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PREFACE

The inclusion of an electrical measurement course in the undergraduate curriculum of electrical engi-
neering is important in forming the technical and scientific knowledge of future electrical engineers.
This book explains the basic measurement techniques, instruments, and methods used in everyday
practice. It covers in detail both analogue and digital instruments, measurements errors and uncertain-
ty, instrument transformers, bridges, amplifiers, oscilloscopes, data acquisition, sensors, instrument
controls and measurement systems. The reader will learn how to apply the most appropriate meas-
urement method and instrument for a particular application, and how to assemble the measurement
system from physical quantity to the digital data in a computer. The book is primarily intended to
cover all necessary topics of instrumentation and measurement for students of electrical engineering,

but can also serve as a reference for engineers and practitioners to expand or refresh their knowledge
in this field.
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INTRODUCTION

Measurement followed man from the very beginning of its development. Measuring methods and
measuring instruments were developed in parallel with the development of electrical engineering.
However, some physical laws were derived based on measurement results, such as the Biot-Savart
law, when in 1820, the French scientists Jean-Baptiste Biot and Félix Savart established the relation-
ship between an electric current and the magnetic field it produces. Although science and metrology
(the science of measurements) are developing quickly, one should always remember that a measure-
ment principle established more than 150 years ago can still be applicable today. There will be many
such principles explained in this book. As the instrumentation becomes more advanced, results will
only become more precise.

The basic purpose of metrology is best described by the famous Italian scientist Galileo Galilei:
“Measure everything that can be measured and try to make measurable what is not yet measurable.”
The term metrology 1s derived from the Greek words metron—to measure—and /ogos— science. The process
of measurement involves comparison of the measured quantity with the specific unit; it is therefore
necessaty to know the unit of measurement with the highest possible accuracy. The first modern me-
trology institute was established in 1887 in Germany. This institute was partly responsible for the
sudden rise of strength of German industry in the wotld. Very soon thereafter, other industrial coun-
tries established metrology institutes in order to maintain their places at the top of world industry.
With the progress of science foundation around the world, metrology slowly relied more and more on
natural phenomena and not on prototypes, as in the past. Today, the only unit of measurement em-
bodied in prototype—kilogram—is stored in Seévres near Paris, but in recent years, the metrology world
appears to desire to define this unit by natural phenomena just like all the others.

Today, metrology is based on natural laws and is unique in how the units can be realized anywhere in
the world, if only one has the necessary knowledge and equipment. The foundation of today’s me-
trology is the International System of Units (SI), adopted in 1960. This system consists of seven base
units and a large number of derived units, 23 of which have their own special names and signs. Only
electrical current is included in the seven base units from electrical engineering. All others, such as
units for electrical resistance and voltage, are derived units.

Chapter 1 gives an overview of the modern SI system of units, and explains the definition of SI base
units, its realization, and its standards.

Chapter 2 describes measurement errors, calculation of measurement uncertainty, and instrumenta-
tion limits of errors.

Chapter 3 describes the different measuring elements such as resistors, inductors, and capacitors, as
well as voltage standards.

Chapter 4 describes the analogue measuring instruments, and how to use different types to measure
various AC and DC voltages and currents.

Chapter 5 is about the compensation measurement methods, such as bridges and compensators. AC
and DC calibrators are also described.
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Chapter 6 gives an overview of instrument transformers, their uses, and testing methods for determi-
nation of phase and current/voltage etrots.

Chapter 7 describes the use of operation amplifiers in measurement technology, and how to use them
to build electronic instruments and other devices using the op-amps.

Chapter 8 gives an overview of cathode ray tube and digital storage oscilloscopes. How to use oscillo-
scopes to measure different electrical quantities is also described.

Chapter 9 describes the construction and use of digital multimeters, and provides an overview of dif-
ferent analogue to digital converters used in various digital instruments.

Chapter 10 describes measurement methods to measure different electrical quantities, such as voltage,
current, resistance capacitance, and many others.

Chapter 11 describes the historical development of instrument control with the use of the personal
computer, as well as different connectivity interface buses and software support for both stand-alone
and modular instrumentation.

Chapter 12 gives an overview of the measurement system, and describes the most popular sensors,
signal conditioning, and data acquisition hardware.
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1. INTERNATIONAL SYSTEM OF UNITS - SI

The International System of Units (SI - Le Systéme International d‘Unités) was established in 1960. It
was an important step, after decades of hard work, to overcome the many different units used
throughout the world. The need for a unified system of units was evident after the Industrial Revolu-
tion in the 18™ century. Several important events also contributed to and sped up the process, espe-

cially the World Fairs in London (1851) and Paris (1870).

Metre Convention Diplomatic
1875 Treaty
|

Associate General Conference on
States and Weights and Measures (CGPM)
Economies meets every four years and consist of
of the CGPM L delegates from Member States
International Committee for
Weights and Measures (CIPM)
consist of eighteen individuals
elected by CGPM.
It is charged with supervision of the BIPM
and the affairs of the Metre Convention.
The CIPM meets annually at the BIPM |
(Consultative Committees (CCs) CIPM
Ten Ccs give advice to the CIPM MRA

on matters reffered to them,
act on technical matters
and play an important role in CIPM MRA.
Each is chaired by a member of the CIPM <
and comprises representatives
from NMIs and other experts.

X
o Governments of
Member States

International
Organizations

National
metrology

Bureau International
des Poits et Mesures (BIPM)
International centre for metrology.

Laboratories and offices at Sevres
with an international staft of about 70.

institutes
(NMIS)

Figure 1.1 Relationships between different metrology organizations in the world
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The origin of today’s SI system of units goes back to May 20, 1875, when the representatives of the
17 most technologically-advanced countries of the world signed the Treaty of the Metre (also known
as the Metre Convention). At that time three important organizations were created, with the task to
take care of the metric standards. These institutions, which are still working today, are:

- International Bureau of Weights and Measures (BIPM);
- General Conference on Weights and Measures (CGPM);
- International Committee for Weights and Measures (CIPM).

The International Committee for Weights and Measures (CIPM) works through ten consultative
committees that provide recommendations to the General Conference on Weights and Measures
(CGPM), which decides on the resolutions at least once every 6 years. These resolutions are obligato-
ry to the signatories of the Metre Convention (52 countries signed the treaty by the end of 2009). The
International Bureau of Weights and Measures (BIPM) is the scientific institute governed by the
CIPM. Its role is storing and realizing international primary units, improving measurement methods
and units, and comparing different standards for member countries (Figure 1.1).

The SI system of units is a modern metric system, which is used throughout the world today. Even in
countries where units that do not belong to SI are used, like in the USA, units are also derived from
ST units. It can be stated that the International System of Units (SI) is coherent, unified, and uniform.
It is coherent because it is composed of seven base units (meter, kilogram, second, ampere, kelvin,
mole, and candela), mutually independent, and units are derived from base units. Coherence means
that the basic unit of natural laws is always associated with factor 1 (1x1 =1, 1/1 = 1; Figure 1.1). Itis
unified because, except for weight, all units are defined by unchangeable natural constants. It is uni-
form because the measurements in the dynamics, electrodynamics, and thermodynamics can be com-
pared with each other in terms of conservation of mass and energy (Figure 1.1). The importance of
using the SI units is best demonstrated in the unfortunate loss of the Mars Climate Orbiter in 1998.
The thrusters on the spacecraft, which were intended to control its rate of rotation, were controlled
by software that used the unit of pound force to make calculations (this is a standard unit for force
in the United States customary units system). The ratio of SI unit of force Newton and the unit of
pound force is 4.45, and as the spacecraft expected the figures to be in Newtons, the unfortunate mix
of units caused the spacecraft to drift into low orbit and be destroyed by atmospheric friction.

1.1 DEFINITIONS OF THE SI BASE UNITS

There is a difference between the unit definition and its realization. The International System of Units
(SI) is a set of definitions. National Metrology Institutions (NMIs) perform experiments to produce
(realize) the unit according to the definition, and with some of these experiments the unit can be
stored in standards. The standards are physical objects whose characteristics agree with the defini-
tion of unit. For example, the unit for time is second, and it is defined as the duration of a certain
number of periods of the radiation of the atom of cesium-133. Anyone who has the money,
knowledge, and equipment can make an atomic clock that produces radiation as defined by the SI unit
of second. It is important to emphasize that the atomic clock is not the realization of a second. The
realization of a second is the radiation produced by atomic clocks.

There are seven SI base units and their definitions are:

Unit of length — meter: “The meter is the length of the path traveled by light in vacuum during a
time interval of 1/299 792 458 of a second.”
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Unit of mass — kilogram: “The kilogram is the unit of mass; it is equal to the mass of the
international prototype of the kilogram.”

Unit of time — second: “The second is the duration of 9 192 631 770 periods of the radiation
corresponding to the transition between the two hyperfine levels of the ground state of the cesium
133 atom.”

Unit of electric current — ampere: “The ampere is that constant current which, if maintained in two
straight parallel conductors of infinite length, of negligible circular cross-section, and placed 1 meter
apart in vacuum, would produce between these conductors a force equal to 2 x 10-7 newton per
meter of length.”

Unit of thermodynamic temperature — kelvin: “The kelvin, unit of thermodynamic temperature, is
the fraction 1/273.16 of the thermodynamic temperature of the triple point of water.”

Unit of amount of substance — mole: “The mole is the amount of substance of a system which
contains as many elementary entities as there are atoms in 0.012 kilogram of carbon 12; its symbol is
‘mol.” When the mole is used, the elementary entities must be specified and may be atoms,
molecules, ions, electrons, other particles, or specified groups of such particles.

Unit of luminous intensity — candela: “The candela is the luminous intensity, in a given direction,
of a source that emits monochromatic radiation of frequency 540 x 1012 hertz and that has a radiant
intensity in that direction of 1/683 watt pet steradian.”

There are a few dozen derived units, some of which are named (e.g., Ohm, Volt), while the majority
has no special name (e.g. unit for speed is m/s).

As already stated, all derived units must be able to be expressed in terms of base units. This will be
explained by the derived unit of electrical resistance Ohm, named after the German physicist Georg

Simon Ohm (1787-1854). The unit symbol is Q (capital Greek letter omega -€2). Ohm is defined as:

Q=—, [1.1]

where V=W /A; V is the SI unit of voltage, A (ampere) is the SI base unit for current, and W (watt)
is the SI unit of force. As unit Watt is derived from SI units joule and newton, and those units are

derived from base SI units kilogram, meter, and second, the Ohm, expressed by the base units of
SI, is:

Q=m’ kg-s’-A° [1.2]

This is valid for all derived units, which can be seen in Figure 1.2.
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Figure 1.2 SI system — the relationship of base and derived units
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1.2 REALIZATION OF UNITS

An example of unit realization is the absolute determination of resistance by the Thompson-
Lampard calculable capacitance standard. Calculable standards are standards whose values can be
determined accurately using known dimensions. Such standards should have a simple geometric shape
that allows mathematical calculation of standards. This was achieved for the capacitance standard,
which was developed by A.M. Thompson on theoretical considerations from D.G. Lampard in
1956. These considerations show that in the symmetrical arrangement of cylinders A, B, C, and D,
according to Figure 1.3, the capacitance between cylinders A and C or B and D is:

Cac =Chp 26_7;(/1 —/5)In2 [1.3]

where & is the permittivity of vacuum, which can be determined with relative measurement
uncertainty of 8x10°. It is only needed to achieve superb accuracy in measuring the distance between
the electrodes, which can be achieved by interference methods, so the total measurement errors of the
measurement procedure do not exceed 1x107, while the edge effects are avoided by making two
measurements at different intervals (4 - 4). This realized SI unit of farad has become the starting
place for the realization of the SI unit of resistance. Realization of the SI unit of resistance from the
realized unit of capacitance is shown in Figure 1.4. This entire sequence of ohm realization is achieved
with the measurement uncertainty of about 0.1 ppm.

Symmetrical layout,
boundary effects are ignored

)
< > Cac=Cap= 112

Approximately symmetrical layout,
boundary effects are ignored

CactCop _ &

5 = /In2

Approximately symmetrical layout,
boundary effects are eliminated

AC, o+ ACypy €
—A5—LR= 2 (I-1) In2

Figure 1.3 Thompson-Lampard calculable cross capacitor

The unit of volt, for example, is the SI unit defined as the power of one watt divided by the current of
one ampere. An example of realization of the unit of volt is the voltage balance, which tries to equal
the voltage electrostatic force and mass of the known weight. Results thus obtained are assigned to
the standards of cheaper and simpler systems such as Weston cells and Zener voltage standard, or
expensive and complicated devices such as the Josephson voltage source, as these devices store and
do not realize the SI unit of volt, because the way they are used does not include continuous
compatison of electrical and mechanical power realized in the system of units SI. Such equipment or
devices, primary or secondary, are called standards.





