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PREFACE

Many electronics applications present in our everyday- life would not.be
possible without sensors. Without their ability to measure or controf physi-
cal quantities, many electronic devices would remain as simple labordtory
curiosities.

Sensors are required for automation in process and manufacturing indus-
tries, including robotics. in experimental engineering;-in nonmanufacturmg
areas such as streetlight control and environmental control (dlr..mlse water

quality). in cars and household™machines, in agriculture and medncme and

so on. Even data-processing equipment, so common in offices,. lgcludes
several sensors in order for it to work properly. Think, for example, about
position control for read heads in magnetic storage‘disks. In the future the
availability of new sensors based on semiconductors (silicon in -particular),
fiber optics, and new materials like polymers and elastomers will result in an

increased importance for sensors as their applications will cover new areas. _
This unquestionable importance for gensors contrasts with the rather lim-

ited bibliography on them, particularly from the electronic engineering point "

of view. This book hopes to contribute to filling this gap. We describé the -
principle of operation of the most common sensors and discuss their advan-

tages and disadvantages. But we feel that for the electronic. cngmcer facing

problems related to the désign.of measuring systems. Lhat is net enough.
Therefore we also analyze the electronic mgnal-wndmonmg circuits _re-

quired by these sensors. This way we cover all area$ going from the physncal
quantily to the analog-to-digital converter that is the usual input devat® for
microprocessors in measurement and control applications.

The selection of the sensor influences the sensitivity. accuracy. and sta-
hility of measuring instruments. Thus one of our goals has been (o describe a
broad range of scnsors and give the actual specifications for several commer-
ctal sensors, which have been compiled in tables elsewhere in the book. We
have not considercd those devices whose applications are only for research
purposes rather than {or practical use. We give several worked-out circuit

xi



xii PREFACE

design examples and include problems at the end of each chapter. An appen-
dix at the end of the book gives annotated solutions to the problems. In
addition we give the most important specifications for several common elec-
tronic components, as it is indispensable in any design work to use this kind
of information. At the beginning of each chapter there is a short introduc-
tion. -

We have grouped the sensors according to an electronic criterion,
namely, depending on whether they are variable resistors, inductors, or
capacitors, or whether they are voltage, charge, or current generators. In
other groups there are digital sensors and those based on different principles
(semiconductor junctions, fiber optic, ultrasound. etc.). This classification
criterion eases the study of the associated circuits. We do not ignore, how-
ever, the fact that the real problem is not usually to find a possible applica-
tion. for example. for a given variable resistor, but to measurc flow, pres-
sure. or temperature. For this reason.we have included a section on sensors
for the most common quantities. Also we give application examples for each
of the sensors described. A bibliography section is included at the end of the
book where we evaluate several books that describe measurement methods
for a large number of physical quantities. Wé hope that our approach will
stimulate the search for and development of new solutions, and thus over-
come the need for buying (expensive) subsystems even for the most elemen-
tary measurement problems.

The mathematical 100ls used in this book depend on the nature of the
problem being analyzed, but they should be well known by third-year engi-
neering students. We have omitted lengthy mathematical derivations with-
out endangering the clarity of the explanation. For ease of reference, figures
for examples and problems are preceded by an E or a P, respectively. In
figures, line crossings are not a connection, unless indicated by a black dot.

From its organization and contents, this book is intended for electronic
engineering students at different levels. But it may also be of interest to
practicing engineers because of the systematic classification of sensors as
electronic devices. They may also find interesting some of the original solu-
tions proposed for commen sensor signal-conditioning problems and the
generalization of some solutions proposed by IC manufacturers in their ap-
plications notes. We hope that they will all find useful the dates of the
discovery of different physical laws, at least to prevent them from thinking
that all has come after the transistor (1947), the operational amplifier (1963),
or the microprocessor (1971). Some sensors existed long before all of them.
Itis the work of electronic engineers to apply all the capabilities of integrated
circuits in order that the information provided by sensors results in more.
economical, reliable, and efficient systems for the benefit of the humans,
who certainly have limited perception but who have no equal in intelligence
and creativity.

RAMON PaL1 As-ARENY
Jonn G. WEBSTER
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INTRODUCTION TO MEASUREMENT
SYSTEMS

1.1 GENERAL CONCEPTS AND TERMINOLOGY

1.1.1 MeasuremenlSystems

A system is a combination of two dr more elements, subsystems, and parts
necessary to carry out one or more functions. The function of a measure-
gent system is the objective and empirical assignment of 4 number to a
property or guality of an object or event in order to describe it. That is, the
result of a measurement must be independent of the observer (objective) and
based on experimental (empirical) findings. There must be a correspondence
between numerical guantities and the described properties.

One objective of a measurement can be process monitoring: for example,
ambient temperature measurement, gas and water volume measurement,
and clinical monitoring. Another objective can be process control: for exam-
ple, for temperature or level control in a tank. Another objective could be to
assist experimental engineering: tor example, to study temperature distribu-
tion inside an irregularly shaped object, or to determine force distribution on
a dummy driver in a car crash. Because of the nature of the desired informa-
tion and its quantity, CAD (computer-aided design) does not yield complete
data for these experiments. Thus measurements in prototypes are also nec-
essary to verify the results of computer simulations.

Figure 1.1 shows the data flow of a measurement and control system. In
general, in addition to the acquisition of information carried out by a sensor
or a transducer, a measurement requires the processing of that information
and the presentation of the result in order to make it perceptible to human

1



2 INTRODUCTION TO MEASUREMENT SYSTHFMS

l Objectives
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FIGURE L1 General structure of a measurement and control system.

senses. Any of these functions can be local or remote. but remote functions
require information transmission.

1.1.2 Transducers, Sensors, and Actuators

A transducer is a device that converts a signal fiom one physical form to a
corresponding signal having a differcnt physical form. Therefore it is an
energy converter. This means that the input signal always has energy or
power. But in measurement systems one of the two components of the
measured signal. which is multiplied to yield power, is usually so small that
it is negligible, and thus only the remaining component is measured.

When measuring a force, for example, we assume that the displacement in
the transducer is insignificant. That is, that there is no “loading"" effect.
Otherwise, it might happen that the measured force is unabic to deliver the
needed energy to allow the movement. But there is always a certain power
taken by the transducer. so we must ensure that the measured system is not
perturbed by the measuring action.

Since there are six different kinds of signals— mechanical, thermal, mag-
netic, electric, optical, and chemical—any device converting signals of one
kind to signals of a different kind is considered to be a transducer. The
output signals can be of any useful physical form. In practice. however, only
devices offering an electric output are called transducers. This is because
electric signals 2re used in most measurement systems. Some of the advan-
tages of electronic measurement systems are the following:
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1. Electrical transducers can be designed for any nonelectric quantity, by
selecting an appropriate material. Any variation in a nonelectric pa-
rameter yields a variation in an electric parameter because of the elec-
tronic structure of matter.

2. Energy is not drained from the process being measured because the
transducer output signals can be amplificd. With ¢electronic amplifiers
it is casy to obtain power gains exceeding 10" in a singlc stage.

3. A large number of diverse integrated circuits are available for electric
signal conditioning or modification. There are even transducers that
incorporate these conditioners in a single package.

4. Many options exist for information’display or recording by electronic
means. Thesé options permit us to handie not only nhmerwal data but

- also text; graphics, and dmgrdm< -

© 5. Signal transmission is more versatile for electric signals.’ Mechinical,
_hydraulic, or pné’uma!ic signals may be more spitable in some circum-
~ stances. such a5 in environments where ionizing radiation or explosive
' atmosphcﬁﬁ‘s arc present, but electric signals have replaced most non-
A clectnc;su.n.nls In factin-processing industries (chemicals, pe(roleum
gas, food, textile, paper, e1¢:) where automation was introduced some
time ago, pneumatic systems are frequently found alongmde more re-
cent clectric systems. However, in m(mufdcnmug fndustries (machin-
cry, dutomotlve computing, and communication equipment, etc.)
where automation is more recent and there are several discontinuous
processes, we usually find only electronic systems used.

A’transducer is. a_device that takes cnergy from the system that it mea-
sures to give an output signal that can be transduced to an electric signal and
that corrgsponds to the measured quantity. ‘

Sensor and transducer are sometimes used as synonymous terms. How-
ever, sensor suggests a broader meaning that includes the extension of our

- capacity to acquire-information about physical quantities not $erceived by
human senses because of their subliminal nature or minuteness. Transducer
suggests only that input and output quantitics are not the same. The word
modifier has been proposed for instances where mpu( and output quantitics
are the same; but it has not been widely accepted. *

The distinction between input-transducer (physical signalfelectric signal)
and output-transducer (electric signal/display or actuation) is seldom used
today. The trend, particularly in robotics is toward using sensor to refer 10
the input transducer while activator refers to the output transducer. Sensors
arc intended to acquire information. Actuators are designed for power con-
version. .

In this book we use sensor to refer to input transducers. Output transduc-
ers or actuators are beyond the scope of this work. Sometimes, particularly
when mechanical quantities arc being measured. an clement called a primary
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sensor is introduced to convert the measured variable into a measuring
signal, Then a sensor would convert that signal into an clectric signal. For
example, one would use a diaphragm as the primary sensor to measure a
pressure difference but measure deformation ‘using a strain gage which
“serves as the sensor (see Section 1.7.2 and Section 2.2). In this book we will
designate as sensor the whole device, including the package and leads.

1.1.3 Signal Conditioning and Display

Ima broad sense signal-conditioning units, adapters, or amplifiers are meu-
suring system elements that start with an electric sensor output signal and
then yield a signal suitable for display or recording,”or that better meets the
requirements of a subsequent standard equipment or device. They normally
consist of electronic circuits performing any of the following functions: am-
plification, filtering, impedance matching, modulation, and demodulation.

In the usual case one of the stages of the measuring system is digital and

. the sensor output is analog. Then an analog-to-digital converter (ADC) is
‘'used. The ADC devices have low input impedance, and they require that the
signal applied to their input be dc or slowly varying and that their amplitudes
not exceed specified margins, usually iess than =10 V. Therefore, sensor
‘output signals, which may have an amplitude in the millivolt range must be
signal conditioned before they can be applied to the ADC.

The display of measured results can be in an analog (optical, acoustic, or
tactile) or in a digital (optical) form. The recording can be magnetic, elec-
tronic, or on paper, but the information to be recorded should always be in
electrical form.

2

3

‘1.1.4 Interfaces, Data Domains, and Conversion

_In measurement systems the functions of signal transduction, conditioning,
processing, and display are not always divided into physically distinct ele-
ments. Furthermore the border between signal conditioning and processing
may be indistinct. But generally there is a need for some signal processing of
the sensor output signal before its end use. Some authors use the term
interface to refer 10 signal-modifying elements that change signals, even
from one data domain to another, such as an ADC. These always operate in
the electrical domain.

A data domain is the name of a quantity used to represent or transmit
information. The concept of data domains and conversion between domains
is very useful to describe sensors and electronic circuits associated with
them [1]. Figure 1.2 shows some possible domains, most of which are elec-
trical.

In the analog domain the information is carried by signal amplitude (i.e.,
charge, voltage, current, or power). In the rime domain the information is
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Physicat and
chencal doma:ns

‘ Electncal domams

-
P

Drgital

Analog

FIGURE 1.2 Data domains [1]. (From H. V. Malmstadt, C. G. Enke, and S. R.
Crouch, Electronics and Instrumentation for Scientists; © 1981, Reprinted by per-
mission of Benjamin/Cummings, Menlo Park CA)

not carried by amplitude but by time relations (period or frequency, pulse
width, or phase). In the digital domain signals have only two values. The
information can be carried by the number of pulses or by a coded serial or
parallel word.

The analog domain is the most prone to electric interference (see Section
1.3.1). In the time domain the coded variable-cannot be measured, that is,
converted o the numerical domain in a continuous way. Rather, a cycle or
pulse duration must elapse. In the digital domain numbers are casily dis-
played.

The structure of a measurement system can be described then in terms of
domain conversions and changes, depending on the d;recl or indirect nature
of the measurement method.

A physical measurement is said to be direct when quantitative informa-
tion about a physical object or action is obtained by direct comparison with a
reference quantity. This comparison is sometimes simply mechanical, such
as in a weighing scale.

In indirect physical measurements the quantity of i mterest is calculated by
applying an equation that describes the law relating other quantities mea-
sured with a device, usually an electric one. For example. one measures the
" mechanical power transmitted by a shaft by muluplymg the measured torque
and speed of rotation.
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1.2 SENSOR CLASSIFICATION

A great number of sensors are available for different physical quantities. In
order to study them, it is-advisable first to classify sensors according to some
criterion. In addition to the criteria mentioned here, several addmonal crite-
ria are given in {10]. :

In considering the: need for a power supply. sensors arc classified as
modulating or self-generating. In modulating (or active) sensors most of the
output signal power comes from an auxiliary power source. The input only
confrols the output..Conversely, in self-generating (or passive) sensors out-
put power comes from the input. .

Modulating sensors mually reqmre more wires than self-generating oncs
because power is supp! ',’by wires different from the signal wires. More-
over the presence of 4 x;hary power source can increase the danger ot
explosion in exploswe’atmosphere% Modulating sensors have the advantage
that their overall qens:fmty can be confrolled by the power supply voltage.
Some authors use the téerms active for self-generating and passive for modu-
lating. To avoid confusion,. we will not use these terms.

In considering output: sngnals, we classify sensors as analog or dlgllal In
analog sensors the outpul “changes in a continuous way at a macroscopic
level. The information is usually obtained from the amplitude, although sen-
sors with output in the time domain are usually considered as analog. Scn-
sors whose output is in the form of a variable frequency are called quasi-
digital because it is-very easy to-obtain a digital output from them.

The output of digital sensors takes the Torm of discrete steps or states.
Digital sensors do not require an ADC, and their output is easier to transmit
than that of analog sensors. Digital output is also more repeatable and reli-
able, and often more accurate. But regrettably many physical quantities
cannot be measured by digital sensors. »

In considering the operating mode, sensors are classified in terms of their
function in a deflection or a null mode. In deflection sensors.the measured
quantity produces a physical effectthat generates in some part of the instru-
ment a similar but opposing effect that is related to some uselul variable. Fos
example. a dynamometer to measure force is a sensor where the force 1o be
measured deflects a spring to the point where the force it exerts. which is
proportional to its deformation, balances the applied force. ,

Null-type sensors attempt to prevent deflection from the null poiat by
applying a known effect that opposes that produced by the quantity being
measured. There is an imbalance detector and some means to restore bai-
ance. In a weighing scale, for example. the placement of a foad on a pan
produces an imbalance indicated by a pointer. The user has to place one or
more calibrated weights on the other pan until a balance is reached. which
can be ascertained from thé pointer’s position.

Nuil measurements are usuvally more accurate becanse the apposing
known ¢ifect can be calibrated agamst a high-precision standard ov a refer




