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2.1 Introduction

Two of the important aspects of measurement that were covered in the opening chapter
concerned how to choose appropriate instruments for a particular application and a
review of the main applications of measurement. Both of these activities require
knowledge of the characteristics of different classes of instruments and, in particular,
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14 Chapter 2

how these different classes of instrument perform in different applications and operating
environments. We will therefore start this chapter by reviewing the various classes of
instrument that exist. We will see first of all that instruments can be divided between
active and passive ones according to whether they have an energy source contained
within them. The next distinction is between null-type instruments that require
adjustment until a datum level is reached and deflection-type instruments that give an
output measurement in the form of either a deflection of a pointer against a scale or a
numerical display. The third distinction covered is between analog and digital
instruments, which differ according to whether the output varies continuously (analog
instrument) or in discrete steps (digital instrument). Fourth, we shall look at the
distinction between instruments that are merely indicators and those that have a signal
output. Indicators give some visual or audio indication of the magnitude of the measured
quantity and are commonly found in the process industries. Instruments with a signal
output are commonly found as part of automatic control systems. The final distinction
we shall consider is between smart and nonsmart instruments. Smart, often known as
intelligent, instruments are very important today and predominate in most measurement
applications. Because of their importance, they are given more detailed consideration
later in Chapter 10.

The second part of this chapter looks at the various attributes of instruments that
determine their performance and suitability for different measurement requirements and
applications. We will look first of all at the static characteristics of instruments. These are
their steady-state attributes (when the output measurement value has settled to a constant
reading after any initial varying output) such as accuracy, measurement sensitivity, and
resistance to errors caused by variations in their operating environment. We will then go
on to look at the dynamic characteristics of instruments. This describes their behavior
following the time that the measured quantity changes value up until the time when the
output reading attains a steady value. Various kinds of dynamic behavior can be observed
in different instruments ranging from an output that varies slowly until it reaches a final
constant value to an output that oscillates about the final value until a steady reading is
obtained. The dynamic characteristics are a very important factor in deciding the
suitability of an instrument for a particular measurement application. Finally, at the end of
the chapter, we will also briefly consider the issue of instrument calibration, although this
is considered in much greater detail later in Chapter 5.

2.2 Review of Instrument Types

Instruments can be subdivided into separate classes according to several criteria. These
subclassifications are useful in broadly establishing several attributes of particular
instruments such as accuracy, cost, and general applicability to different applications.
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2.2.1 Active and Passive Instruments

Instruments are divided into active or passive ones according to whether the instrument
output is entirely produced by the quantity being measured or whether the quantity being
measured simply modulates the magnitude of some external power source. This is
illustrated by examples.

An example of a passive instrument is the pressure measuring device shown in Figure 2.1.
The pressure of the fluid is translated into a movement of a pointer against a scale. The
energy expended in moving the pointer is derived entirely from the change in pressure
measured: there are no other energy inputs to the system.

An example of an active instrument is a float-type petrol tank level indicator as sketched
in Figure 2.2. Here, the change in petrol level moves a potentiometer arm, and the output
signal consists of a proportion of the external voltage source applied across the two ends
of the potentiometer. The energy in the output signal comes from the external power
source: the primary transducer float system is merely modulating the value of the voltage
from this external power source.

In active instruments, the external power source is usually in electrical form, but in some
cases, it can be in other forms of energy such as a pneumatic or hydraulic one.

One very important difference between active and passive instruments is the level of
measurement resolution that can be obtained. With the simple pressure gauge shown,
the amount of movement made by the pointer for a particular pressure change is
closely defined by the nature of the instrument. While it is possible to increase
measurement resolution by making the pointer longer, such that the pointer tip moves
through a longer arc, the scope for such improvement is clearly restricted by the
practical limit of how long the pointer can conveniently be. In an active instrument,
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Figure 2.1
Passive pressure gauge.
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Figure 2.2
Petrol tank level indicator.

however, adjustment of the magnitude of the external energy input allows much greater
control over measurement resolution. While the scope for improving measurement
resolution is much greater incidentally, it is not infinite because of limitations placed on
the magnitude of the external energy input, in consideration of heating effects and for
safety reasons.

In terms of cost, passive instruments are normally of a more simple construction than
active ones and are therefore cheaper to manufacture. Therefore, choice between active
and passive instruments for a particular application involves carefully balancing the
measurement resolution requirements against cost.

2.2.2 Null-Type and Deflection-Type Instruments

The pressure gauge just mentioned is a good example of a deflection type of
instrument, where the value of the quantity being measured is displayed in terms of the
amount of movement of a pointer. An alternative type of pressure gauge is the
deadweight gauge shown in Figure 2.3, which is a null-type instrument. Here, weights
are put on top of the piston until the downward force balances the fluid pressure.
Weights are added until the piston reaches a datum level, known as the null point.
Pressure measurement is made in terms of the value of the weights needed to reach this
null position.

The accuracy of these two instruments depends on different things. For the first one it
depends on the linearity and calibration of the spring, while for the second it relies on the
calibration of the weights. The calibration of weights is much easier than careful choice
and calibration of a linear-characteristic spring, which means that the second type of
instrument will normally be the more accurate. This is in accordance with the general rule
that null-type instruments are more accurate than deflection types.
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Figure 2.3
Deadweight pressure gauge.

In terms of usage, the deflection-type instrument is clearly more convenient. It is far
simpler to read the position of a pointer against a scale than to add and subtract weights
until a null point is reached. A deflection-type instrument is therefore the one that would
normally be used in the workplace. However, for calibration duties, the null-type
instrument is preferable because of its superior accuracy. The extra effort required to use
such an instrument is perfectly acceptable in this case because of the infrequent nature of
calibration operations.

2.2.3 Analog and Digital Instruments

An analog instrument gives an output that varies continuously as the quantity being
measured changes. The output can have an infinite number of values within the range
that the instrument is designed to measure. The deflection type of pressure gauge
described earlier in this chapter (Figure 2.1) is a good example of an analog instrument.
As the input value changes, the pointer moves with a smooth continuous motion. While
the pointer can therefore be in an infinite number of positions within its range of
movement, the number of different positions that the eye can discriminate between is
strictly limited, this discrimination being dependent upon how large the scale is and how
finely it is divided.

A digital instrument has an output that varies in discrete steps and so can only have a
finite number of values. The rev-counter sketched in Figure 2.4 is an example of a digital
instrument. A cam is attached to the revolving body whose motion is being measured, and
on each revolution the cam opens and closes a switch. The switching operations are
counted by an electronic counter. This system can only count whole revolutions and
cannot discriminate any motion that is less than a full revolution.

The distinction between analog and digital instruments has become particularly important
with the rapid growth in the application of microcomputers to automatic control systems.
Any digital computer system, of which the microcomputer is but one example, performs
its computations in digital form. An instrument whose output is in digital form is therefore
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particularly advantageous in such applications, as it can be interfaced directly to the
control computer. Analog instruments must be interfaced to the microcomputer by an
analog-to-digital (A/D) converter, which converts the analog output signal from the
instrument into an equivalent digital quantity that can be read into the computer. This
conversion has several disadvantages. First, the A/D converter adds a significant cost to the
system. Second, a finite time is involved in the process of converting an analog signal to a
digital quantity, and this time can be critical in the control of fast processes where the
accuracy of control depends on the speed of the controlling computer. Degrading the speed
of operation of the control computer by imposing a requirement for A/D conversion thus
impairs the accuracy by which the process is controlled.

2.2.4 Indicating Instruments and Instruments with a Signal Output

The final way in which instruments can be divided is between those that merely give an
audio or visual indication of the magnitude of the physical quantity measured and those
that give an output in the form of a measurement signal whose magnitude is proportional
to the measured quantity.

The class of indicating instruments normally includes all null-type instruments and most
passive ones. Indicators can also be further divided into those that have an analog output
and those that have a digital display. A common analog indicator is the liquid-in-glass
thermometer. Another common indicating device, which exists in both analog and digital
forms, is the bathroom scale. The older mechanical form of this is an analog type of
instrument that gives an output consisting of a rotating pointer moving against a scale

(or sometimes a rotating scale moving against a pointer). More recent electronic forms of
bathroom scale have a digital output consisting of numbers presented on an electronic
display. One major drawback with indicating devices is that human intervention is required
to read and record a measurement. This process is particularly prone to error in the case of
analog output displays, although digital displays are not very prone to error unless the
human reader is careless.
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Instruments that have a signal-type output are commonly used as part of automatic control
systems. In other circumstances, they can also be found in measurement systems where
the output measurement signal is recorded in some way for later use. This subject is
covered in later chapters. Usually, the measurement signal involved is an electrical
voltage, but it can take other forms in some systems such as an electrical current, an
optical signal, or a pneumatic signal.

2.2.5 Smart and Nonsmart Instruments

The advent of the microprocessor has created a new division in instruments between those
that do incorporate a microprocessor (smart) and those that do not. Smart devices are
considered in detail in Chapter 10.

2.3 Static Characteristics of Instruments

If we have a thermometer in a room and its reading shows a temperature of 20 °C, then
it does not really matter whether the true temperature of the room is 19.5 or 20.5 °C.
Such small variations around 20 °C are too small to affect whether we feel warm
enough or not. Our bodies cannot discriminate between such close levels of temperature
and therefore a thermometer with an inaccuracy of £0.5 °C is perfectly adequate. If we
had to measure the temperature of certain chemical processes, however, a variation of
0.5 °C might have a significant effect on the rate of reaction or even the products of a
process. A measurement inaccuracy much less than +0.5 °C is therefore clearly
required.

Accuracy of measurement is thus one consideration in the choice of instrument for a
particular application. Other parameters such as sensitivity, linearity, and the reaction to
ambient temperature changes are further considerations. These attributes are collectively
known as the static characteristics of instruments, and are given in the data sheet for a
particular instrument. It is important to note that the values quoted for instrument
characteristics in such a data sheet only apply when the instrument is used under specified
standard calibration conditions. Due allowance must be made for variations in the
characteristics when the instrument is used in other conditions.

The various static characteristics are defined in the following paragraphs.

2.3.1 Accuracy and Inaccuracy (Measurement Uncertainty)

The accuracy of an instrument is a measure of how close the output reading of
the instrument is to the correct value. In practice, it is more usual to quote the
inaccuracy or measurement uncertainty value rather than the accuracy value for an
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instrument. Inaccuracy or measurement uncertainty is the extent to which a reading
might be wrong, and is often quoted as a percentage of the full-scale reading of
an instrument.

m Example 2.1

A pressure gauge with a measurement range of 0—10 bar has a quoted inaccuracy of
£1.0% of the full-scale reading.
(a) What is the maximum measurement error expected for this instrument?

(b) What is the likely measurement error expressed as a percentage of the output
reading if this pressure gauge is measuring a pressure of 1 bar?

m Solution

(a) The maximum error expected in any measurement reading is 1.0% of the full-scale
reading, which is 10 bar for this particular instrument. Hence, the maximum likely
error is 1.0% x 10 bar = 0.1 bar.

(b) The maximum measurement error is a constant value related to the full-scale
reading of the instrument, irrespective of the magnitude of the quantity that the
instrument is actually measuring. In this case, as worked out above, the magnitude of
the error is 0.1 bar. Thus, when measuring a pressure of 1 bar, the maximum possible
error of 0.1 bar is 10% of the measurement value.

The above example carries a very important message. Since the maximum measurement
error in an instrument is usually related to the full-scale reading of the instrument,
measuring quantities that are substantially less than the full-scale reading means that the
possible measurement error is amplified. For this reason, it is an important system design
rule that instruments are chosen such that their range is appropriate to the spread of values
being measured, so that the best possible accuracy is maintained in instrument readings.
Clearly, if we are measuring pressures with expected values between 0 and 1 bar, we
would not use an instrument with a measurement range of 0—10 bar.

2.3.2 Precision/Repeatability/Reproducibility

Precision is a term that describes an instrument’s degree of freedom from random errors.
If a large number of readings are taken of the same quantity by a high-precision
instrument, then the spread of readings will be very small. Precision is often, though
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incorrectly, confused with accuracy. High precision does not imply anything about
measurement accuracy. A high-precision instrument may have a low accuracy. Low-
accuracy measurements from a high-precision instrument are normally caused by a bias in
the measurements, which is removable by recalibration.

The terms repeatability and reproducibility mean approximately the same but are applied
in different contexts as given below. Repeatability describes the closeness of output
readings when the same input is applied repetitively over a short period of time, with the
same measurement conditions, same instrument and observer, same location, and same
conditions of use maintained throughout. Reproducibility describes the closeness of output
readings for the same input when there are changes in the method of measurement,
observer, measuring instrument, location, conditions of use, and time of measurement.
Both terms thus describe the spread of output readings for the same input. This spread is
referred to as repeatability if the measurement conditions are constant and as
reproducibility if the measurement conditions vary.

The degree of repeatability or reproducibility in measurements from an instrument is an
alternative way of expressing its precision. Figure 2.5 illustrates this more clearly.

The figure shows the results of tests on three industrial robots that were programed

to place components at a particular point on a table. The target point was at the center
of the concentric circles shown, and the black dots represent the points where each
robot actually deposited components at each attempt. Both the accuracy and

precision of Robot 1 is shown to be low in this trial. Robot 2 consistently puts the
component down at approximately the same place but this is the wrong point.
Therefore, it has high precision but low accuracy. Finally, Robot 3 has both high
precision and high accuracy, because it consistently places the component at the correct
target position.

®m Example 2.2

The width of a room is measured 10 times by an ultrasonic rule and the following
measurements are obtained (units of meters): 5.381 5.379 5.378 5.382 5.380 5.383
5.379 5.377 5.380 5.381.

The width of the same room is then measured by a calibrated steel tape that gives a
reading of 5.374 m, which can be taken as the correct value for the width of the
room.

(a) What is the measurement precision of the ultrasonic rule?
(b) What is the maximum measurement inaccuracy of the ultrasonic rule?
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(a) Low precision,
low accuracy

ROBOT 1

(b) High precision,
low accuracy

ROBOT 2

e (c) High precision,
high accuracy

ROBOT 3

Figure 2.5
Comparison of accuracy and precision.

m Solution

(a) The mean (average) value of the 10 measurements made with the ultrasonic rule

is 5.380 m.
The maximum deviation below this mean value is —0.003 m and the maximum
deviation above the mean value is 4-0.003 m. Thus the precision of the ultrasonic
rule can be expressed as +0.003 m (&3 mm).

(b) The correct value of the room width has been measured as 5.374 m by

the calibrated steel rule. All ultrasonic rule measurements are above this, with the

largest value being 5.383 m. This last measurement is the one that exhibits

the largest measurement error. This maximum measurement error can be
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calculated as: 5.383 — 5.374 = 0.009 m (9 mm). Thus the maximum measurement
inaccuracy can be expressed as +9 mm.

This example illustrates quite nicely that, although the ultrasonic rule has fairly high
precision, its actual measurement inaccuracy is substantially inferior.

2.3.3 Tolerance

Tolerance is a term that is closely related to accuracy and defines the maximum error that
is to be expected in some value. While it is not, strictly speaking, a static characteristic of
measuring instruments, it is mentioned here because the accuracy of some instruments is
sometimes quoted as a tolerance value. When used correctly, tolerance describes the
maximum deviation of a manufactured component from some specified value. For
instance, crankshafts are machined with a diameter tolerance quoted as so many microns
(107% m), and electric circuit components such as resistors have tolerances of perhaps 5%.

m Example 2.3

A packet of resistors bought in an electronics component shop gives the nominal
resistance value as 1000 Q and the manufacturing tolerance as +5%. If one resistor is
chosen at random from the packet, what is the minimum and maximum resistance
value that this particular resistor is likely to have?

— ]
Solution
The minimum likely value is 1000 Q — 5% = 950 Q.
The maximum likely value is 1000 © + 5% = 1050 €.
|

2.3.4 Range or Span

The range or span of an instrument defines the minimum and maximum values of a
quantity that the instrument is designed to measure.

Example 2.4

A particular micrometer is designed to measure dimensions between 50 and 75 mm.
What is its measurement range?
|
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Solution

The measurement range is simply the difference between the maximum and minimum
measurements. Thus, in this case the range is 75 — 50 = 25 mm.
|

2.3.5 Threshold

If the input to an instrument is gradually increased from zero, the input will have to
reach a certain minimum level before the change in the instrument’s output reading is of
a large enough magnitude to be detectable. This minimum level of input is known as the
threshold of the instrument. Manufacturers vary in the way that they specify threshold
for instruments. Some quote absolute values, whereas others quote threshold as a
percentage of full-scale readings. As an illustration, a car speedometer typically has a
threshold of about 15 miles/h. This means that, if the vehicle starts from rest and
accelerates, no output reading is observed on the speedometer until the speed reaches 15
miles/h.

2.3.6 Resolution

When an instrument is showing a particular output reading, there is a lower limit on the
magnitude of the change in the input measured quantity that produces an observable
change in the instrument output. Like threshold, resolution is sometimes specified as an
absolute value and sometimes as a percentage of the full scale deflection. One of the major
factors influencing the resolution of an instrument is how finely its output scale is divided
into subdivisions. Using a car speedometer as an example again, this has subdivisions of
typically 10 miles/h. This means that when the needle is between the scale markings,

we cannot estimate speed more accurately than to the nearest 5 miles/h. This value of 5
miles/h thus represents the resolution of the instrument.

2.3.7 Linearity

It is normally desirable that the output reading of an instrument is linearly proportional to
the quantity being measured. The X’s marked on Figure 2.6 show a plot of the typical
output readings of an instrument when a sequence of input quantities are applied to it.
Normal procedure is to draw a good fit straight line through the X’s, as shown in

Figure 2.6. (While this can often be done with reasonable accuracy by eye, it is always
preferable to apply a mathematical least-squares line-fitting technique, as described in
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Figure 2.6
Instrument output characteristic.

Chapter 9.) The nonlinearity is then defined as the maximum deviation of any of the
output readings marked X from this straight line. Nonlinearity is usually expressed as a
percentage of full-scale reading.

m Example 2.5

Suppose that the instrument characteristic shown in Figure 2.6 is that of a pressure
sensor, where the input units are expressed in bars from 1 to 9 bars and the output
units are expressed in volts from 1 to 13 V.

(a) What is the maximum nonlinearity expressed as a percentage of the full scale
deflection?

(b) What is the resolution of the sensor as determined by the instrument character-
istic given?
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m Solution

(a) The maximum nonlinearity is the maximum deviation of any data point on
Figure 2.6 away from the straight line drawn through the data points. This is shown
by the thick line drawn on Figure 2.6. The length of this line is 0.5 units, which trans-
lates to 0.5 V. The full scale deflection (calculated for the fitted straight line) is 13.0
units, which translates to 13.0 V.
The maximum nonlinearity can therefore be expressed as 32 x 100 = 3.8% of the
full scale deflection.
(b) The resolution of the sensor as determined from the graph in Figure 2.6 is the
smallest change in input that is detectable. For the graph paper illustrated, the naked
eye cannot determine anything smaller than one small square, which is one tenth of a
unit or 0.1 bar. This figure of 0.1 bar pressure is therefore the resolution of the sensor
as determined from the graph.

2.3.8 Sensitivity of Measurement

The sensitivity of measurement is a measure of the change in instrument output that
occurs when the quantity being measured changes by a given amount. Thus, sensitivity is
the ratio:

scale deflection

value of measurand producing deflection

The sensitivity of measurement is therefore the slope of the straight line drawn on
Figure 2.6. If, for example, a pressure of 2 bar produces a deflection of 10 degrees in a
pressure transducer, the sensitivity of the instrument is 5 degrees/bar (assuming that the
deflection is zero with zero pressure applied).

m Example 2.6

The following resistance values of a platinum resistance thermometer were measured
at a range of temperatures. Determine the measurement sensitivity of the instrument
in Q/°C.

Resistance (Q) Temperature (°C)
307 200
314 230
321 260
328 290
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m Solution

If these values are plotted on a graph, the straight-line relationship between resistance
change and temperature change is obvious.

For a change in temperature of 30 °C, the change in resistance is 7 Q. Hence the mea-
surement sensitivity = 7/30 = 0.233 Q/°C.

2.3.9 Sensitivity to Disturbance

All calibrations and specifications of an instrument are only valid under controlled
conditions of temperature, pressure, etc. These standard ambient conditions are usually
defined in the instrument specification. As variations occur in the ambient temperature,
etc., certain static instrument characteristics change, and the sensitivity to disturbance is a
measure of the magnitude of this change. Such environmental changes affect instruments
in two main ways, known as zero drift and sensitivity drift. Zero drift is sometimes known
by the alternative term, bias.

Zero drift or Bias describes the effect where the zero reading of an instrument is
modified by a change in ambient conditions. This causes a constant error that exists over
the full range of measurement of the instrument. The mechanical form of bathroom scale
is a common example of an instrument that is prone to zero drift. It is quite usual to find
that there is a reading of perhaps 1 kg with no one stood on the scale. If someone of
known weight 70 kg were to get on the scale, the reading would be 71 kg, and if someone
of known weight 100 kg were to get on the scale, the reading would be 101 kg. Zero drift
is normally removable by calibration. In the case of the bathroom scale just described, a
thumbwheel is usually provided that can be turned until the reading is zero with the scales
unloaded, thus removing the zero drift.

The typical unit by which such zero drift is measured is V/°C. This is often called the zero
drift coefficient related to temperature changes. If the characteristic of an instrument is
sensitive to several environmental parameters, then it will have several zero drift
coefficients, one for each environmental parameter. A typical change in the output
characteristic of a pressure gauge subject to zero drift is shown in Figure 2.7(a).

m Example 2.7

The following table shows the output measurements of a voltmeter under two sets of
conditions:

(a) Use in an environment kept of 20 °C, which is the temperature that it was cali-
brated at and
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Effects of disturbance: (a) Zero drift; (b) sensitivity drift; (c) zero drift plus sensitivity drift.

(b) Use in an environment at a temperature 50 °C.

Voltage Readings at Calibration Voltage Readings at
Temperature of 20 °C (Assumed Correct) Temperature of 50 °C
10.2 10.5
20.3 20.6
30.7 40.0
40.8 50.1

Determine the zero drift when it is used in the 50 °C environment, assuming that the
measurement values when it was used in the 20 °C environment are correct. Also

calculate the zero drift coefficient.
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m Solution

The zero drift at the temperature of 50 °C is the constant difference between the pairs
of output readings, i.e., 0.3 V.

The zero drift coefficient is the magnitude of drift (0.3 V) divided by the magnitude of
the temperature change causing the drift (30 °C). Thus the zero drift coefficient is
0.3/30 =0.01 V/°C.

Sensitivity drift (also known as scale factor drift) defines the amount by which an
instrument’s sensitivity of measurement varies as ambient conditions change. It is
quantified by sensitivity drift coefficients that define how much drift there is for a unit
change in each environmental parameter that the instrument characteristics are sensitive to.
Many components within an instrument are affected by environmental fluctuations, such as
temperature changes: for instance, the modulus of elasticity of a spring is temperature
dependent. Figure 2.7(b) shows what effect sensitivity drift can have on the output
characteristic of an instrument. Sensitivity drift is measured in units of the form

(angular degree/bar)/°C. If an instrument suffers both zero drift and sensitivity drift at the
same time, then the typical modification of the output characteristic is shown in

Figure 2.7(c).

m Example 2.8

A spring balance is calibrated in an environment at a temperature of 20 °C and has
the following deflection/load characteristic.

Load (kg) 0 1 2 3
Deflection (degrees) 0 20 40 60

It is then used in an environment at a temperature of 30 °C and the following deflec-
tion/load characteristic is measured.

Load (kg) 0 1 2 3
Deflection (degrees) 5 27 49 71

Determine the zero drift and sensitivity drift per °C change in ambient temperature.
— |
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m Solution

At 20 °C, deflection/load characteristic is a straight line. Sensitivity = 20 degrees/kg.
At 30 °C, deflection/load characteristic is still a straight line. Sensitivity = 22 degrees/
kg.

Zero drift (bias) = 5 degrees (the no-load deflection).

Sensitivity drift = 2 degrees/kg.

Zero drift/°C = 5/10 = 0.5 degrees/°C.

Sensitivity drift/°C = 2/10 = 0.2 (degrees per kg)/°C.
— |

2.3.10 Hysteresis Effects

Figure 2.8 illustrates the output characteristic of an instrument that exhibits hysteresis. If
the input measured quantity to the instrument is steadily increased from a negative value,
the output reading varies in the manner shown in curve (A). If the input variable is then
steadily decreased, the output varies in the manner shown in curve (B). The
noncoincidence between these loading and unloading curves is known as hysteresis. Two
quantities are defined, maximum input hysteresis and maximum output hysteresis, as shown

Curve B — variable
decreasing

Output
reading

Maximum - -
output Curve A — variable
hysteresis increasing
=
] Measured
| variable

Maximum input
| hysteresis
!
be—+ e} Dead space

1

Figure 2.8
Instrument characteristic with hysteresis.
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in Figure 2.8. These are normally expressed as a percentage of the full scale input or
output reading, respectively.

Hysteresis is most commonly found in instruments that contain springs, such as the passive
pressure gauge (Figure 2.1) and the Prony brake (used for measuring torque). It is also evident
when friction forces in a system have different magnitudes depending on the direction of
movement, such as in the pendulum-scale mass-measuring device. Devices like the
mechanical flyball (a device for measuring rotational velocity) suffer hysteresis from both of
the above sources because they have friction in moving parts and also contain a spring.
Hysteresis can also occur in instruments that contain electrical windings formed round an iron
core, due to magnetic hysteresis in the iron. This occurs in devices like the variable
inductance displacement transducer, the linear variable differential transformer (LVDT), and
the rotary differential transformer.

2.3.11 Dead Space

Dead space is defined as the range of different input values over which there is no change
in output value. Any instrument that exhibits hysteresis also displays dead space, as
marked on Figure 2.8. Some instruments that do not suffer from any significant hysteresis
can still exhibit a dead space in their output characteristics however. Backlash in gears is a
typical cause of dead space, and results in the sort of instrument output characteristic
shown in Figure 2.9. Backlash is commonly experienced in gear sets used to convert
between translational and rotational motion (which is a common technique used to
measure translational velocity).

Qutput
reading

+4

- +

Measured
variable

1

Dead space

Figure 2.9
Instrument characteristic with dead space.
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2.4 Dynamic Characteristics of Instruments

The static characteristics of measuring instruments are concerned only with the steady-
state reading that the instrument settles down to, such as the accuracy of the reading, etc.

The dynamic characteristics of a measuring instrument describe its behavior between the
time a measured quantity changes value and the time when the instrument output attains a
steady value in response. As with static characteristics, any values for dynamic
characteristics quoted in instrument data sheets only apply when the instrument is used
under specified environmental conditions. Outside these calibration conditions, some
variation in the dynamic parameters can be expected.

In any linear, time-invariant measuring system, the following general relation can be
written between input and output for time () > 0:
d"q

o
anW + an—1

d"q, dq, d"q; d" g dg;
a1 —I—...—I—a1?+aoq0 :bmW—I—bm,l 1 —|——|—bIE—|—b0ql
(2.1)

where ¢; is the measured quantity, g, is the output reading, and ay...a,, by...b,, are
constants.

The reader whose mathematical background is such that the above equation appears
daunting should not worry unduly, as only certain special, simplified cases of it are
applicable in normal measurement situations. The major point of importance is to have a
practical appreciation of the manner in which various different types of instruments
respond when the measurand applied to them varies.

If we limit consideration to that of step changes in the measured quantity only, then Eqn
(2.1) reduces to:

dnq dn—lq
dp dlno + ap—1 2

d.
g + .+ a1% + apgo = bogi (2.2)

Further simplification can be made by taking certain special cases of Eqn (2.2), which
collectively apply to nearly all measurement systems.

2.4.1 Zero-Order Instrument

If all the coefficients a;...a, other than ag in Eqn (2.2) are assumed zero, then:

aoqgo = bogqi or g, = bogi/ao = Kg; (2.3)

where K is a constant known as the instrument sensitivity as defined earlier.
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Any instrument that behaves according to Eqn (2.3) is said to be of zero-order type.
Following a step change in the measured quantity at time ¢, the instrument output moves
immediately to a new value at the same time instant #, as shown in Figure 2.10. A
potentiometer, which measures motion, is a good example of such an instrument, where
the output voltage changes instantaneously as the slider is displaced along the
potentiometer track.

2.4.2 First-Order Instrument

If all the coefficients a,...a, except for ag and a; are assumed zero in Eqn (2.2) then:

d
% + aogo = bogi (2.4)

ai

Any instrument that behaves according to Eqn (2.4) is known as a first-order instrument. If
d/dt is replaced by the D operator in Eqn (2.4), we get:

. (bo/ao)qi
a1 D a = bpgq; and rearranging this gives: = 2.5
Defining K = bg/ag as the static sensitivity and T = a;/ag as the time constant of the
system, Eqn (2.5) becomes:
Kgi
= 2.6
%=1 (2.6)
Measured 4
quantity
' »
l >
0 t Time
1
|
Instrument 4 |
output |
1
|
! S
0 t Time
Figure 2.10

Zero-order instrument characteristic.
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Magnitude .
} Measured quantity

63% fr— ——4

Time

(time constant)

Figure 2.11
First-order instrument characteristic.

If Eqn (2.6) is solved analytically, the output quantity g, in response to a step change in g;
at time ¢ varies with time in the manner as shown in Figure 2.11. The time constant t of
the step response is the time taken for the output quantity g, to reach 63% of its final
value.

The thermocouple (see Chapter 14) is a good example of a first-order instrument. It is
well known that, if a thermocouple at room temperature is plunged into boiling water,
the output voltage. does not rise instantaneously to a level indicating 100 °C. But
instead approaches a reading indicating 100 °C in a manner similar to that shown in
Figure 2.11.

A large number of other instruments also belong to this first-order class: this is of
particular importance in control systems where it is necessary to take an account of the
time lag that occurs between a measured quantity changing in value and the measuring
instrument indicating the change. Fortunately, the time constant of many first-order
instruments is small relative to the dynamics of the process being measured, and so no
serious problems are created.

m Example 2.9

A balloon is equipped with temperature and altitude measuring instruments and has
radio equipment that can transmit the output readings of these instruments back to
ground. The balloon is initially anchored to the ground with the instrument output
readings in steady state. The altitude measuring instrument is approximately zero
order and the temperature transducer first order with a time constant of 15s. The
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temperature on the ground, Ty, is 10 °C and the temperature T at an altitude of x
meters is given by the relation:

T, = To — 0.01x

(a) If the balloon is released at time zero, and thereafter rises upwards at a velocity
of 5 m/s, draw a table showing the temperature and altitude measurements reported
at intervals of 10 s over the first 50 s of travel. Show also in the table the error in
each temperature reading.

(b) What temperature does the balloon report at an altitude of 5000 m?

m Solution

In order to answer this question, it is assumed that the solution of a first-order differ-
ential equation has been presented to the reader in a mathematics course. If the
reader is not so equipped, the following solution will be difficult to follow.

(a) Let the temperature reported by the balloon at some general time t be T,. Then T,
is related to T, by the relation:

. T,—0.01x 10-0.01x

T, = = =
1+ D 1+ 1D 1+15D
The balloon rises at 5 m/s, hence x = 5t, and thus:
~ 10— 0.05¢
" 1+15D

The transient or complementary function part of the solution (T, = 0) is given by:
Trcf — Ce /1S
The particular integral part of the solution is given by:
T,, =10 —0.05(t — 15)
Thus, the whole solution is given by:

T, =T,

v+ Ty = Ce /15 +10 — 0.05(t — 15)
Applying initial conditions: att =0, T, = 10, i.e.,
10=Ce °+10—0.05(—15)

Thus C = —0.75 and the solution can be written as:

T, =10 —0.75¢*/"% — 0.05(t — 15)
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Using the above expression to calculate T, for various values of t, the following table
can be constructed.

Time  Altitude Temperature Reading  Temperature Error

0 0 10 0

10 50 9.86 0.36
20 100 9.55 0.55
30 150 9.15 0.65
40 200 8.70 0.70
50 250 8.22 0.72

(b) At 5000 m, t = 1000 s. Calculating T, from the above expression:
T, =10 — 0.75¢~"°%°/15 _ 0.05(1000 — 15)
The exponential term approximates to zero and so T, can be written as:
T,=10 — 0.05(985) = —39.25°C

This result might have been inferred from the table above, where it can be seen that the
error is converging toward a value of 0.75. For large values of ¢, the transducer reading
lags the true temperature value by a period of time equal to the time constant of 15 s.
In this time, the balloon travels a distance of 75 m and the temperature falls by 0.75°.

Thus, for large values of t, the output reading is always 0.75° less than it should be.
— |
2.4.3 Second-Order Instrument

If all coefficients a3...a,, other than ay, a;, and a; in Eqn (2.2) are assumed zero, then we get:

af%+a@o
2 ar Var

+ aoqo = bogi 2.7

Applying the D operator again: a,D?q, + a1Dq, + aog, = bog;, and rearranging:

_ bogi
ap+a D+ clzD2

9o (2.8)
It is convenient to reexpress the variables ay, a;, ap, and by in Eqn (2.8) in terms of three
parameters K (static sensitivity), w (undamped natural frequency), and & (damping ratio),
where:

K=by/ay ; w=+lao/ax ; §&=a1/2\/apa
ap _ a1

2&0\/02/00 - 2(10'

£ can be written as £ =
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If Eqn (2.8) is now divided through by ay we get:
(bo/a0)qi

_ 2.9
9 = T (a1 Jao)D + (az o) D 9
The terms in Eqn (2.9) can be written in terms of w and £ as follows:
b 26D D?
N _k : (ﬂ)D:E_ : (a_Z)DZZ_Z
ao ao w aop W
Hence, dividing Eqn (2.9) through by ¢; and substituting for ag, a;, and a; gives:
K
1 (2.10)

i D?Jo? +2EDjw+1

This is the standard equation for a second-order system and any instrument whose
response can be described by it is known as a second-order instrument. If Eqn (2.10) is
solved analytically, the shape of the step response obtained depends on the value of the
damping ratio parameter £. The output responses of a second-order instrument for
various values of ¢ following a step change in the value of the measured quantity at
time ¢ are shown in Figure 2.12. For case (A) where & = 0, there is no damping and the
instrument output exhibits constant amplitude oscillations when disturbed by any change
in the physical quantity measured. For light damping of & = (0.2, represented by case
(B), the response to a step change in input is still oscillatory but the oscillations
gradually die down. Further increase in the value of & reduces oscillations and
overshoots still more, as shown by curves (C) and (D), and finally the response becomes
very overdamped as shown by curve (E) where the output reading creeps up slowly
toward the correct reading. Clearly, the extreme response curves (A) and (E) are grossly
unsuitable for any measuring instrument. If an instrument was to be only ever subjected
to step inputs, then the design strategy would be to aim toward a damping ratio of
0.707, which gives the critically damped response (C). Unfortunately, most of the
physical quantities that instruments are required to measure do not change in the
mathematically convenient form of steps, but rather in the form of ramps of varying
slopes. As the form of the input variable changes, so the best value for & varies, and
choice of £ becomes one of the compromises between those values that are best for
each type of input variable behavior anticipated. Commercial second-order instruments,
of which the accelerometer is a common example, are generally designed to have a
damping ratio (§) somewhere in the range of 0.6—0.8.

2.5 Necessity for Calibration

The foregoing discussion has described the static and dynamic characteristics of measuring
instruments in some detail. However, an important qualification that has been omitted from
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Figure 2.12

Response characteristics of second-order instruments.

this discussion is that an instrument only conforms to stated static and dynamic patterns of
behavior after it has been calibrated. It can normally be assumed that a new instrument
will have been calibrated when it is obtained from an instrument manufacturer, and will
therefore initially behave according to the characteristics stated in the specifications.
During use, however, its behavior will gradually diverge from the stated specification for a
variety of reasons. Such reasons include mechanical wear and the effects of dirt, dust,
fumes, and chemicals in the operating environment. The rate of divergence from standard
specifications varies according to the type of instrument, the frequency of usage, and the
severity of the operating conditions. However, there will come a time, determined by
practical knowledge, when the characteristics of the instrument will have drifted from the
standard specification by an unacceptable amount. When this situation is reached, it is
necessary to recalibrate the instrument back to the standard specifications. Such
recalibration is performed by adjusting the instrument at each point in its output range
until its output readings are the same as those of a second-standard instrument to which
the same inputs are applied. This second instrument is one kept solely for calibration
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purposes whose specifications are accurately known. Calibration procedures are discussed
more fully in Chapter 5.

2.6 Summary

This chapter started off by reviewing various different classes of instruments and
considering how these differences affect their typical usage. We saw, for example, that
null-type instruments are favored for calibration duties because of their superior accuracy,
whereas deflection-type instruments were easier to use for routine measurements. We also
looked at the distinction between active and passive instruments, analog and digital
instruments, indicators and signal-output type instruments, and, finally, smart and nonsmart
instruments. Following this, we went on to look at the various static characteristics of
instruments. These define the quality of measurements when an instrument output has
settled to a steady reading. Several important lessons arose out of this coverage. In
particular, we saw the important distinction between accuracy and precision, which are
often incorrectly equated as meaning the same thing. We saw that high precision does not
promise anything at all about measurement accuracy, and in fact a high-precision
instrument can sometimes give very poor measurement accuracy. The final topic covered
in this chapter was the dynamic characteristics of instruments. We saw that there are three
kinds of dynamic characteristics, zero-order, first-order, and second-order. Analysis of
these showed that both first- and second-order instruments take time to settle to a steady-
state reading when the measured quantity changes. It is therefore necessary to wait until
the dynamic motion has ended before a reading is recorded. This places a serious
limitation on the use of first- and second-order instruments to make repeated
measurements. Clearly, the frequency of repeated measurements is limited by the time
taken by the instrument to settle to a steady-state reading.

2.7 Problems

2.1 Briefly explain the four ways in which measuring instruments can be subdivided into
different classes according to their mode of operation, giving examples of instruments
that fall into each class.

2.2 Explain what is meant by:

(a) active instruments and
(b) passive instruments.
Give examples and discuss the relative merits of these two classes of instruments.

2.3 Discuss the advantages and disadvantages of null and deflection types of measuring
instruments. What are null types of instruments mainly used for and why?

2.4 What are the differences between analog and digital instruments? What advantages
do digital instruments have over analog ones?
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25

2.6
2.7

2.8

29
2.10

2.11

2.12

2.13

2.14

2.15

2.16

Explain the difference between static and dynamic characteristics of measuring

instruments.

Briefly define and explain all the static characteristics of measuring instruments.

How the accuracy of an instrument is usually defined? What is the difference

between accuracy and precision?

Draw sketches to illustrate the dynamic characteristics of the following:

(1) zero-order instrument,

(i1) first-order instrument,

(iii) second-order instrument.

In the case of a second-order instrument, indicate the effect of different degrees of

damping on the time response.

State briefly how the dynamic characteristics of an instrument affect its usage.

Define the measurement inaccuracy of a measuring instrument. If a tungsten resis-

tance thermometer with a range of —270 °C to 41100 °C has a quoted inaccuracy of

+1.5% of full-scale reading, what is the likely measurement error when it is reading

a temperature of 950 °C?

What is meant by the term “tolerance” in manufacturing systems? If a batch of steel

rods is manufactured to a nominal length of 5 m with a quoted tolerance of £2%,

what is the length of the longest and shortest rod to be expected in the batch?

A manganin-wire pressure sensor has a measurement range of 0—20,000 bar and a

quoted inaccuracy of +1% of full scale deflection. What is the maximum measure-

ment error when the instrument is reading a pressure of 15,000 bar?

What do you understand by the word “tolerance”? If a batch of ceramic bricks is

manufactured with a tolerance of +1.5%, what is the length of the shortest and

longest bricks to be expected in the batch?

What is the measurement range for a micrometer that is designed to measure

diameters between 7.5 and 10.0 cm?

A packet of resistors bought in an electronics component shop gives the nominal

resistance value as 5000 Q and the manufacturing tolerance as +3%. If one resistor is

chosen at random from the packet, what is the minimum and maximum resistance
value that this particular resistor is likely to have?

A pressure gauge with a measurement range of 0—30 bar has a quoted inaccuracy of

40.5% of the full-scale reading.

(a) What is the maximum measurement error expected for this instrument?

(b) What is the likely measurement error expressed as a percentage of the output
reading if this pressure gauge is measuring a pressure of 5 bar?

(c) If the measurement error when reading a pressure of 5 bar is deemed to be too
high, what are the two main options for reducing the measurement error?
Which of these two options would you recommend and why would you
recommend it?
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2.17

The width of a room is measured 10 times by an ultrasonic rule and the following
measurements are obtained (units of meters): 4.292, 4.295, 4.296, 4.293, 4.292,
4.294, 4293, 4.290, 4.294, and 4.291.

The width of the same room is then measured by a calibrated steel tape that gives a
reading of 4.276 m, which can be taken as the correct value for the width of the
room.

2.18

2.19

2.20

2.21

222

(a) What is the measurement precision of the ultrasonic rule?

(b) What is the maximum measurement inaccuracy of the ultrasonic rule?

A tungsten/5% rhenium—tungsten/26% rhenium thermocouple has an output e.m.f. as
shown in the following table when its hot (measuring) junction is at the temperatures
shown. Determine the sensitivity of measurement for the thermocouple in mV/°C.

mV 4.37 8.74 13.11 17.48
°C 250 500 750 1000

The calibration of a pressure sensor with a range of 0—16 bar is checked by applying
known inputs to it in steps of 2 bar. The following measurements were obtained:

Known input pressure (bar) 0 2 4 6 8 10 12 14 16
Output reading (V) 0.00 0.55 1.25 1.70 2.35 3.15 3.65 4.05 4385

(a) Draw a graph by plotting the data points on the graph paper provided and draw
a best-fit straight line through the data points. Use this graph to calculate:

(b) the measurement sensitivity of the pressure sensor,

(c) the maximum nonlinearity apparent in the measurements as a percentage of the
full scale deflection.

Define sensitivity drift and zero drift. What factors can cause sensitivity drift and

zero drift in instrument characteristics?

The calibration of a spring balance is checked by applying a set of known masses to

it, with the following results:

Known input (g) 10 20 30 40 50 60 70 80
Output reading (g) 15.5 25.0 32.0 450 520 610 745 81.0

(a) Draw a graph by plotting the data points on the graph paper provided and draw
a best-fit straight line through the data points.

(b) Which of the following static measurement characteristics are evident in the
input—output graph drawn: nonlinearity, dead space, sensitivity drift, threshold,
zero drift, hysteresis?

(c) Calculate the magnitude of the static measurement characteristics that you have
just identified.

Explain the terms “zero drift” and “zero drift coefficient.”



42 Chapter 2

The following table shows the output measurements of a pressure sensor under two

sets of conditions:

(a) when used in an environment kept at a temperature 20 °C, which is the tempera-
ture that it was calibrated at and

(b) when used in an environment at a temperature 30 °C.

Pressure Readings at

Calibration Temperature of Pressure Readings at
20 °C (Assumed Correct) in Temperature of 30 °C in
Units of Pascal Units of Pascal

1.31 1.50

2.46 2.65

3.63 3.82

4.82 5.01

6.27 6.46

Determine the zero drift when it is used in the 30 °C environment, assuming that the
measurement values when it was used in the 20 °C environment are correct. Also calcu-
late the zero drift coefficient.
2.23 (a) An instrument is calibrated in an environment at a temperature of 20 °C and the
following output readings y are obtained for various input values x:

y 13.1 26.2 39.3 52.4 65.5 78.6
X 5 10 15 20 25 30

Determine the measurement sensitivity, expressed as the ratio y/x.
(b) When the instrument is subsequently used in an environment at a temperature of
50 °C, the input/output characteristic changes to the following:

y 14.7 29.4 441 58.8 73.5 88.2
X 5 10 15 20 25 30

Determine the new measurement sensitivity. Hence determine the sensitivity
drift due to the change in ambient temperature of 30 °C.
2.24 A spring balance is calibrated in an environment at a temperature of 20 °C and has
the following deflection/load characteristic.

Load (kg) 0 04 08 12 1.6 2.0
Deflection (degrees) 0 36 72 108 144 180

It is then used in an environment at a temperature of 27 °C and the following deflec-
tion/load characteristic is measured.

Load (kg) 0 040 0.8 1.2 1.6 2.0
Deflection (degrees) 6 43 80 117 154 191
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2.25

2.26

227

2.28

Determine the zero drift and sensitivity drift per °C change in ambient temperature.
The following temperature measurements were taken with an infrared thermometer
that produced biased measurements due to the instrument being out of calibration.
Calculate the bias in the measurements.

Values Measured

by Uncalibrated Correct Value of
Instrument (°C) Temperature (°C)
20 21.5
35 36.5
50 51.5
65 66.5

A load cell is calibrated in an environment at a temperature of 21 °C and has the
following deflection/load characteristics:

Load (kg) 0 50 100 150 200
Deflection (mm) 0.0 1.0 2.0 3.0 4.0

When used in an environment at 35 °C, its characteristic changes to the following:

Load (kg) 0 50 100 150 200
Deflection (mm) 0.2 1.3 2.4 3.5 4.6

(a) Determine the sensitivity at 21 and 35 °C.
(b) Calculate the total zero drift and sensitivity drift at 35 °C.
(c) Hence determine the zero drift and sensitivity drift coefficients (in units of pm/
°C and (um per kg)/(°C)).
A balloon is equipped with temperature and altitude measuring instruments and has
radio equipment that can transmit the output readings of these instruments back to
ground. The balloon is initially anchored to the ground with the instrument output
readings in steady state. The altitude measuring instrument is approximately zero
order and the temperature transducer is approximately first order with a time con-
stant of 10 s. The temperature on the ground, Ty, is 20 °C and the temperature 7}, at
an altitude of & meters is given by the relation: 7, = 7o — 0.012 h.
(a) If the balloon is released at time zero, and thereafter rises upward at a velocity
of 6 m/s, draw a table showing the temperature and altitude measurements reported
at intervals of 10 s over the first 100 s of travel. Show in the table the error in each
temperature reading also.
(b) What temperature does the balloon report at an altitude of 8000 m?
(c) What is the error in the temperature reading at this altitude of 8000 m?
The time response of a liquid-in-glass thermometer was tested by plunging it into a
container of boiling water and recording the temperature at intervals of 10 s over a
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period of 2 min. The thermometer was initially at a temperature of O °C and the
following readings were recorded.

Time (s) 0 10 20 30 40 50 60 70 80 90 100 110 120
Temperature (°C) 0 31 52 67 77 84 89 92 95 96 97 98 99

2.29

2.30

Draw a graph of the output readings against time. Using this graph, estimate the time
constant of the thermometer.

An unmanned submarine is equipped with temperature and depth measuring
instruments and has radio equipment that can transmit the output readings of these
instruments back to the surface. The submarine is initially floating on the surface of
the sea with the instrument output readings in steady state. The depth measuring
instrument is approximately zero order and the temperature transducer first order
with a time constant of 50 s. The water temperature on the sea surface, Ty, is 20 °C
and the temperature T, at a depth of x meters is given by the relation:

T, =Ty —0.01x

(a) If the submarine starts diving at time zero, and thereafter goes down at a veloc-
ity of 0.5 m/s, draw a table showing the temperature and depth measurements
reported at intervals of 100 s over the first 500 s of travel. Show also in the table
the error in each temperature reading.

(b) What temperature does the submarine report at a depth of 1000 m?

Write down the general differential equation describing the dynamic response of a

second-order measuring instrument to a step input and state the expressions relating

the static sensitivity, undamped natural frequency, and damping ratio to the parame-
ters in this differential equation. Sketch the instrument response for the cases of
heavy damping, critical damping, and light damping, and state which of these is the
usual target when a second-order instrument is being designed.
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