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1-0 INTRODUCTION

Modern technology leans heavily on the science of measurement. The control
of industrial processes and automated systems would be very difficult without
accurate sensor measurements. The widespread use of microelectronics and
computers is having a profound effect on the design of sensor systems. Signal
processing functions increasingly are being integrated within sensors, and dig-
ital-type sensors directly compatible with computer inputs are emerging. Never-
theless, measurement is an inexact science requiring the use of reference standards
and an understanding of the energy translations involved more directly as the
need for accuracy increases.

This chapter presents electrical sensor/transducer techniques and devices
useful for both industrial and laboratory measurements. Basic principles are
discussed preliminary to examination of a variety of devices applicable to
sensor-based data acquisition systems. Emphasis is on contemporary sensors
supporting motion, ultrasonics, imaging, and chemical measurements as well
as the traditional engineering measurements of temperature, pressure, flow,
force, and level. Excitation and linearization circuits also are developed with
an interest in minimizing the sensor error contribution to a data acquisition or
control system. In practice, the words sensor and transducer are used inter-
changeably, although the former more accurately describes the device and the
latter the principle involved.
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1-1 BASIC PRINCIPLES

A transducer is a device that transfers energy between two systems as in the
conversion of thermal into electrical energy by the Seebeck-effect thermo-
couple. Transducer excitation more often is required as in the case of a bridge
sensor element. Figure 1-1 describes a basic sensor circuit and its relationship
to the measurement quantity. Transducers are classified by the electrical prin-
ciple involved in their operation. The actual functioning of a particular trans-
ducer is of less concern here than the parameters associated with its output
signal as a representation of the measurement. Six descriptive parameters ap-
plicable to sensors are found in the following. Sensor error typically is dom-
inated by the nonlinearity of the sensor transfer characteristic, which may be
minimized by linearization methods developed in a later section.

Accuracy: the closeness with which a measurement approaches the
true value of a measurand, usually expressed as a percent
of full-scale output

Error: the deviation of a measurement from the true value of a
measurand, also usually expressed as a percent of full-scale
output

Precision: an expression of a measurement over some span described
by the number of significant figures available

Resolution: an expression of the smallest quantity to which a quantity
can be determined

Span: an expression of the extent of a measurement between any
two limits

Range: an expression of the total extent of possible measurement
values

A general convention is to provide sensor measurements in terms of signal
amplitudes as a percent of full scale, or %FS, where minimum-maximum values
correspond to 0 to 100%FS. This range may correspond to analog signal levels
between 0 and 10 V (unipolar) with full scale denoted as 10 VFS. Alternately,
a signal range may correspond to ± 50%FS with signal levels between ± 5 V
(bipolar) and full scale denoted as ± 5 VFS.

Sensor signals typically vary in amplitude with time to represent the
information content of a measurement. However, a minimum frequency re-
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Figure 1-1. Sensor Circuit Elements
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sponse or bandwidth must be provided by the data acquisition system to ac-
commodate signal spectral occupancy requirements. The Fourier transform is
a convenient method of describing the information bandwidth requirements of
a signal. Of interest is the rate at which the Fourier spectral components di-
minish with increasing frequency. We can acquire insight into this matter by
examining the waveforms of Figure 1-2 and their frequency spectrums. Pro-
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Figure 1-2. Instrumentation Signal Waveform Classifications
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TABLE 1-1 SIGNAL BANDWIDTH
REQUIREMENTS

Signal Bandwidth (Hz)

dc dVJirVpsdt
Sinusoidal I/period
Harmonic 10/period
Single events 2/width T

viding signal bandwidth for spectral components until their amplitude dimin-
ishes to 5 percent of the fundamental-frequency amplitude value generally is
adequate, and will accommodate the typical - 20 dB/decade rolloff of complex
harmonic signals. The more severe signal classification should be applied when
signals are hybrid combinations of the waveforms shown to ensure adequate
bandwidth. Table 1-1 summarizes the minimum bandwidth requirements for
instrumentation signals, where dc signal rate of change is equated to its sinu-
soidal equivalent frequency in Hz.

1-2 TEMPERATURE SENSORS

Thermocouples are widely used temperature sensors because of their rugged-
ness and broad temperature range. Two dissimilar metals are used in the See-
beck-effect temperature-to-emf junction with transfer relationships described
by Figure 1-3. Proper operation requires the use of a thermocouple reference
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Thermocouple

Figure 1-4. Electrical Reference Junction

junction in series with the measurement junction to polarize the direction of
current flow and maximize the measurement emf. Omission of the reference
junction introduces an uncertainty evident as a lack of measurement repeata-
bility equal to the ambient temperature. Figure 1-4 describes an elementary
electrical-bridge reference junction. This incorporates a temperature-sensitive
resistor as one leg of a bridge circuit that is thermally integrated with the
reference-junction thermocouple where the leads of the measurement-junction
thermocouple are referenced to copper. However, the requirement for an iso-
lated supply or battery excitation is an implementation disadvantage of this
cold-junction reference method.

An electronic reference junction that does not require an isolated supply
can be realized with an Analog Devices AD590 temperature sensor as shown
in Figure 1-5. This reference junction usually is attached to an input terminal
barrier strip in order to track the thermocouple-to-copper circuit connection
thermally. The error signal is determined by the compensation resistor R values
referenced to the Seebeck coefficients in mV/°C of Table 1-2, and provided as
a compensation signal for ambient temperature variation. The single calibration
trim at ambient temperature provides temperature tracking within a few tenths
of a °C.

Resistance-thermometer devices (RTDs) provide greater resolution and
repeatability than thermocouples, the latter typically being limited to approx-
imately 1°C. RTDs operate on the principle of resistance change as a function
of temperature, and are represented by a number of devices. The platinum
resistance thermometer is frequently utilized in industrial applications because
it offers good accuracy with mechanical and electrical stability. Thermistors
are fabricated from a sintered mixture of metal alloys forming a ceramic that
exhibits a significant negative temperature coefficient. Metal film resistors have
an extended and more linear range than thermistors, but thermistors exhibit
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Figure 1-5. Electronic Reference Junction

approximately ten times the sensitivity. RTDs require excitation, usually pro-
vided as a constant-current source, in order to convert their resistance change
with temperature into a voltage change. Figure 1-6 presents the temperature-
resistance characteristic of common RTD sensors.

Optical pyrometers are utilized for temperature measurement when sensor
physical contact with a process is not feasible, but a view is available. Mea-
surements are limited to energy emissions within the spectral response capa-
bility of the specific sensor used. A radiometric match of emissions between a
calibrated reference source and the source of interest provides a current analog
corresponding to temperature. Automatic pyrometers employ a servo loop to
achieve this balance as shown in Figure 1-7. Operation to 5,000°C is available.

Temperature measurement using a forward-biased pn junction is capable
of accuracy to 0.1°C over a span of about ±100°C. Fortunately, many temper-

TABLE 1-2 THERMOCOUPLE COMPARISON DATA

Type

E

J
K

R&S
T
C

Elements, + / -

Chromel/constantan
Iron/constantan
Chromel/alumel
Pt-Rh/platinum
Copper/constantan
Tungsten/rhenium

mV/°G

0.063
0.054
0.040
0.010
0.040
0.012

Range (°C)

0 to 800
-250 to 700
-250 to 1,200

0 to 1,400
-250 to 350

0 to 2,000

Error {%FS)

0.5
0.75
0.75
0.25
1.0
0.5

Application

High output
Reducing atmospheres
Oxidizing atmospheres
Corrosive atmospheres
Moist atmospheres
High temperature



Figure 1-7. Automatic Pyrometer
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H Figure 1-6. RTD Devices

ature measurements of interest fall within this range. The negative temperature
coefficient of a diode-connected bipolar transistor can be made very linear by
means of constant-current excitation as shown in Figure 1-8. The base-to-emitter
forward voltage drop varies by —2.5 mV per plus degree Centigrade.
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