVEMENT o

This type of deflecting system is used for standard voltmeters, ammeters, and also transfer
instruments.

Standard meters: As the name implies, these meters are used as a standard for calibrations.

1.33.1 Transfer Instruments

These are the instruments calibrated for DC and are used to measure AC quantities to determine the
errors or change in sensitivity.

The electrodynamometer deflection system consists of two fixed coils and a moving coil. All these
coils are connected in series as shown in Fig. 1.81.

The magnetic field setup in the fixed coil interacts with the magnetic field setup in the moving coil
and the moving coil deflects. This is the principle of measurement.

The current handling capacity of an electrodynamometer-type movement is greater than the
D’Arsonval meter movement as the magnetic field setup here is weak. Since air is the coupling medium
for magnetic field, more current is required to cause the same deflection. Therefore, a larger diameter
coil must be used here as more current-handling capacity is required.
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Fixed coil

Source Fixed coil
o]

Moving coil

Figure 1.81 Electrodynamometer movement

S = —, §=Sensitivity

S of the electrodynamometer type is less than that of the D’Arsonval type and is typically 20-100
Q/V.

1.33.2 Iron Vane-Meter Movement

The iron vane meter consists of a fixed coil of many turns, and two iron vanes are placed inside the
fixed coil. It is rugged and the accuracy is more for AC than DC. It is frequency sensitive. Hence, it is
used in the range 25-125 Hz. The current passing through the coils sets up a magnetic field. This field
magnetizes the two iron vanes with the same polarity. Hence, the two iron vanes will repel. One of the
iron vanes is fixed. Therefore, the other vane repels and the coil fixed to the movable vane deflects. This
is the principle of the instrument.

Deflection is proportional to /2 (square of the current passing through the coil).

Although this instrument can be used for DC applications, hysteresis or magnetic lag causes errors.
Therefore, its application is confined to AC circuits.

1.34 THERMOCOUPLE METER o

This setup (see Fig. 1.82) consists of a heater element of a nichrome wire, a thermocouple, and
D’Arsonval meter.

—_— 1 ]
D’ Arsonval meter

So?rcc ) L= Thermocouple

Heater

Figure 1.82 Thermocouple instruments
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This can be used for both AC and DC. For AC, it can be used over wide frequency ranges even
well above 50 MHzs. There is no other deflecting instrument type that can measure current up to that
frequency.

The temperature 7 to which the wire is heated is proportional to the current passing through it.

The thermocouple output V-is proportional to 7.

The D’Arsonval meter deflection is proportional to V.

Therefore, frequency has no effect on the deflecting mechanism due to L or C.

The Thermocouple and the meter are thermally connected but electrically separated.

Example 1.19

Design a thermocouple voltmeter for three ranges 5, 10, and 25 V, given that, for D’Arsonval Meter,

[fs =50 mA
R =200 Q
For a heater,
I =5 mA
Resistance of heater (R) =200 Q.
Solution
To get a ESD for 5, 10, and 25V, current through the heater must be limited to 5 mA.
5-V range:
Series resistance £
Rg e — _Rmeter
Imﬂx
-2V 200Q-1kQ-200Q
5 mA
= 800 Q
10—V range:
R- £ _r 19V 100
Lo 5
= 2kQ-200Q=1.8kQ
25-V range: v
R= L g BV _5000-480Q
I, T 5 mA

Therefore, the circuit is as shown in Fig. 1.83.

1.34.1 Constant Voltage Source

A source that maintains the voltage across its output terminals constant irrespective of the current
drawn from it is called a constant voltage source (Fig. 1.84). Example: Zener diode circuit.
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I, =50 pA
R, =200

D’ Arsonval meter

Thermocouple

10v 25V Heater
Selector switch
[nput

AC/DC o

Figure 1.83 For Example 1.19

Vy

],

I

Figure 1.84 Zener reverse characteristics

1.34.2 Constant Current Source

When the current drawn from the source remains constant irrespective of the voltage across the terminals
it is called a constant current source (Fig. 1.85). Example: B]T.

5

Ve —

Figure 1.85 BJT output characteristics

Example 1.20

Design a standard DC voltage source of 12 V when the supply voltage is 20 V, using a Zener diode.
Choose a Zener diode with a breakdown voltage of 12 V. Let the current through Zener 7, be 10 mA at
the breakdown voltage of V, = 12 V.
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Solution
The circuit is shown in Fig. 1.86.

+

DC source 20V

Figure 1.86 For Example 1.20

V=12V, V=20V, L=-10mA
V.-V, 20-12V _ 8V
I, 10mA 10mA

z

R = =800 Q

Power rating of Zener :
v 1 =12 Vx 10 mA = 120 mW

max - max
120 x 2 = 250 mW
Factor 2 is the safety factor. The power rating of a resistor taking a safety factor of 2 is

2Vpc-Vo)* _2(20-12)

P (Watson) =
R 800
_ 16 .1 _gn2w
800 50
1
EW resistor curve serves the purpose.

A JFET circuit is also used as a voltage reference source. The circuit is as shown in Fig. 1.87.

D —Ip
G S
R 4

Il
E
Figure 1.87 JFET circuit as voltage reference source

1.34.3 Volt Box

It is a potential divider network (see Fig. 1.88) with one resistance R, being large and the other R,
being small. A potentiometer is connected across R, and the variable output is taken. The input is a
large voltage.
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L
iF )

Potentiometer

Figure 1.88 Volt box (potential divider network)

P
R+R

R1 >>R2
v

I = —*L= 11'—' [2
RI

It is assured that the potentiometer draws no current. Therefore, R, is small, I,= I,

Example 1.21

75

Design a volt box such that when a supply voltage of 100 V is applied to the input terminals, an output

voltage of 5 V is available at the volt box terminals. It is desired that (R, + R,) must be 10 MQ.
Solution

R Va_ 5 _1
R+R V. 100 20
R _20, (R +R) =10 MQ
Ry
10 MQ
- -50kQ=50kQ; R, =9.95 MQ

1.34.4 Factors to be Considered in the Selection of an Analog
Voltmeter

The type of voltmeter to be chosen depends on the measurement to be made, application, and

performance. Some factors to be considered in choosing a voltmeter are given below:

1. Input impedance of the meter: 10 M or in that range.

2. Voltage ranges: 1-3—10 sequence or 1.5-5-15 sequence mV, Volts, 10s of V, 100s of V.
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Decibels: For wide range of voltages.
Sensitivity: 1 mV, 100 pV.
Bandwidth: 10 Hz to 10 MHz.
Battery operation.

AN

Example 1.22

If a symmetrical square wave is applied to an average responding AC voltmeter calibrated in terms of
the 775 value of a sine wave, calculate the percentage error in the meter indication.
The rms value of a square wave

Solution

2
The average value, E = — J. edt = E
T

Form factor = Zrms _

Form factor of a sine wave = 1.11.
Since the meter is calibrated for a sine wave, for a 1.0 V 7ms value of square wave, it indicates

.11 V.
1.11-1.0

% error = T x 100

% error = 11%

1.35 DIGITAL VOLTMETERS o

In the previous units, analog meters for the measurement of V/ , and R are described. Some of these
instruments may use electronic amplifier circuits, but the deflecting system is analog in nature.
Therefore, even though some of the instruments are electronic meters, they have the disadvantages of
analog instruments. With digital display, some of the disadvantages associated with analog instruments
such as reading with parallax error can be eliminated. Digital instruments can be WP based and can be
made compatible with computers. In this section, such DVM principles are explained. Commercial
DVMs will have the facility to measure current and resistance also. Such instruments are called digital
multimeters (DMMs). With the advancement in IC technology, the size and cost have reduced, and
versatility and reliability have improved. The power requirement of these instruments has also reduced
considerably during recent times.

1.35.1 General Specifications

Some of the general specifications and typical values of instruments are given below. The numerical
figures given may vary from instrument to instrument, but they give an idea about the range of the
values.
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Input range: From +1.000000 to +1000.000 V with an automatic range selection and overload
indication.

Absolute accuracy: +0.005%.

Stability: Short term: 0.002% for 24 hr.

Long term: 0.008% for 6 months.

Resolution: 1 pV on 1 V input range.

Input impedance: R = 10 MQ; C = 40 pE

Output signal: Compatibility with computer, printer, or recorder.

Broadly, there are four different types of DVMs:

(i)

Ramp-type DVM.

(ii) Integrating-type DVM.
(iii) Continuous balance DVM.
(iv) Successive approximation DVM.

1.36 RAMP-TYPE DVM o

Principle: Voltage is converted into time, and the time period is measured with an electronic counter.
The reading is displayed as a voltage after processing. The time taken by a linear ramp voltage to rise
from 0 V to the level of the input voltage or to decrease from the level of the input voltage to zero
is measured with a counter. This time interval is proportional to the voltage to be measured. The
waveforms shown in Fig. 1.89 indicate the method. At the start of the measurement cycle, a ramp
voltage is initiated. This voltage can be positive going or negative going.

Start of measurement

+12 V7 Coincidence

r
Voltage being
measured

iOV

Time

-12V

Gating
time interval

Clock pulses |

to counter

VIT conversion

Figure 1.89 Ramp-type voltmeter-graphs
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In the figure, a negative-going ramp is shown. It is continuously compared with the unknown
input voltage. At the instant that the ramp voltage equals the unknown voltage, a comparator or
coincidence circuit generates a pulse. This pulse opens a gate. The ramp voltage continues to decrease
with time until it finally reaches 0 V. A second comparator generates an output pulse that closes
the gate. An oscillator generates clock pulses that are allowed to pass through the gate to a number
of decade-counting units (DCUs). They totalise the number of pulses passed through the gate.
The decimal number displayed by the indicator tubes associated with DCUs is a measure of the
magnitude of the input voltage. A block schematic of the ramp-type DVM is shown in Fig. 1.90.

DC
input
Vooltage> Ranging Input
and Ncomparator
_E attenuator Cy
—_ = Start | pulse

’Oscillator}—»’ Gate ‘—_:’Counter‘
i

Stop|pulse

Ramp h 4
generator C, Readout
~~ Comparator 2

Sample
rate
MV

Figure 1.90 Block diagram of a ramp-type DVM

The DC input voltage to be measured is first given to the ranging and attenuator section. If
the magnitude of the voltage is large, it is attenuated. If it is small, it is amplified. The sample rate
multivibrator determines the slope of the ramp. It also determines the period of measurement or the
duration of the measurement cycle, which can be in the range from a few cycles/sec to 1000 cycles/
sec. The sample rate circuit provides an initiating pulse for the ramp generator to start its next ramp
voltage. At the same time, a reset pulse is generated, which returns all the DCUs to their zero state. The
measuring cycle involves

1. Sampling the input and holding it at the same value.
2. Measuring the value of the input.
3. Display.

The display remains at the precision value till the next measuring cycle is completed so that there
is no flicker in the display and the user finds continuous display. The ramp voltage is compared with
the input voltage and when the equality is reached, a start pulse is applied to the logic gate. If it is the
AND gate, it is enabled. The pulses from the clock oscillator are counted in the counter. When the
ramp voltage becomes zero, the ground comparator senses the same and the AND gate is disabled. The
counting will stop.

The number of pulses counted during this time interval is a measure of the input voltage. These
counts are totalised and indicated as voltage in the readout.
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1.37 STAIRCASE RAMP-TYPE DVM o

This is a modification of the ramp-type DVM. Its features are:

1. Simpler overall design.
2. Low cost.

Owing to these reasons, it is used in

(i) Laboratories.

(ii) Production test stands.
(iii) Repair shops.

(iv) Inspection stations.

The block schematic of this instrument is shown in Fig. 1.91. It consists of typically a 10 M2 input
attenuator. It provides five input ranges from 100 mV to 1000 V, full scale. The DC amplifier with a
gain of 100 delivers 10 V to the comparator at any of the full-scale voltage settings of the input divider.
When coincidence occurs between the amplified input voltage and the staircase-ramp voltage, display
of the input voltage is obtained.

When the measurement cycle is first initiated, the clock that is usually a 4.5 kHz relaxation oscillator
provides pulses to three DCUs in cascade. The units counter provides a carry pulse to the tens decade,
counts the carry pulses from the units decade, and provides its own carry pulse after it has counted ten
carry pulses. This carry pulse is fed to the hundreds decade counter, which provides a carry pulse to an
over range circuit. The over-range circuit causes a front panel indicator to light up warning that higher
voltage than the maximum range of the instrument in that particular range switch position has been
applied. The operator has to change the setting to the next range.

Each decade counter unit is connected to a digital to analog converter (D/A). The outputs of D/
As are connected in parallel and provide an output current proportional to the current count of the
DCUs. The staircase amplifier converts the D/A current into a staircase voltage, which is applied to
the comparator. When coincidence of the input voltage and the staircase voltage occurs, it provides
a trigger pulse to stop the oscillator. The current content of the counter is then proportional to
the magnitude of the input voltage. The display circuit stores each reading until a new reading is
completed, eliminating and blinking or counting during the computation.

The accuracy of measurement depends on the linearity of the ramp voltage. Therefore, a precision
resistor and stable capacitors must be used in the integrator. In addition, the offset voltages and currents
of the op-amp used in the integrator are critical in the accurate ramp generator.

1.38 DUAL SLOPE INTEGRATING-TYPE DVM o

In this method, the accuracy of conversion will not depend on the precision of the resistor and capacitor
of the ramp generator current, or the op-amp. In this technique, an integrator is used to integrate an
accurate reference voltage for a fixed period of time. The same integrator is then used to integrate with
the reverse slope, the input voltage. The time required to return to the starting voltage is measured. The
block schematic of this type or DVM is shown in Fig. 1.92.

The input voltage to be measured V is applied to the integrator by means of an electronic switch,
usually a JEET device. The integration is done for a fixed amount of time, as determined by the counter.
As soon as integration starts, the counter is also initiated by the control logic. When the counter reading
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. C
Electronic Integrator
switch R
Vy—1to o— O
+ Count
] Counter
T = Reset
Vier f Clock :
generator Displ
— play
- Control <—1
logic

Figure 1.92 Block diagram of a dual slope integrating-type DVM

reaches a predetermined value, integration is stopped. The output of the integrator will have opposite
polarity to that of the input voltage V.. The counter is reset. Reference voltage Vref’ which is of opposite
polarity to the input voltage, is now connected to the integrator. The integrator output voltage will
now go in the opposite direction. At the same time, the counter is also initiated. Integration is done
till the output voltage of the integrator becomes 0 V. The counts accumulated during this period are a
measure of the input voltage. The counts are accumulated and the digital display or readout is given.
The waveforms are as shown in Fig. 1.93.

Vi

!

Vo
Output of
integrator

Counts

Figure 1.93 Block diagram of a dual slope integrating-type DVM

The integrator circuits used are shown in Fig. 1.94. Output of the integrator

1
|V0| " CR Vi Tz‘ntegmte
where Timegrate is the period of integration when V; is connected to the integrator. This time period

depends on the counter, to count a prefixed count, at the rate determined by the clock. This [V/] is also
the same when integration is being done for the second time with me connected to the integrator.

1 14
|V0| = (aj( ]Zf)Tdixf/mrge
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Figure 1.94 Functional schematic of the integrator of an integrating DVM

For a 5-decade counter,

10
integrate ~ T
L
1 fischarge = Accumulated counts in the counter/f,
where
/.= clock frequency
.. Accumulated counts = L Hos
Vrf
v, ”
—-1 = T,
RC, integrate ( RC ) discharge
10°
Tintegmte = 7
c
5
- 10
Vi (7) = an Tdischarge

1% 105J
T, N DA N b
disch
ischarge (me] (f;

Accumulated counts = 770, f
v, |(10° Vi 5]
= i =|—10
(Vref] {ff J 4 [an
.. Accumulated counts = L105
Vief

Therefore, v, and the decade counter prefixed count (10°) are constants, and the counter reading
is proportional to the input voltage V. Note that the digital readout is independent of R and C of the
integrator and fc Therefore, the precision of R and C will not affect the measurement, so also the
accuracy of the clock frequency f,. The re:%dout depequ onV, o HF:nce, a precision r'eferf?nce supply
must be used. The clock frequency determines the period of conversion or the conversion time.
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The dual slope-type A/D technique is very popular for DVM applications. It is slow but adequate
for laboratory instruments. With IC technology advancing, IC chips are available to simplify the
construction of DVMs of this type. For data acquisition applications, where a number of measurements
are to be made, faster techniques are used. Automatic zero correction can be made with dual slope
A/D also. As with any analog system, amplifier offset voltages, onset currents, and bias currents can
cause errors. In addition, in the dual slope A/D, the leakage current of the capacitor can cause errors
in integration. This results in DVM giving a finite reading, when no input voltage is applied. This can
be rectified by modifying the input circuit. The input to the converter is grounded and an autozero
capacitor is connected via an electronic switch to the output of the integrator. The feedback of the
circuiting is such that the voltage at the integrator output is zero. This effectively places an equivalent
offset voltage on the automatic zero capacitor so that there is no integration.

1.39 SUCCESSIVE-APPROXIMATION CONVERSION (SAC) o

Principle: The successive-approximation A/D converter (ADC) compares the analog input to a D/A
conversion (DAC) module (resistor network) reference voltage, which is repeatedly divided in half. A
comparator is used to compare the input voltage and a sequence of voltages, which are binarily related.
Initially, the input is compared with % where V5 is a full-scale input voltage. If the input is greater
than %, it is changed. The reference value is now made to (Y« +ﬁ . If the input is less, then it is
changed to % - %) One more comparison is now made and the voltage is now changed depending
on the result of the comparison. This procedure is repeated till the desired accuracy is obtained. Suppose

the full-scale reference voltage Vj = 1000 = (8),, (for a 4-bit A/D).

Then
v 8
R = 100:(4)1(): N
2 210

The input V, to be measured is compared with the analog equivalent of 100. If the input

Ve Ve _3Va . .
is greater than %, then it is compared with (74'7:7). If the input is greater than SZR,
3V, V, 7V,

then the next comparison is made with —*+=3-=-—%= (111),. If the input is greater than
(%) comparison is made with V} itself. If the input is still greater, over voltage indication

3V,

R

4 >

is given. If the input is less than (7?), it is indicated as Vj. If the input is less than
the comparison made with (3? _%):% = (101),. If the input voltage is less than %, it is

compared with %, and the result is displayed by the display units. When the first comparison is made
VR ‘/R VR
with % if V, is less, the second comparison is made with (7 - T) =% =(0100),.

If the input is still less, a fourth comparison is made with zero and the input is given as zero, since
the comparator cannot detect voltages less than % in this specific case. If in the fourth comparison,
V, is greater than 0000, the next comparison is made with % = (0001),. The process is illustrated in
Fig. 1.95, for a 4-bit A/D.

After every comparison, for increasing V5, the next most significant bit (MSB) is incremented. For
reducing Vp, the immediate significant bit is decremented.
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1111
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1110
1100
1011
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\0010/' 0010
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0001<:0000

Figure 1.95 Comparison with binary equivalent of V5 with input voltage to be measured

1.39.1 Block Schematic

The schematic of SAC is shown in Fig. 1.96. A D/A converter is used to provide the estimates. The
equal to, greater than, or less than decision is made by a comparator. The D/A converter provides the
estimate and is compared with the input signal.

(Comparator)
Greater than/less than

Input /
Data output
D/A converter

Succe_ssiv;— EIOCk Decision
approximation | Clear ‘ L Bus
register - logic Y

Clock

Figure 1.96 Block diagram of a successive-approximation DVM

The special shift register called successive-approximation resistor (SAR) is used to control the D/A
converter. At the beginning of conversion, all the outputs from the SAR are at logic zero. If the estimate
is greater than the input, the comparator output is high and the first SAR output reverses state and
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the second output changes to a logic orne. If the comparator output is low indicating that the estimate
is lower than the input signal, the first output remains in the logic one state and the second output
assumes the logic oze state. This continues to all the states until the conversion is complete. An estimate
is made on the edge of the SAR clock. For an /N-bit conversion, after NV clocks the actual value of the
input is known. The least significant bit (LSB) is the state of the comparator. In some systems the clock
is used to store the last bit in the SAR, and thus (/V+1) clocks are required for conversion.

In the ramp-type conversion technique, the input V; or V, has to be compared with the ramp
voltage. Therefore, for higher-end inputs, the conversion time is more. However, in the successive-
approximation technique, comparison is starting from half the maximum input value. Hence, for
higher-end input voltages, the conversion time is less. This technique (SAC) is less expensive. Many
A/D conversion ICs are available using this technique.

1.40 CONTINUOUS BALANCE-TYPE DVM o

This method is also known as the Servo balancing potentiometer-type DVM. This is based on servo
mechanism and is mostly electromechanical in nature. As such it is not a pure electronic DVM. A
mechanical counter is used to give the voltage reading in numerical figures. Hence, it was named DVM
in the early days of electronics. The schematic diagram is shown in Fig. 1.97.

Precision
pot
Vref jp— <}—“
Q Range switch |
i Overload |
Tnput protection o ‘
4 attenuator | | ilg 94&
rejection ] AC Power i
amplifier amplifier i
Display digital
readout

Figure 1.97 Continuous balance-type DVM

The accuracy of the instrument is +0.1%. The input impedance is 10 M€2. A DC input is applied
to the input attenuator, providing suitable range switching. This is the front panel control, which
also causes a decimal point indicator to move on the display area in accordance with the input range
selected. After passing through an overload protection circuit and an AC rejection filter, the input
voltage is applied to one side of a mechanical chopper comparator. The opposite side of the comparator
is connected to the wiper arm of the motor-driven precision potentiometer. The potentiometer is
connected across a precision reference supply. The output of the chopper comparator, which is driven
by the line voltage and vibrates at the line frequency rate, is a square wave signal.
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The amplitude of the square wave is a function of the difference in magnitude and polarity of the
DC voltages connected to the opposite sides of the chopper. The square wave signal is amplified by
the high impedance, low noise preamplifier, and is fed to a power amplifier. The servomotor drives
the arm of the precision potentiometer in the direction required to cancel the difference voltage across
the chopper comparator. The servomotor also drives a drum-type mechanical indicator, which has
the digits from zero to nine imprinted about the periphery of the drum segments. The position of the
servomotor shaft corresponds to the amount of feedback voltage required to null the chopper input
and the position is indicated by the drum-type indicator on which digits are marked. This instrument
derived its name DVM because of the indicator. The position of the shaft is an indication of magnitude
of input voltage.

Modern DVMs have the facility of autoranging. The electronic control circuit’s present reading is
less than the next lower range or higher than the full scale. If the present reading is less than the full
scale of the next lower range, the attenuation is reduced. The attenuation continues to be reduced until
the reading is between the next lower range and the full scale of the present range.

1.41 AUTOMATIC POLARITY INDICATION FOR DVM ——o

An automatic polarity indicator that can be used with the DVM is shown Fig. 1.98. The circuit comprises
two voltage comparators, both with zero reference and connected to handle signals of opposite polarity.
The input terminals of the comparators can be connected to the outputs of the buffer amplifier.

Positive

+V,

cc

Negative

Figure 1.98 Circuit for autopolarity indication in DVMs

The output of comparator 1 will be in the ‘1’ state for positive input signals, whereas the comparator
2 will go to the ‘1’ state for negative inputs. Thus, either a positive or a negative indicator signal results



Chapter One Measurements and Instruments 87

at the output of these voltage comparators depending on the input signal polarity. The high sensitivity
of IC voltage comparators —(1UA710) or Op-amps used for the purpose (WA741)—ensures excellent
performance. The comparator outputs are fed to lamp driver circuits, which facilitate automatic polarity
indication. Alternatively, light-emitting diodes (LEDs) or any other single-element display device can
be used for this purpose.

1.42 AUTORANGING FOR DVM o

The basic DVM has a fixed voltage range of 1 V. The performance of this DVM can be improved by the
addition of an input attenuator, which can be controlled to change the range of the instrument. The

circuit is shown in Fig. 1.99.

100 K
1
Buffer Fout
amplifier l

-V,
Input protection

Figure 1.99 Circuit for autoranging in DVMs

A typical attenuator suitable for use at the input terminals of the DVM, that is, proceeding the buffer
amplifier is shown.

The attenuator ensures a constant R, for the DVM, example, 10 MQ in this case, so long as R,
of the buffer is much higher than that. In addition, the voltage input to the buffer can be controlled
in decade stops by the setting of the switches S, =S which will be ‘on’ one at a time. Thus, when S,
is ‘on’, the input voltage range is the basic range of the DVM, that is 1 V. The input voltage range is
1000 V when S 4 is ‘on’. For ensuring accurate division of V. it is necessary to have precision resistors,
such as metal-film type, low temperature coeflicient, and high stability resistors for this application.

The switches §; — S, may be controlled manually or automatically. The latter offers advantages for
the user, especially from the point of view of operating convenience.

The autoranging involves the generation of suitable signals for controlling the switch matrix.
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1.42.1 Typical Case

Let the DVM be considered as in Fig. 1.98 in its proper range if the input to the basic DVM block is
0.1-1.2 V. This corresponds to a range of 7 of 0.5 m — 6 m or to the counts accumulated in this range,
that is, between 100 and 1200. If the counts accumulated in any sample are outside this range, the DVM
has to be switched to other ranges.

For example, if the counts are less than 100 at the end of a sample, the instrument should select the
next lower range (down-ranging) provided the instrument is not already in this range.

Similarly, if the counts are greater than 1200, the instrument should go to its next higher range (up-
ranging) provided it is not already in this range. This range-changing operation has to continue until
the instrument locks on to the proper range of measurement (Fig. 1.100).

Decade counters

el [2[1] ]

Figure 1.100 Autoranging in DVMs

As four ranges are involved in the present case, a maximum of four sampling intervals are necessary
for the instrument to choose the proper range under the worst case. Therefore, the transfer of counts
from the counters to auxiliary storage FFs has to be done only after the range switching is complete.
Up-range or down-range signals have to be generated using the information of overflow as well as the
state of the MSB in the decade counter.

The < 100 counts information is obtained by reading the state of the overflow FF (first 7-flip-
flop at the output of the decade counter chain) designated as Q and BCD output of the counter

Whenever the above equation is satisfied, along with the information that the DVM is in its
lower range (which is obtained from the switch driver of S;), the point X changes from 1to > 0. This
information resets the down-range FF and the up-down counter counts up by one digit.

The >1200 counts information is also obtained similarly. In this case, the MSB counter should read
‘2, and the overflow or Q is in ‘1’ state. This logic is generated by considering all the combinations
followed by simplification and the following relationship is the final result:

QB+O)D = 1

Whenever the equation is satisfied along with the information that the DVM is not in its highest
range (which is obtained from the switch driver of ), the point ¥ changes from ‘1’ to ‘0’. This
information resets the up-range FF and up—down counter counts down by one digit.

Thus, the up—down counter counts up or down depending on the presence of a down-range or an
up-range signal at its input terminals. Since only four ranges are involved, a 2-bit up—down counter
is sufficient for this application. The outputs of the up-down counter have to be combined suitably to
yield the four range signals as required (Fig. 1.101).

If P is the LSB output and Q is the MSB output of the up—down counter, then the following four

combinations yield the signals for range switching. At any time, only one of these will be in the ‘1’ state.
Hence, only one switch 5 is ‘on’.
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Figure 1.101 Circuit for autoranging in DVMs

Lowest range: PQ
Second range: PQ
Third range: PQ
Highest range: PQ
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Since device breakdown voltage rates and R, values for these switches are less in common practice,

electromechanical switches such as reed switches are used for this application.

1.43 3:DIGIT DISPLAY

O

Four thousand counts are made in this type of display counter. Accuracy is more compared to a 3+ digit
meter. The maximum voltage that can be measured is 1000 V. A 3 3 digit DMM can measure voltages
typically in the ranges 400 mV, 4 V, 40 V, and 1000 V, with a resolution of 0.1 mV, 1 mV, 10 mV, 100
mV and 1V, respectively, i.e., with 0.1% resolution, approximately. DC current is measured in the

ranges of 4 mA, 40 mA, 400 mA, and 10 A with a resolution of 1, 10, 100, and 10 pA, respectively.
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Resistance is measured in the ranges of 400 Q, 4 kQ, 40 kQ, 400 kQ, 4 MQ, and 40 MQ with a
resolution of 0.1 Q, 1 Q, 10 Q, 100 Q, and 1 kQ, as in the respective ranges. APLAB 2835 DMM is a
4000 counts meter with a 33 digic display.

1.44 PICOAMMETER o

Generally DMMs lack the sensitivity required to measure currents less than 100 mA. Even at
higher currents, an input voltage drop of hundreds of mV a cross DMM can make accurate current
measurements impossible. Electrometers can measure low currents accurately, but the circuit needed
to measure extremely low currents combined with functions like measuring voltage, resistance, and
charge will increase the cost of the instrument significantly. Picoammeters are economical and are easy
to operate like DMMs.

DMMs employ short ammeter circuitry to measure current. By employing feedback circuitry, the
voltage drop can be reduced by several orders of magnitude resulting in a voltage burden of less than
200 pV. This principle is employed in picoammeters. This makes the function of the meter more like
an ideal ammeter than a DMM. Therefore, the picoammeters can perform current measurements with
high accuracy, even in circuits with a very low source voltage.

Commercially available picoammeters can perform measurements at a speed of about 1000 readings
per second. A time-stamped data buffer of 2500 readings provides minimum, maximum, and standard
deviation statistics. These instruments can measure current from 20 fA (20 x 10"1°A) to 20 mA.

Some of the features are as follows:

* Transition of measurement results in devices such as DMMs data acquisition boards,
oscilloscopes, or strip chart recorders.

* 220V overload protection.

* Built-in trigger-like interface that simplifies synchronisation of this instrument with other
instruments.

* It can be integrated easily into automated test and measurement systems.

*  While making measurements in research and on light-sensitive components, such as measuring
dark currents of photodiodes, the front panel display can be switched off to avoid introducing
light that could reduce the accuracy of the results.

* Using the instrument resistance can also be measured by driving a sourced voltage value by the
measured current.

1.44.1 Applications

* Beam monitoring and radiation monitoring.

* Leakage current testing in insulators, switches, relays, and other components.
* Scanning electron microscope (SEM) beam currents.

*  Optoclectronic device testing and characterization.

* [~V measurements of semiconductor devices and other devices.

* Nanoelectronic device characterization.

Keithly model 485 and 6485 are picoammeters.
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1.45 LOW-CURRENT AMMETER APPLICATIONS o)
1.45.1 Wafer-Level Photodiode Testing

A picoammeter-voltage source can be used with a calibrated light source and photodiodes can be
tested at the wafer level in semiconductor device manufacturing. The circuit schematic is as shown in
Fig. 1.102.

A

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

FIGURE 1.102 Diode testing at the wafer level

Using a switch matrix, a picoammeter can be enabled to take readings from multiple pods. The first
step of the measurement process is done in total devices. The instrument produces a voltage sweep and
then measures the resulting dark current. In the second step, a voltage bias is applied and the resulting
photocurrent is measured while the light level is increased in calibrated steps. Similarly, PIN diodes and
avalanche photodiodes can also be tested.

1.45.2 Monitoring and Control of Focused lon Beam Currents

In the manufacture of semiconductor devices, focused ion beam systems are used for manometers, scale
imaging, micromapping, and mapping. The magnitude of an ion beam current using an ion detector
is important in the system. The ion detector generates a secondary current that is proportional to
the current of the primary beam. When the secondary current is measured, it can be used to control
the intensity of the primary beam. However, the secondary current is of the order of picoamperes.
Therefore, the picoammeter should have good resolutions. Usually a 5 digit resolution is required.
The schematic is shown in Fig. 1.102.

1.46 HIGH-RESISTANCE MEASUREMENTS o

Picoammeters can also be used to measure high resistances, greater than 1 GQ in applications such as
insulation resistance testing. A constant voltage source is placed in series with the unknown resistance
and the picoammeter. The voltage drop across the picoammeter is negligible. Therefore, all the voltage
appears across the unknown resistance. The resulting current is measured by the picoammeter, and the
resistance R can be calculated as the ratio of V'to 7 (R=V/I). The unknown resistance must be housed in
a shielded test fixture to prevent electrostatic interference-generated current affecting the measurement.
A small series resistance can be added to reduce noise, if the unknown resistor has high stray capacitance
across it. The circuit schematic is shown in Fig. 1.103.
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FIGURE 1.103 Circuit for high-resistance measurements

Example 1.23

Determine the period of integration of dual slope integrating-type DVM, which has an integrating
capacitor of 0.1 uF and R = 10 kQ if the reference voltage is 2 V and the output of the integrator is not

to exceed 10 V.

Solution

Integrator time constant =

Reference voltage V), =

Integrator output =

Maximum output of integrator =

... Period of integration =

Example 1.24

CR
0.1 uF x 10 kQ = 10 msec
2V

2V
10msec

10V
10V

200V /sec
50 ms

=200 V/sec

=0.05 sec

The capacitance is specified as 20F + 5%. Determine the limits of capacitance that it is guaranteed.

Solution

Percentage error

100
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A=A4,6+0,

=A,+d0A,
=A,(1+0r)

SN
I I

Example 1.25

A 0-250 milliammeter has an accuracy of 2% FSR.

limiting error.

Solution
oV =

20(1 + 0.05)
20+1 F
21, 19F

The ammeter measures 150 mA. Determine the

er
0.02 x 250 =5 mA

% Limiting error = ix 100 = 3.33%

Example 1.26

150

The current passing through a resistor 50 + 0.2Q is 4 + 0.02A. Determine the limiting error.

Solution

% Limiting error (resistor) =

% Limiting error (current) =

P:
P =

P =

Example 1.27

0.2

—x 100
50

+0.4%

+0.02, 100
4
+0.5%

FR

2x 0.5+ 0.4
1.4%

FR

(4)% x 50
800 W

Find the resolution of a moving-coil ammeter that has a scale of 100 divisions and gives FSRs of 10 A.
The instrument can read up to 3 of the full-scale division.
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Solution

Full-scale reading = 10 A
No. of div. = 100

1-scale div. = 10 x 1000 = 100 mA
100
1
Resolution = 5 of a division
100
=5 = 50 mA

Example 1.28

Two capacitors are in series and also in parallel. Determine the limiting error:

C, =99 +1Mf
C, =49 + I Mf
Solution
In parallel In series
1
yoC G
148 + 2 Mf ! !
+
99+ 1MF) " (49 +1MF)
Limitation error
In parallel = +2 Mf.
In series = 0.25 Mf.
Example 1.29
Three resistors have the following values:
R, = 200Q 5%
R, =100Q 5%
Ry =50+ 5%
Solution
Resistor R, connected in series and parallel
(a) Series
Rserz'e: = Rl + RZ + R3
= 3nQ

RSR Ry Sk, By SFy
R;[ Rl R:c RZ Rsf R3

Relative error =



Relative error

(b) Parallel

1
R,

RP
LecRP = *

Errorin x

Error in )1

Erroriny, =

Error in J3

% Error

% Error

Error
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200
— X
300
+5%

350 x

100 50

5+ x
350 350

x5

=17.5Q

100

RyR; + R Ry + R R,
RRyR;
RiRy Ry

RyRs + RiR) + R Ry

28.5Q

SR, OR, A BR

R R K
5+545=215%
OR, OR
&
5+5=10%

R, R,
5+5=10%

Ry R
5+5=2+10%

1O, 2280, 138y
youno Yy o
20,000 5000 10,000
— x 10 + x10 + X
35,000 35,000 35,000

+10 %

15+ 10 = +25%
25
100

28.57 x =7.142 Q

95
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Example 1.30

The following readings are obtained in the measurement of an inductance: 1.003, 0.998, 1.001,
0.991, 1.009, 0.996, 1.005, 0.997, 1.008, 0.994 MH. Calculate

(a) The arithmetic mean.

(b) The average deviation.

(c) The standard deviation.

Solution
(a) ¥ = L003+0.994 _ 999 MH
10
(b)
dl = 1.003 - 0.999 = +0.0038
dy = -0.0012
dy = +0.0018
d; = 0.0098
dy = -0.0082
d, = +0.0058
d, = ~0.0032
dy = -0.0022
dy = ~0.0088
dyy = -0.0052
(©
Average deviation = d + -+ +d /10
= 0.005 MH
Standard deviation, 0 = 1,—(6{1)2-'-“'(6{10)2
10-1
= 0.006 MH

Example 1.31

The following 10 observations were recorded: 41.7, 42, 41.8, 42, 42.1, 41.9, 42, 41.9, 42.5, 41.8 for
an ammeter. Find

(a) The mean.
(b) The standard deviation.
(c) The probable error of one reading.
(d) The probable error of mean.
(e) The range.
(a) Mean:
X =41.7+..41.8/10 = 41.97 A



Chapter One Measurements and Instruments 97

(b) Standard deviation:
dy = -027,dy = +0.03, dy = ~0.17, d = +0.03, dy = +0.13

dg = -0.07, d; = +0.03, dg = ~0.07, dy = +0.53, dy = -0.17

= Jdi..+d3i0—-1 = 022A

(c) Probable error of one reading:

y = 0.67450 = 0.148 A
(d) Probable error of mean:
Vi = —A—= = 0148 40494
n—1 J9
(e) Range:
=425-41.7=08A
Example 1.32
If Young’s modulus for phosphor is 1.2 x 10% kg per mm?, estimate the approximate torque produced
by the string.
Solution
Length of the strip,
/ = 400 mm
Width, w = 0.5 mm
Thickness, ¢ = 0.08 mm
E = 1.2 x 104 kg/mm?
0 = 90°
~ Ewt®
12/
= 100.5 x 1078 kg-m
Example 1.33

In gravity-controlled instruments, the controlling weight is 0.005 kg and acts at a distance of 2.4 cm.
Determine the deflection in degrees corresponding to the deflection torque of 10.5 x 10~4 kg-m.

Solution
W = 0.005 kg
Distance of controlling weight = 2.4 cm
T, =1.05x 10~4kg-m
Td = VVZSine
T, = 0.005 x 0.024 x sin 6
0 =

—4
snt| LOOX10 " | 6o
0.005x 0.024



98 Electronic Measurements and Instrumentation

Example 1.34

The torque of an ammeter varies as a square of the current. If a current of 10 A produces a deflection
of 90°, what deflection occurs for a current of 1 A when the instrument is (a) spring controlled and (b)
gravity controlled?
(a)
Te «6
0 «1?

2
0, (f_]
91 [1
2
= 90° x (i) =22.5°
10

(b)
Tc «sin 6

0 «PP

2
sin92 _ ]_2 - 14 50
Sil’lel [1 '

Example 1.35

A circuit consisting of an unknown coil, resistance, and variable capacitance counted in series is found
to resonate using a Q-meter. If the frequency is 450 kHz and the resonating capacitor is 250 pf,
Determine the effective resistance, R.

Solution

Q =105, R,=075Q

f = 450 kHz
C =250 pf
L=
(2Tl:f)zc
- 500 MH
R=WL R, 12760

Example 1.36

A coil is tuned to a resonance frequency of 1 MHz with a resonating capacitance of 480 pf. At 2 MHz,
the resonance frequency with a resonating of the coil of 120 pf. Determine C; and Q of the coil.
R=10Q.

Solution

Given
R=10Q,
/i = MHz,



(1)
)

Specification of a DMM

C 4l
C,= =122
73

Q=1/2nf(C, + AR

=30.6

= 40 pf
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C, = 480 pf,

fz: 2 m,
C, = 120 pf.

Type: 32 Digit 4000 counts LCD Bench Multimeter.

929

Model No. xxxx.
Sl. No. Description Typical Values
1. DC volts
Ranges 400 mV, 4V, 40V, 400V, 1000 V
Resolution 0.1 mV,1mV,10 mV, 100 mV, 1V
Accuracy

Input impedance

AC volts

Input impedance

DC current
Ranges
Resolution
Accuracy

Overload
protection

AC current
Ranges
Resolution
Basic accuracy

Overload
protection

Resistance
Ranges
Resolution
Basic accuracy

10 MQ

For ranges, resolution and accuracy, same as AC volts
range

10 MQ < 100 pF

4 mA, 40 mA, 400 mA, 10 A
1 WA, 10 pA, 100 pA, 10 pA
0.75% + 2 digits

1A,600V

4 mA, 40 mA, 400 mA, 10 A
1 pA, 10 yA, 100 pA, 10 pA
1.5% + 5 digits

600 V DC or AC peak

400 Q, 4 kQ, 40 kQ, 400 kQ, 4 MQ, 40 MQ
0.1Q,10Q,100,100 Q, 1 kQ, 1
0.75% rdg + 4 digits
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1.47 SUMMARY

Electronic Measurements and Instrumentation

O

The basic deflecting systems of D’Arsonval and an electrodynamometer type of deflecting systems are
described. The construction of the meter movement and the principle of working have been explained.
Materials used and typical parameter values are also given. The DC and AC instruments based on this
principle are explained. Extending the range of a given ammeter and voltmeter is also explained. Frequency
compensatory elements and determination of their values have also been given. Voltage, current and resistance
measurements, and working of a multimeter are explained. Numerical problems on the determination of
value of resistance to extend the range and for a selector switch are also given.

Points to Remember

Objective-type Questions

N

Transducer is a device that converts a physical
quantity into electrical quantity or vice versa.
Quantity to be measured is called ‘measurand’.
Amplification, filtering, modulation, demodu-
lation, A/D, and D/A conversion are referred to
as signal conditioning.

The terms accuracy, precision, sensitivity, reso-
lution, repeatability, responsibility, drift, error,
and limiting error describe the performance
characteristics of instruments.

Fidelity and speed of response pertain to dy-
namic characteristics.

The errors that occur in instruments are classi-
fied as gross errors, systematic errors, and ran-
dom errors.

O

When random errors are predominant, the sta-
tistical analysis method is employed to deter-
mine the quantum of error in measurement.
Probable error = +0.67450, where 0 is the stan-
dard deviation.

Expression for torque 7 in a permanent magnet
moving- coil (PMMC) system is 7= BAIN.

In electrodynamometer movement, the deflect-
ing torque 7 is proportional to /.

Electrical shunts are used to extend the range of
ammeters.

By connecting a resistor of suitable value in se-
ries, the range of voltmeter can be extended.

The quantity to be measured is called
An example of a signal conditioner is

High-precision measurement can be done by
type of instruments.

The smallest change in the measured value

to which the instrument can respond is

The dlfferent types of drifts are

The quantity of indication by the instrument
with regard to the change in input is

The delay in response is known as

The relationship between standard dev1at10n o
and probable error is

10.

11.

12.

13.

O

The equation for the Gaussian law for probability
of occurrence of deviation w is .

The expression for torque produced in a
permanent magnet moving-coil movement 7 is

Shunts are used to extend the range of
__  meters.

For a dual slope integrating-type DVM with
five decade counters and clock frequency fc
the expression for 7, the time to integrate is

Two meters A and B require 30 mA and 40 mA,
respectively, to give a full-scale deflection. The
one that is more sensitive is



14.

15.

16.

17.

Review Questions

1.

Unsolved Problems

1.

3.

The last interval between two adjacent readings
that can be distinguished from the other is called

The change in the first movement reading when
the input is first increased and then decreased is
called

The maximum variation in the ammeter zero
due to temperature variations is called
In a moving iron or moving-coil type of
instrument, generally the meter range is related

18.

19.

20.
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so that the readings are obtained near the

The number 1.5 x 10° has

significant figures.

In portable instruments, the controlling torque
is provided by

A DC ampere-hour meter registers

if connected to a voltage that is lower than
rated.

Describe the construction details and working
principle of D’Arsonval type of instrument.
What are its advantages and disadvantages?
Explain the principle and working of an
electrodynamometer type of instrument.
Describe the expression for the deflecting
torque.

Compare D’Arsonval and electrodynamometer
movements.

How do you extend the range of a given ammeter
and voltmeter? Describe the expressions used.
Using necessary circuits, explain how V; 7, and
R measurements are made with a VOM meter.

. What are shunts? What are the materials used

for their construction? Give the construction
details of shunts.

Draw the circuit for an electronic DC meter
and explain its working.

Explain the principle of a chopper-stabilised DC
amplifier used in meters. What are its advantages
and disadvantages?

10.

11.

12.

13.

14.

15.

O

Draw the circuits and explain how average,
peak, and peak-to-peak values of a given signal
are determined.

With the help of a schematic diagram, explain
how the true 7ms value of a given input is
determined by the meter. What are its salient
features?

Draw the circuit of an electronic multimeter and
explain how DC and AC currents and voltages
and resistance are measured.

With the help of a block schematic, explain the
principles and working of a ramp-type DVM.
What are the salient features of a dual slope
integrating-type DVM? Describe its working.
What is the principle of successive-
approximation-type DVM? Give the block
schematic and explain its working.

Compare the performance and applications of
different types of DVMs.

The capacitance of a capacitor is specified as
30 F + 6%. Determine the limit of capacitance
to which it is guaranteed.

One universal shunt has a total resistance of
5 kQ. A galvanometer has a resistance of 1 kQ.
Determine the multiplying power of the shunt
for 2, 3, 4, and 5 kQ tappings.

An AC voltammeter has a maximum scale
reading of 100 V. It has an inductance of 0.1 H
and a total resistance of 1000 Q. By connecting

O

a capacitor across the non-conductive series
resistance of the voltammeter, the meter can be
made to read correctly on both DC and AC.
Determine the value of the capacitor. The meter
resistance R = 50 Q.

The full-scale deflection torque of 20 A, moving
iron ammeter is 5 x 10~ N-m. Determine the
rate of change of self-inductance of the meter in
pH/radians.
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A moving-coil voltmeter spring control produces
a deflection of 1° for a torque of 25 x 107 N-m.
The resistance of the moving-coil voltammeter
is 10 kQ. The coil has 100 turns, 5 cm long
and, 2 cm wide. The flux density of the air gap
is 5 x 1072 wb/m?. Determine the deflection
produced for a 200 V scale reading.

A 0-250 mA range ammeter has an accuracy of
2% of full-scale reading. The ammeter measures
150 mA. Determine the limiting error.

The current passing through a resistor of 50 +
0.2 Q is 4 £ 0.02 A. Determine the limiting
errors.

Find the resolution of a moving-coil ammeter
that has a scale of 100 divisions. Its full-scale
reading is 10 A. The instrument can read upto

1 the division.

Two capacitors of values C} = 99 + 1 pF and
C, =49 + 1 pF are connected in series once and
in parallel next. Determine the limiting error in
both the cases.

Three resistors R, R,, and R; have the following
values. R} = 200Q2 £ 5%, R, = 100Q + 5%, R; =
50 Q + 5%. Determine the relative error, if the
resistors are:

(a) Connected in series,
(b) Connected in parallel.

11.

13.

14.

15.

The following readings are obtained in the
measurement of an inductor: 1.003, 0.998,
1.001, 0.991, 1.009, 0.986, 1.005, 0.997,
1.008, and 0.994 pH. Determine the

(a) Arithmetic mean.

(b) Average deviation.

(c) Standard deviation.

. The following 10 observations were received in

the case of an ammeter: 41.7,41.8, 42, 42, 42.1,
41.9, 42, 41.9, 42.5, 41.8 mA. Determine

(a) The mean.

(b) The standard deviation.

(c) The probable error of one reading.

(d) The probable error of mean.

(e) The range.

If Young’s modulus for Bronze is 1.2 x 10%
kg/ mm?, estimate the torque produced by the
string. Given L = 400 mm, width = 0.5 mm,
thickness # = 0.08 mm.

In a gravity-controlled instrument, the

controlling weight is 0.005 kg, and acts at a
distance of 2.4 cm. Determine the deflection in
degrees corresponding to the deflection torque
of 1.05 x 107* kg-m.
In the case of a spring-controlled ammeter, a
current of 10 A produces a deflection of 90°.
If the current is 5 A, what deflection occurs in
degrees?



Waveform Generators

Introduction * Considerations in choosing an oscillator or signal generator

* Sine wave generator * Oscillator circuit ® Attenuator ® Frequency-synthesised
signal generator ® Sweep-frequency generator ® Pulse and square wave generator
* Function generator ® Arbitrary waveform generator ® Video signal

generator ® Summary

2.1 INTRODUCTION o

Generation of signals is an important aspect in electronic circuits and troubleshooting. Signal
generators are widely used in testing electronic circuits, systems, and equipments. A signal
generator must be capable of producing stable signals over a wide range of frequencies from a
few Hz to even in the GHz range. The amplitude must be variable, and attenuators are usually
provided to change the amplitude. The amplitude must also be variable from a low value to a
high value. The signal generated by the instrument must be free from distortion. Amplitude
and frequency stability with variation in temperature must be good. These are the desirable
features of signal generators.
There are various types of signal generators:

1.

Standard signal generator: 'This instrument produces sinusoidal waveforms in audio
frequency (AF) and radio frequency (RF) ranges. Continuous wave and modulated RF
signals can also be produced. This is an oscillator with a modulation capability.
Oscillators: These are available in the AF and RF ranges separately with variable
amplitude and frequency. Modulated signals will not be available.

Test oscillator: It is also an oscillator circuit with a calibrated attenuator and an output
monitor.

Function generator: 1f the instrument is capable of generating square, triangular, ramp,
pulse, and sine waves or some of these different types of waveforms in addition to the
sine wave, then the instrument is called function generator. In this instrument, the
sine wave is synthesised. Distortion will be more in the sine wave compared to that
produced in oscillator instruments.

Pulse generator: Rectangular waveforms with variable duty cycles, variable frequency,
and amplitude are produced in this instrument.

Sweep generator: Ramp waveforms with variable slopes are produced by this
instrument.

Function generators, pulse, and sweep generators are specialised signal generators. The term
oscillator is used if the instrument produces only a sine wave with least distortion employing
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an electronic oscillator circuit. The term function generator is used if the instrument produces square
and triangular waveforms in addition to the sine wave. The sine wave is usually derived by synthesising
the triangular wave.
Signal sources can be broadly classified as:
1. Fixed.
2. Variable.

In fixed signal generators, the amplitude of the waveform or the frequency or both may be fixed. But
such instruments have limited applications.

In the variable type, the amplitude of the waveform can be varied from ‘2’ to ‘volts’. The frequency
is also variable over a wide range. Most of the commercial instruments are of this type.

2.2 CONSIDERATIONS IN CHOOSING AN OSCILLATOR OR
SIGNAL GENERATOR o

The following factors must be considered in selecting or comparing signal generators.

1. Frequency range: The instrument must be capable of giving a wide range of frequency signals,
from low frequency signals to very high frequency signals typically from 1 Hz to 30 MHz or
even higher.

Output voltage: Variable from low to a sufficiently high value.
Resolution: Small variation in frequency and amplitude could be made.
Accuracy: The deviation from the set values must be minimum.

AN

Frequency stability: Ability to maintain the selected frequency over a period of time must be

good. Component ageing, and power supply fluctuations will affect this parameter.

6.  Amplitude stability: Amplitude must remain constant at the set value when frequency is
changed.

7. Distortion: It should be minimum. The waveform generated will be usually distorted at very

low frequency and very high frequency ranges.

2.3 SINE WAVE GENERATOR o

The sine wave is very important and is widely used in electronic circuits. Therefore, most of the signal
generators are sine wave generators. These are commercially known as Oscillators. This instrument
covers a frequency range of few Hzs to few MHzs and in some cases to the GHzs range. In the simplest
form, the instrument can be as shown in Fig. 2.1.

Set frequency  Set level

(=) AF/RF output

Oscillator

Figure 2.1 Block diagram of a sine wave generator
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Depending upon the frequency range, specifications, and cost, the instrument may employ the RC
phase shift oscillator circuit or Wien bridge oscillator or Hartley oscillator or Colpitts oscillator circuits
to generate the sine wave. The last two are the commonly preferred circuits. An attenuator is used to
vary the amplitude levels in the low and high ranges.

2.4 OSCILLATOR CIRCUIT o

The block diagram of the oscillator circuit is shown in Fig. 2.2.

Feedback
network

—— Output

Figure 2.2 Block diagram of an oscillator circuit

The resonant characteristic of an LC-tuned circuit is made use of, to provide a low-distortion sine
wave. The frequency of oscillation is given by the expression:

B 1
= e

where
L = circuit inductance (Henry)

C = circuit capacitance (Farad)
f = resonant frequency (Hertz)

Various considerations of L, C, and R are used to make the frequency variable. The oscillator circuit
consists of an amplifier and a feedback network. When the Barkhausen criteria are satisfied, oscillations are
produced. Figure 2.3 shows the actual circuit of a Hartley oscillator and the equivalent circuit showing the
amplifier and feedback components.

Figure 2.4 shows a Colpitts oscillator circuit.

These two circuits can be used up to a high-frequency range of even 1 GHz. For microwave
frequencies, specialised oscillators are used. For lower frequencies, the size of the inductors required for
the tuned circuits becomes prohibitive.
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+ VCC

0

Ll L2

a
Figure 2.3 Hartley oscillator circuit

+ VCC

Figure 2.4 Colpitts oscillator

2.5 ATTENUATOR o

The attenuator reduces the power of an input so that the ratio of the input power to the output power
is a constant. The attenuator is the second part of the sine generator.
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A(dB) = 10log 11

where 0

A = attenuation in decibels

P= power input

P = output power

If a signal is passed through two attenuators in cascade (see Fig. 2.5), the total reduction is the

product of the two attenuations.

AdB) = 10log| 22| £
L, \ I,
= 10 log ﬂ +10 log Q
7 2
or A(dB) = A, + A, in decibels.
— | Attenuator Pi Attenuator  —— P,
F P, P’ ’

Figure 2.5 Two attenuators cascaded

The Pi (7r) attenuator is shown in Fig. 2.6. Attenuation of 20 dB can be produced and this circuit
can be used up to 100 MHz.

Figure 2.6 = (Pi) attenuator

If the parasitic reactances are also taken into consideration, then the Pi attenuator appears as in
Fig. 2.7.

When the attenuator connected to the oscillator circuit is set to values of 20 dB or more, the isolation
requirements are met. However, if a signal of higher amplitude is required, attenuation is to be reduced.
Therefore, the isolation of the signal generator from the other circuit load is also reduced. This problem
can be solved by providing an isolation amplifier between the oscillator and the attenuator.

An amplifier having a gain of 10 dB can be made to have an isolation of 20 dB or greater. Signal
generators require a precise frequency readout. Precision crystal calibrators are included in more
expensive instruments to periodically check the dial calibration. A built-in frequency counter in the
signal generator instrument makes frequency measurement accurate and simple. Figure 2.8 shows the
block diagram of a modern signal generator with a frequency counter display, an isolation amplifier,
and an automatic level control system.
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Out

Figure 2.7 & (Pi) attenuator considering parasitic reactances

Oscillator

Pin
% diode Attenuator [—oRF output
attenuator

Isolation
amplifier

Voltage monitor
for automatic level control

Frequency
counter

Figure 2.8 Modern sine wave signal generator

2.6 FREQUENCY-SYNTHESISED SIGNAL GENERATOR —o

The block schematic of this instrument is shown in Fig. 2.9. This method of frequency synthesis is
called the indirect method. Here the phase locked loop (PLL) technique is employed.

Output Frequency
o programming
Programmable| | Phase | fRefcrence
Voltage-controlled divider detector |~ requency
oscillator source
Control Loop
voltage filter

Figure 2.9 PLL-based signal generator
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The different blocks are as follows:

Voltage-controlled oscillator (VCO): Tt is the source of output frequency. It can be tuned
electronically.

Programmable divider: 1t is a logic element that divides the frequency of the VCO by an integer that
can be entered through a microprocessor or programming switches.

Phase detecror: It provides an analog output that is a function of the phase angle between the two
inputs.

Reference source: It is a very accurate and stable frequency source such as a quartz crystal oscillator.
The crystal operator works in the frequency range of 1-10 MHz.

Loop filter: It is an analog filter and ensures stable and noise-free operations.

The output of the programmable divider is fed to the phase detector and is compared to the phase of
the reference frequency. The output of the phase detector is returned to the VCO and any variation in
phase could be corrected so that the frequency of VCO would be equal to the reference frequency.

2.7 SWEEP-FREQUENCY GENERATOR o

Solid-state variable capacitance diodes contribute towards the development of sweep-frequency generators.
The block diagram of a simple sweep generator is shown in Fig. 2.10. A sweep generator oscillator can be
electronically tuned. A sweep-voltage generator is supplied within a generator to provide the frequency
sweep. The relationship between the sweep voltage and the frequency of the oscillator is not linear.
Therefore, a compensating circuit is provided between the sweep-frequency voltage and the oscillator
tuning voltage. A typical linearising circuit is shown in Fig. 2.11.

RF
output
Voltage-controlled @7 Attenuator RF outpu
oscillator
Control
voltage

Sweep-voltage
generator

o

Sweep voltage
output

Figure 2.10 Sweep signal generator
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out

Sweep voltage

—_—

Figure 2.11 Linearising circuit for a sweep generator

The block schematic of a wide band sweep generator is shown in Fig. 2.12.

400-700 MHz

400 MHz

Voltage-controlled  Mixer fixed oscillator
oscillator

Q&

\J S

Linearising
circuit
Amplifier
Sweep-voltage ~ Pin diode Attenuator |—o RF output
genarator ~ attenuator
Low-pass
filter
Automatic Level Control
6 Sweep voltage (ALC)

Figure 2.12 Block diagram of a wide band sweep generator
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2.8 PULSE AND SQUARE WAVE GENERATOR

The difference between the pulse and square waveform is with respect to the duty cycle. The duty cycle
is 50% for the square wave. The duty cycle is defined as the ratio of the average value of the pulse over
one cycle to the peak value of the pulse. The average value and the peak value are inversely related to
the time duration.

O

Ton

Ton +Topr

The duty cycle of a pulse waveform varies. It is not 50%. Very short duration pulses give a low duty
cycle. Pulse generation can supply more power during its ON period than a square wave generator
can. A stable or free-running multivibrator circuit is widely used to generate square wave and pulse
waveforms.

The frequency range of the pulse generator (Fig. 2.13) is usually covered in seven decade steps from
1 Hz to 10 MHz. The duty cycle can be varied from 25% to 75%. Two independent outputs are
available. The rise and fall time of the pulse is 5 ns at the 5 V peak amplitude. A 600 Q source supplies
pulses with a rise and fall time of 70 ns at the 30 V peak amplitude. The instrument can be operated as a
free-running generator or it can be synchronised with external signals. The two current sources provide
constant current for charging and discharging the ramp capacitor.

Amplitude
:

Duty cycle = Pulse width/Period =

e .
| 600 €
1 Upper - output |—( 699 5
T current amplifier
| source
| Schimitt | ¢
! trigger
Frequency !
(Hz) 3
o : Vernier | | Amplitude |
N ! X S8
Frequency i Switching i\‘\\ - .
control | 1 circuit --1 Amp - ---- | 50 Q
! Pt ! e——{ output ——Step Attn 4<0519tp§t2
! et i amplifier
} Multiplier |
i o ié Ramp capacitori
& 1| Sync circuit Trigger
N f | polarity
O --mmmm oo ! C

Lower = \\\

current =

source Trigger

output Trigger
circuit output

N

Sync input

Figure 2.13 Block diagram of a pulse generator



112 Electronic Measurements and Instrumentation

2.9 FUNCTION GENERATOR o

A function generator delivers a choice of different waveforms. The most common output waveforms are
the sine, triangular, square, and saw-tooth waves. This equipment can usually supply output waveforms
at very low frequencies. Since the low frequency of a simple RC oscillator is limited, a different approach
is used in the circuit. The instrument can deliver sine, triangular, and square waves with a frequency
range of 0.01 Hz to 100 kHz. The schematic diagram is shown in Fig. 2.14.

Ext.freq. i C
control I
0 Upper constant i
current souce
\F Frequency Voltage J_l—l_l—
control Integr ™ comparator S
E;;ggﬁ. network r multivibrator N. Output °
| amplifer # 1
Lower constant o Outputs
current source Output
amplifer # 2

esistance-diode C,/SZ—.
shaping circuit m

Figure 2.14 Block schematic of a function generator

The upper current source supplies a constant current to the integrator, whose output voltage increases
linearly with time. The slope of the output voltage depends on the increase or decrease of the current.
The voltage comparator multivibrator changes its state at a predetermined level. This change of state
cuts off the upper current supply to the integrator and switches on the lower current supply. The lower
current source supplies a reverse current to the integrator. Therefore, its output decreases linearly with
time. When the output voltage reaches a predetermined level on the negative slope of the output
waveform, the voltage comparator again switches and cuts off the lower current source while at the
same time the upper current source is switched on. The integrator delivers the triangular waveform.
The comparator gives the square wave output from the triangular waveform, and the sine wave is
synthesised by a diode resistance network.

2.10 ARBITRARY WAVEFORM GENERATOR o

An arbitrary waveform generator delivers signal fidelity at 2.7 Gb/sec to solve measurement challenges.
The instruments can support two channels. The instrument combines world-class signal fidelity with
high-speed mixed signal simulation, a powerful sequencing capability, and a graphical user interface
with a flexible waveform editor to solve the toughest measurement challenges in the disk drive,
communications and semiconductor design, and test industries.

Signal applications are built-in, which enable one to easily create standard waveforms for disk drive
read channels, communications upto 2.7 Gb/S. The sample rate is of the order of 2.7 Gb/S, and real-
world signals upto 1.35 GHz are generated. Analog signal bandwidths upto 2 GHz are provided the
highest signal fidelity. There is provision for a direct external clock input, which allows jittered and
non-jittered signals for a high-speed data stream timing margin test upto 2.7 Gb/sec. A synchronous
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operation mode supports two outputs. A waveform quick editor with 400 FS edge timing resolution
delivers an output edge control with near real-time precision.

Two signals can be mixed digitally to support the disk drive noise performance test and the pre/de-
emphasis serial data communication test. Real-time sequencing creates infinite waveform loops, jumps,
patterns, and conditional branches.

2.10.1 Applications

1. Disk drive read/write design and test.
2. Communication design and test.
3. Arbitrary IF base band signals and pulse generation.
4. For mixed signal design and test.
2.11 VIDEO SIGNAL GENERATOR o

This instrument is a multiformat analog and digital precision signal generator platform. It offers
synchronizing pulse generation and test signal generation for a wide array of analog serial digital and
high deformation formats.

Specification of AM/FM Generators

(Signal generators/programmable signal generators.)

Sl. Parameter Typical Values

No.

1. Frequency range 100 kHz to 260 MHz in eight ranges
2. Output voltage 100 mV Max into 75 Q

3. Output control 0 db/10 db x 2 and fine control

4. Frequency indication Digital, 6 digits, 0.3"" LED

5. Modulation

(a) Internal modulation
(i) Modulating

1 kHz, 400 Hz selectable

frequency
AM Upto 80% adjustable
FM Dev. 0—100 kHz adjustable at

(b) External modulation:

(i) Frequency
AM
FM

260 MHz

50 Hz to 20 kHz
0%—-80% AM
0-100 kHz FM
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Level 15V p-p
6. Input supply 230V AC + 10% 50 Hz
Model No./Type No. XXXXX

Specification of a Function Generator
Model No./Type No. xxxxxx

Sl. Description Specifications (Typical Values)
No.
1. Waveforms Sine (~), square (Q), triangle (A),

Ramp up (A), Ramp down (A), and
AC

2. Frequency characteristics
Sine 10-3 MHz
Square 10-3 MHz
Triangle 10-3 MHz
Ramp 10-3 MHz
Resolution 10-3 MHz
Accuracy < 50 ppm
Temperature efficient < 5 ppm (ppm: parts per million)
Sine wave harmonic
distortion
square wave Upto 100 kHz: —50 db typical
100 MHz
—40 db typical
Overshoot Rise time/Fall time : < 35 nsec
Linearity 1%
Triangle/ramp Rise time
Jitter < 0.1% n peak output
Power consumption < 35 nsec
Operating environment 30 W (average)
10-50°C, 80% relative humidity
Example 2.1

In a Wien bridge oscillator R, =R, =55 kQ. C, = C, =800 pf with usual notation. Determine the

frequency of oscillations.
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Solution
_ 1
2nRC
= . - =3617.2Hz
27 X55x107 X800 x10
Example 2.2
Design R and C elements of Wien bridge oscillators, for f; = 1 MHz.
Solution
fo = 1 MHz
Let R =200Q 1
: C =12mfR = 3 3
C-53pf  2xax1x10°x200x10
Example 2.3

In an ordinary phase shift oscillator R} = R, = R; = 800 kQ, C| = C, = C; = 100 pf, with usual notation.
Find the frequency of oscillations.

Solution
1
f =
0 27 Rc6
1

T 27 x10° x8x107 x~/6

= 812 Hz
Example 2.4

Determine the frequency of the transistor Colpitts oscillator with Z = 100 mH, C; = 0.005 uF
C,=0.01 uF

Solution
C = CICZ
C+C,
=3.33x 1077
L =100 mH
fy = 122LC =275 kHz
‘Example 2.5

Determine the oscillation frequency of a Hartley oscillator with L, = 100 mH, Z, = 1 mH, and
M =50 mH (with usual notation), C' = 100 pf.
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Solution
C =100 pf
L=Ly+L,+2M =1200 mH
C =100 pf

f=112n+LC =450kHz

Example 2.6

An amplifier with feedback has a voltage gain of 40. To produce specified output, the input voltage
required without specified feedback is 0.1, with feedback I/P as 2.4 V to produce the same O/P.
Calculate the value of the feedback ratio.

Solution
Afb = 40
/P voltage rev
A = Afb X
I/P voltage without feedback
= 40><ﬁ =960

0.1
A

A, = 2

P 1-BA

=
I

1- A/Afb/A =-0.23958

2.12 SUMMARY o

The different types of signal generators used in electronic measurements and instrumentation systems are
standard signal generators, which produce a sine wave in audio frequency(AF) and radio frequency(RF)
ranges. In these instruments, continuous wave (CW) and modulated RF signals can also be produced.
Oscillator instruments also generate sine waves in the AF range and also in the RF range separately. The test
oscillator is an instrument also generating sinusoidal waveforms with a calibrated attenuator and an output
monitor. The function generator is an instrument that generates square, triangular, ramp, pulse, and sine
waveforms. The sine wave generated in the function generator will have more distortion compared to the
sine wave generated in oscillator instruments, because in function generator instruments, the sine wave is
derived from a triangular wave through a diode resistor network. Pulse generator instruments generate pulses
or rectangular waveform within variable duty cycle. Frequency and amplitude in these instruments can also
be varied. A sweep generator instrument produces ramp waveforms within variable shapes. In selecting these
instruments, the factors to be considered are as follows:

1. Frequency range.
Output voltage.
Resolution.
Accuracy.
Frequency stability.
Amplitude stability.

Distortion.

NV R



Points to Remember

Objective-type Questions

1.

2.
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A standard signal generator instrument
produces sinusoidal waveforms in AF and RF
ranges. CW and modulated RF signals can also
be produced.

A standard signal generator is an oscillator with
modulation capability.

Oscillator instruments produce sine waves in
the AF and RF ranges separately.

A test oscillator is an instrument with a
calibrated attenuator and an output monitor.
The function generator instrument produces
square, triangular, ramp, pulse and, sine waves.
In this instrument, the sine wave is synthesised
[from a triangular wave.

The sine wave produced in a function generator
is not a pure sine wave compared to the one
produced in an oscillator instrument. Distortion
will be more in the sine wave generated in the
function generator instrument.

O

A pulse generator is an instrument generating
pulses with variable duty cycles, frequency, and
amplitude.

A sweep generator instrument produces a ramp
waveform with variable slopes.

The term oscillator is used if the signal generator
produces only sine waves.

The term function generator is used if the in-
strument produces triangular, square wave-
forms, etc. in addition to sine waves.

The specifications of these instruments are
frequency range, output voltage, resolution,
accuracy, distortion, frequency stability, and
amplitude stability.

In a sweep-frequency generator, a sweep-voltage
generator is supplied internally. It provides the
required frequency sweep of the waveforms.

A standard signal generator produces a sine
wave in ranges.

Continuous wave (CW) and modulated RF
signals can also be produced in
instruments.
Oscillator  instruments available in

ranges.

The oscillator instrument within a calibrated at-
tenuator and an output monitor is

A function generator instrument produces

are

waveforms.
A pulse generator produces rectangular
waveforms  with  variable __ |
The resolution of a function generator

instrument denotes

The amplitude stability of a 51gnal generator
means the ability of the instrument to keep the
amplitude of a signal constant at the set value
when is changed.

The term oscillator is used if the instrument
produces

10.

11.

12.

13.

14.

15.

16.

17.

18.

O

The sine wave produced in a function generator
instrument is from

waveform.
Function generator instruments can produce
waveforms with a frequency as low as

The sine wave is generated from a triangular wave
in the function generator through

network.

The
instrument must be

Low spurious output is one of the desirable
characteristics of an instrument.

harmonic content in an oscillator

The output power level obtainable from a

general-purpose  audio-signal generator s

usually of the order of .

The type of waveform generated by an oscillator

instrumentis

The type of feedback used by an audio oscillator

instrument is

Wien bridge and phase shlft oscillators are
type of oscillator circuits.
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19. The number of R—C networks used in a standard

Review Questions
1.

R-C phase shift oscillator circuit is

20.

The main drawback of a crystal oscillator circuit
is

What are the considerations to be made in
choosing a signal generator?

2. What are the different types of attenuators used

in signal generators? Explain their operation.

3. With the help of a block schematic, explain

Unsolved Problems
1.

the working of a frequency-synthesised signal
generator.

O

Give the complete block diagram and explain
the working of a pulse generator.

Draw the block diagram of a function generator
and explain its working.

With usual notation, in a Wien bridge oscillator,
R=R,=100kQ. C| = C, = 1000 pF. Determine
the value of frequency of oscillations, f,.
Determine the component values in a Wien
bridge circuit for f, = 10 kHz where f, is the
frequency of oscillations.

In the case of an R - C phase shift oscillator
circuit, the component values are R, = R, =
Ry =10kQ. C; = C, = C5 = 150 pE Determine
the value of frequency of oscillations £
Determine the frequency of oscillations of
Colpitts oscillator of B/T version, if L = 120
uH, L= 0.5 mH, C; = 0.005 pE C, = 0.02
uF, C, = 20 pE

O

In the case of Hartley oscillator circuit, the values
of the components are given as L, = 200 pH,
L,=3mH, M=150uH, C=200 pF. Determine
the frequency of oscillator £

Determine f,;’ of a Wien bridge oscillator if
R =R, =100 kQ. C, = C, = 500 pf.
Determine the frequency of oscillations £ of
Hartley oscillator, given L, = 120 pH, L, = 5
pH, M =70 pH, and C =150 pf.

The gain of an amplifier with feedback is 60.
To get a particular output, the input voltage
required without feedback is 1 V and with
feedback is 2.4 V. Determine the value of the
feedback ratio.



Signal Analysers

Introduction ® Wave analyser ® AF wave analyser * High-frequency wave analyser
* Harmonic distortion ® Heterodyne wave analyser ® Tuned circuit harmonic
analyser ® Heterodyne harmonic analyser or wavemeter ® Fundamental suppression
harmonic distortion analyser ® Spectrum analyser ® Low-frequency

spectrum analyser ® Power analyser ® Capacitance—voltage analysers ® Oscillators
* Summary

J

3.1 INTRODUCTION o

In the previous chapters, different types of instruments that are used to generate various
waveforms are described. To evaluate the quality of the waveform generated, distortion, and
stability of the output of such a signal generator, instruments are required. Harmonic distortion
(HD) analysers, wave analysers, and spectrum analysers are such instruments. The earlier
instruments measured total HD without any indication of the frequency of the harmonic
component. Wave analysers are more sophisticated analysers. They separate harmonic and non-
HDs and evaluate each one.

3.2 WAVE ANALYSER o

This instrument measures the relative amplitude of single-frequency components in a complex
or distorted waveform. This can also be regarded as a frequency component that can be selected
and its amplitude can be determined. The circuit is tuned to the particular frequency and all
other components are rejected.

The signal to be analysed is applied first to the input attenuator. Here the meter range
switch is set on the front panel. Then the signal is given to a driver amplifier. The output
of the driver amplifier is given to a high-Q active filter. The filter consists of a cascaded
arrangement of RC resonant sections and filter amplifiers. The pass band of the total filter
section is covered in decade steps over the entire audio range by switching capacitors in the
RC sections. Polystyrene capacitors with good tolerance are used for selecting the frequency
ranges. Precision potentiometers are used to tune the filter to any desired frequency within the
selected pass band.

The signal is further amplified in the final amplifier stage and is given to the meter circuit
and to an untuned buffer amplifier. The buffer amplifier can be used to drive a recorder or
an electronic counter. The meter is driven by an average-type detector and usually has several
voltage ranges as well as a decibel scale. The attenuation characteristic of the instrument is
shown in Fig. 3.1. The initial attenuation at one half is about 600 dB/octave. The attenuation
at one half and twice the selected frequency is about 75 dB.
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OAV

20+
Attenuation (db)
40+

T

60+

80+

Jo % )
0.3 0.5 1.0 2.0 2.5

Figure 3.1 Attenuator characteristic

The signal input is given to an attenuator. A driver amplifier feeds the attenuated waveform to a
high-pass (active) filter. It consists of a cascaded arrangement of RC resonant sections and filter amplifiers.
The pass band of the total filter section is covered in decade steps over the entire audio frequency range
(Fig. 3.2 (a) and (b)) by switching capacitors in the RC section. Close-tolerance polystyrene capacitors are
usually used.

Input
amplifier

Output
amplifier

Y

> Filter Meter

(@)

— Frequency
(b)

Figure 3.2 (a) Block schematic of an attenuator and (b) frequency response of a
high-pass filter

A signal amplifier supplies the selected signal to the meter and to an untuned buffer amplifier.
The buffer amplifier can be used to drive a recorder or an electronic counter. The bandwidth of the
instrument will be 1% of the selected frequency.

Attenuation curve of the wave analyser: Attenuation at (0.707 or Ey ) frequency () of the centre is
about 75%. T

3.3 AF WAVE ANALYSER o

The block diagram is shown in Fig. 3.3. By varying R and C, the tuning frequency can be varied.
Measurement in the MHz range is usually done with a wave analyser particularly suited for higher
frequencies. The input signal to be analysed is heterodyned to a higher intermediate frequency (IF) range
by an internal local oscillator. Tuning the local oscillator shifts the various signal frequency components
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into the pass band of the IF amplifier. The output of the IF amplifier is rectified and is applied to the
metering circuit.

The operating frequency range of this instrument is from 10 kHz to 18 MHz. The input signal
enters the instrument through a probe connector, which contains a unity gain isolation amplifier.
After appropriate attenuation, the input signal is heterodyned in the mixer stage with the signal from
a local oscillator. The output of the mixer is in the IF range and it is amplified by the IF amplifier.
The amplified IF signal is then mixed again with a 30 MHz crystal oscillator signal, which results
in information centered around the zero frequency (0-1500 Hz). An active filter with a controlled
bandwidth then passes the selected components to the meter amplifier detector circuit.

A wave analyser is used in industrial applications, for example, in the reduction of sound and
vibrations generated by machines. The noise level emitted by the machine is measured.

V.4
ZAN

Signal in
g put| Input
attenuator

Meter range
attenuator

_[Meter amplifier :
| and detector 4@ Output meter with voltage
range and dB range

Amplifier output for
recording device

Figure 3.3 Block schematic for audio frequency wave analyser

3.4 HIGH-FREQUENCY WAVE ANALYSER o)
3.4.1 Frequency Mixers

In a super heterodyne receiver, the input amplitude modulated (AM) and radio frequency (RF)
signal carriers have to be combined with a locally generated RF signal in order to produce a signal at a
new carrier frequency (IF). The block diagram in as shown in Figs. 3.4 and 3.5.

Two methods are available:

1. Multiplication type in a wave device.
2. Addition type in a non-wave device.
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Untuned
amplifier IF range
. . MHz Second
Attenuator First mixer f— mixer
30 )
MHz  IF amplifier
Local Crystal
oscillator oscillator
Frequency range Frequency tuning
Active
filter > Meter

’

#1055 Hz s

Meter range
adjustment

Figure 3.4 Block diagram for a high-frequency wave analyser

L RF - Mixer IF

amplifier amplifier

o
B.W adjustment

Local
oscillator

Figure 3.5 Simplified block diagram

Consider the second one. Let the local oscillator voltage be V cos wyz. Using a device with a square
law characteristic,

2
E. o« V;
where E_is the collector voltage and V), the base voltage.
V. = V coswyt+ V(1 +m,cosw, 1) cosw ¢
An amplitude-modified AM wave is the input to an RF amplifier.
The output of the device will give a large number of RF components including (w, - o), (@, + ® ),
(wy—w, + a)p), @+, + wp) and so on. If the output load is tuned to (w,—w ), the only significant
voltage across is given by

el
i,= KVV, cos(wy —wc)tTCOS(a}O—a)f-l‘wp)t

3.5 HARMONIC DISTORTION o

There are three types of harmonic distortion (HD) circuits. They are as follows:

1.  Tunable selective circuit.
2.  Heterodyne type.
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3. Distortion measuring component (which suppresses the product frequency and measures Root
Mean Square (RMS) values of the distortion component).

3.5.1 Tunable Selective Circuit

The complex wave to be analysed is passed through an adjustable attenuator and is then applied to the
selective amplifier, which is tuned to the frequency component to be determined (Fig. 3.6). (This is
to find whether the component of that particular frequency is present or not). The output is indicated
by a vacuum tube voltmeter (VIVM). If the amplifier has a constant gain over all frequencies, the
attenuator can be set so that the VIVM gives 100% deflection for the fundamental frequency and
the harmonics are expressed (magnitude) as a fraction of fundamental amplitude. The system can be
calibrated using a standard signal generator. A tuned amplifier is generally a resonance-tuned amplifier.
The advantage is that the gain can be totalised at a high frequency and can be made independent of
frequency.

Amplifier
circuit
Input - Attenuator
Tunable
amplifier VIVM
Local
oscillator

Figure 3.6 Block schematic of a tunable selective circuit

3.5.2 Disadvantages

1. At low frequencies the sizes of L and C are large.
2. Harmonics of signal frequencies are very close to each other. Therefore, it is difficult to
distinguish between them.

3.5.3 Heterodyne Wave Analyser (Wavemeter)

The wave to be analysed is combined with a tunable local oscillator in a balanced mixer. The output of the
mixer passes through a very highly selective multistage amplifier having a predetermined fixed response
frequency, which is somewhat higher than any of the frequencies contained in the unknown wave
(Fig. 3.7). In operation, the frequency of the local oscillator is adjusted so that the difference (heterodyne)
in frequency produced by interacting with the desired component of the complex unknown wave
is equal to the resonant frequency of the selective amplifier. Thus, the component to be determined
has its frequency transformed to the predetermined value and is amplified and measured at this fixed
frequency. Other frequency components present in the unknown wave transform to frequencies that
are rejected by the selective amplifier. The frequency of the unknown component is determined from
the local oscillator frequency that must be used to change the unknown component to the known fixed
frequency.

The heterodyne wave analyser has an excellent frequency resolution, but the limitation in the mixer
introduces spurious cross-modulation products.
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Attenuation Balanced Highly selective VIVM
mixer amplifier
6
Tunable
oscillator

Figure 3.7 Block diagram of a heterodyne wave analyser

3.5.4 Fundamental Suppression Method of Distortion Measurement

RMS distortion of a wave is defined as the ratio of effective value of the harmonics to the RMS

amplitude of the wave.

RMS distortion can be measured by suppressing the fundamental frequency component and then
measuring the part of the wave that remains. Suppression of the fundamental frequency component
can be done by the use of a high-pass filter, which is so designed that harmonics present in the pass band
and fundamental frequency are severely attenuated. Another method is to use a bridge that is balanced

for a fundamental frequency but is unbalanced for the harmonics.

A Wien bridge arrangement is employed in which the bridge is balanced for a fundamental frequency

component and unbalanced for harmonics.

The distortion measuring instruments give only total distortion and not the amplitude of individual

distortion components (Figs. 3.8, 3.9).

Amplifier

Ca %

AN

Figure 3.8 Bridge circuit for distortion measurement

The input to the Wien bridge circuit is along the distortion with the fundamental frequency

completely suppressed.
Total HD or distortion factor

B = D}+D?+D}+..

where

p,- 5%, p
Bl
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B, = Amplitude of the fundamental frequency
B, = Amplitude of the second harmonic

73 21

Z4 zy

Figure 3.9 Bridge circuit for distortion measurement

3.6 HETERODYNE WAVE ANALYSER o

This instrument is used in the MHz range. The input signal to be analysed is heterodyned to a higher
IF by an internal local oscillator. Tuning the local oscillator shifts various signal frequency components
into the pass band of the IF amplifier. The output of the IF amplifier is rectified and is applied to
the metering circuit. The instrument using the heterodyning principle is called a heterodyning tuned
voltmeter.

30
Input ) MH:
. . attenll)lat()r First filter z Second filter +—
Signal input
o
Local oscillator Crystal oscillator
¢ o
Frequency range  Frequency tuning
0-1500 MHz
Active filter Meter amplifier Output meter calibrated
section and detector in volts and dB
o o g
Bandwidth Meter range

Figure 3.10 Block schematic of a heterodyne wave analyser
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The block schematic of the wave analyser using the heterodyning principle is shown in Fig. 3.10.
The operating frequency range of this instrument is from 10 kHz to 18 MHz in 18 overlapping bands
selected by the frequency range control of the local oscillator. The bandwidth is controlled by an active
filter and can be selected at 200, 1000, and 3000 Hz.

The input signal enters the instrument through a probe connector. The probe connector contains a
unity gain isolation amplifier. After suitable attenuation, the input signal is heterodyned in the mixer
stage with the signal from a local oscillator. The output of the mixer forms an IF that is uniformly
amplified by the 30 MHz IF amplifier. This amplified IF signal is then mixed again with a 30 MHz
crystal oscillator signal, which results in information centered around a zero frequency. An active
filter with controlled bandwidth and symmetrical slopes of 72 dB per octave, then passes the selected
component to the filter amplifier and the detector circuit. The output from the meter detector can be
read on a decibel scale or can be applied to a recording device.

3.6.1 Applications of Wave Analysers

1. In electronic measurements.
Sound and vibration analysers of machines.
3. Harmonic distortion (HD) analysers.

3.6.1.1 HD analyser. If a sinusoidal input is given to an amplifier, the output must also be a true
sine wave. However, because of the non-linear characteristics of active devices such as bipolar junction
transistor, junction field-effect transistor, or MOSFET and other passive elements, the output will be
distorted. The non-linear behaviour of the circuit elements introduces harmonics of the fundamental
frequency in the output waveform. The resultant distortion is called as Harmonic Distortion (HD).
Distortion is measured as a ratio of the amplitude of the harmonic to that of the fundamental frequency,
expressed as a percentage:

D, = ﬁ; 1)3:&; Df%
By B By
where
B, = amplitude of the fundamental frequency
B, = amplitude of the first harmonic
B; = amplitude of the second harmonic
B, = amplitude of the 7th harmonic
D, = distortion of the second harmonic
D_ = distortion of the #th harmonic

n
The total HD factor is defined as

D = \/D12+D22 +D32+---+D,f

3.7 TUNED CIRCUIT HARMONIC ANALYSER o

A series-resonant circuit consisting of L and C'is tuned to a specific harmonic frequency. This harmonic
component is transformer coupled to the input of an amplifier. The output of the amplifier is rectified
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and is applied to a meter circuit. The reading on the meter is noted. The resonant circuit is tuned to
another frequency and the next reading is taken and so on. The parallel resonant circuit consisting
of Ly, Ry, and o provides compe