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Abstract

The design and construction of instrumentation systems require a broad background
in many disciplines. The system design in this thesis was further complicated by the
subject of the measurement. Attempting to measure the bending forces on a rotating
shaft is difficult in the extreme. | believe that the approach taken in the design of this
Instrumentation and Measurement System is unique and has broader applications than
that described by this thesis. There is significant opportunity to further the performance
of the Instrumentation and Measurement system as well as the post processing analysis

tools.
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Chapter 1 Introduction

Instrumentation is a critical element for control systems and a design validation
tool. In this latter role, instrumentation may also be utilized to perform measurements on
systems that are utilized in applications for which they were not initially designed. It is
these systems that present the greatest challenges to the design and use of
instrumentation systems.

A prime example is automotive engines used in experimental recreational aviation.
The use of automotive engines in aircraft is driven by purely financial considerations. An
automotive engine converted for aircraft use is approximately one-third the cost of a
certified aircraft engine. These conversions often exhibit systemic problems or failures
whose cause is difficult to determine. In this situation instrumentation systems are the
primary tools used to isolate and identify the root cause or causes of the system failures.

Crankshaft failure in these conversions presents the most difficulty. This thesis
describes the development and evaluation of an instrumentation and measurement
system designed to identify the root cause of crankshaft failures. Crankshafts fail as a
result of excessive force or fatigue due to repetitive bending moments. The problem
presented to the instrumentation engineer is how to measure forces on a rotating body.

Instrumentation systems typically consist of three major components; sensors, signal
conditioning components and data recorders. The instrumentation design described here
introduces a unique approach to measuring the physical forces on the shaft by applying
the principals of Newtonian physics - specifically Newton’s three laws of motion. The
usual method of measuring bending moments is direct measurement of the bending

forces by measuring the bending moment of the metal itself.
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The rest of this thesis will demonstrate that bending forces can be determined with
reasonable accuracy by taking advantage of these principals and designing custom
sensors. In addition, once the data have been gathered, it is necessary to analyze them
to isolate and identify the root cause of the failures. To implement this design and to
perform the analysis requires the application of three major engineering disciplines:
Electrical Engineering, Computer Science and Mechanical Engineering, along with the
fundamental foundations provided by physics and mathematics.

This thesis is structured as follows: Chapter 2 provides the basic information on
instrumentation systems including sensors, signal conditioning components and
recording devices. Chapter 3 describes the overall requirements including information on
the operation of reciprocating engines, a short discussion on the forces placed on an
aircraft, the project plan as implemented including an overview of the system
components, processes and tools used to design and build the instrumentation and
measurement system. Chapters 4 and 5 describes the actual hardware design and the
software designs respectively, and Chapter 6 shows the results of the project including
preliminary data analysis. Chapter 7 outlines the future work to be performed on the

project.



Chapter 2 Background

2.1 Instrumentation and Measurement

“A very common feeling about measurement activity is that it
does not involve anything else than connecting a suitable
instrument to a measured system, reading the instrument's
display and, if needed, making a few calculations on the value
provided by the instrument.” [1]

While this approach is most often used, it may not accomplish the overall objective.
As Dr. Alessandro Ferrero, Politecnico di Milano, Italy, and Dr. Dario Petri, University of
Trento, ltaly, state in their syllabus for advanced studies in instrumentation and

measurement:

“there is a "but" that motivates this School: the old question,
debated by Socrates, about the role of the empirical knowledge,
and the old question, already asked at Augustus time, about how
well the measurement result describes the measured, are still
open questions and the evolution of the modern instruments only
makes them more difficult to answer”.

“... finding an answer to the second question is the task of the
science of measurement and measurement engineers. To
accomplish this task, the knowledge of the instruments and their
operating principles is important, but it is not enough. A solid
background about the fundamentals of the measurement
science, the measurement methods, the mathematical basis of
either signal analysis and digital signal processing, the
mathematical theories for representing incomplete knowledge
and the current Standards is required.” [1]

It is this understanding of principals that enables us to design instrumentation and
measurement systems that perform measurements on our target system, and to
determine how close the measurement is to the actual performance of the item
measured. The closer we can come to bringing these two issues into equality, the better
the description we will have of the measured system, which is, after all, what we are

trying to achieve.



2.2 Components of an Instrumentation and Measurement
System

A typical instrumentation system consists of three major classes of components:
sensors, signal conditioners and the data recorder. Here we discuss the primary sensor
technologies that are applicable to this project, the reason for and methods of signal

conditioning, and, finally, the different types of recording methods.

The goal of our instrumentation system is to detect bending moments on a rotating
shaft. Although many sensors are used in instrumentation and measurement systems,
this paper focuses on the sensors that were considered for this design. To understand
the tradeoffs we evaluated, a basic understanding of these sensors is necessary.
Section 2.2.1 provides basic understanding and may be skipped by those experienced

with the theory and application of sensors, signal conditioners and recording devices.

2.2.1 Sensors
2.2.1.1 Strain Gauges

The principal sensor used to measure the bending moment in a rigid structure is
the strain gauge. A strain gauge is a metal foil device attached to the structure subject

to the bending forces. Figure 2.1 shows an example.



Figure 2.1 Strain Gauge [2]

The electrical resistance of the device varies as it is deformed or bent. It measures
very slight bending distances and tolerates a deflection that is typically less than 1mm
across the direction of sensitivity for steel structures. If the gauge is deflected more than
the allowed distance, the gauge will fail to an-out-of range value and will have to be
replaced. Temperature also affects strain gauge operation. As the metal expands and
contracts due to temperature change, the output of the sensor changes significantly. To
combat this problem a second gauge is used, oriented in a plane perpendicular to the
forces that are being measured, as shown in Figure 2.2. This has the effect of canceling
the variations due to temperature as both gauges will be affected equally and the second

gauge’s output can be subtracted from the primary measurement gauge.
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This “half bridge” sensor configuration is utilized when single direction force is of

interest.

]E

Half Bridge

Figure 2.2 Half Bridge
This configuration is called a “half bridge” due more to the way it is connected to
the signal conditioning system, than to its placement. Even though the gauges shown in
this illustration are side by side, the gauges are placed on top of each other when
installed. A common electronic circuit used to detect small changes in resistance is the

resistive bridge circuit or “Wheatstone Bridge”. An example circuit is shown in Figure 2.3.

Figure 2.3 Resistive (Wheatstone) Bridge Circuit [2]
The resistors are selected with high precision to match the DC resistance of the
sensor. The basic theory is that if all of the resistances are equal, the voltage potential
between the V, terminals will be equal to O volts. The strain sensor typically replaces

R3, R4 or both depending on the application. For the half bridge application, the two
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gauges shown in Figure 1 replace both R3 and R4. This results in the circuit shown in

Figure 2.4.

R1 Ra1

R2

Rg2
Figure 2.4 Half Bridge Strain Gauge Circuit

In this configuration, the perpendicular gauge acts to remove the measurement
variations caused by the expansion and contraction of the metal caused by changes in
temperature. The part of the signal that remains is a measure of the force acting on the
metal. To measure the forces in more than one direction, strain gauges can be
purchased in clusters or “rose buds” which provide up to three gauges oriented 60° and
provide the ability to determine force vectors in addition to simple magnitude. These

gauges are usually connected to two full bridge circuits as shown in Figure 2.5.

Figure 2.5 Full Bridge Strain Gauge Circuit [2]

A final note about the installation of strain gauges; these sensors are very fragile

and break easily. They require the services of a skilled technician to install and are not
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robust. They are typically used in very controlled environments where their performance

can be predicted and are not utilized for extended periods of time.

Although different types of strain gauges are used in everything from load cells to
pressure transducers, the only way to use them to measure the force in a rigid body is to

install them directly on a spotless part of the metal structure.

2.2.1.2 Accelerometers

The following excerpt from National Instruments web site describes the fundamental

principal of an accelerometer: [3]

“Newton's law simply states that if a mass, m, is
undergoing an acceleration, a, then there must be a force
F acting on the mass and given by F = ma. Hooke's law
states that if a spring of spring constant k is stretched
(extended) from its equilibrium position for a distance Dx,
then there must be a force acting on the spring given by F

= kDx.
Anlmxed
mring Exctendsd apring
Accelerati
Mass iy e~ Masm
Base Base _I

i Ed

a) Spring-mass systemn with no acceler- b} Spring-mass system with acceler-
ation ation

FIGURE 5.23 The basic spring-mass system accelerometer.

In Figure 5.23a we have a mass that is free to slide on a
base. The mass is connected to the base by a spring that
is in its unextended state and exerts no force on the mass.
In Figure 5.23b, the whole assembly is accelerated to the
left, as shown. Now the spring extends in order to provide



the force necessary to accelerate the mass. This condition
is described by equating Newton's and Hooke's laws:
ma = kDx (5.25)

where k = spring constant in N/m
Dx = spring extension in m

m = mass in kg

a = acceleration in m/s?

Equation (5.25) allows the measurement of acceleration to
be reduced to a measurement of spring extension (linear
displacement) because

k

a=—Dx (5.26)
m

If the acceleration is reversed, the same physical
argument would apply, except that the spring is
compressed instead of extended. Equation (5.26) still
describes the relationship between spring displacement
and acceleration.

The spring-mass principle applies to many common
accelerometer designs. The mass that converts the
acceleration to spring displacement is referred to as the
test mass or seismic mass. We see, then, that acceleration
measurement reduces to linear displacement

measurement; most designs differ in how this
displacement measurement is made.”

One of the drawbacks of spring mass accelerometer sensors is that they have an
ultimate yield point. This fact presents a problem to the designer of an instrumentation
system: the higher the yield point of the sensor, the less sensitive the device. Most
modern day accelerometers have some type of mass beam on a piezo resistive or piezo
capacitive material. The materials these devices are made of have an ultimate yield
point that must be taken into consideration. If there is a need for high sensitivity and the
ability to withstand large shock loads and continue to operate, then a different

technology is required.
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Figure 2.6 describes an alternative accelerometer that uses a thermal bubble
encapsulated within a structure and a thermal grid to measure acceleration. This device

can withstand the high shock loads and provide good sensitivity.

“Temperature sensors equidistant from the heater
measure the same temperature until device is accelerated
as shown in bottom picture. Acceleration of the sensor
creates a non-symmetrical temperature profile from which
acceleration is detected as shown in the top picture.”[4]

Acceleration
Mo Acceleration

Distance

Acceleration —————m=

Temperature

Air Cavity

Heated
Air

mi "
- b Heater Bar
h

Sensor Tranc

Silicon Substrate

Figure 2.6 Thermal Accelerometer Design [4]
Because this type of device has no mass beam-sensing element and depends
only on the thermal “bubble”, it can survive shock loads, and when the shock load is

removed, the accelerometer is able to return back to its primary sensitivity.

2.2.1.3 Inductive Pickups

The final sensor that we will cover is a simple inductive pickup. Its purpose is to
detect current flow or, alternatively, a change in current flow. This is accomplished by
winding the sensor wire around a primary current carrying wire. The magnetic field
created by the current flowing in the wire induces a smaller current in the sensor

winding. We convert this current to a voltage across a resistor, and we then measure
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that voltage. The application of this sensor is described in the Chapter 4, Instrumentation
and Measurement System design. A basic characteristic of this sensor is that the
inductive pickup is a differential sensor that relies on a change in current in the primary

wire to induce a current in the sensor wiring.

2.2.2 Signal Conditioners

“Signal conditioners are measuring system elements that
start with an electric sensor output and then yield a signal
suitable for transmission, display or recording, or that better meet
the requirements of a subsequent standard equipment or
device.”[5]

In other words, signal conditioning circuits are designed to provide level shifting,
gain and filtering for each sensor node in the system. Each of the sensors described

requires a different type of signal conditioning.

2.2.2.1 Resistive Sensor Signal Conditioning

The Wheatstone Bridge shown in Figure 2.7 (electrically the same as in Figure

2.3) uses resistors of the same value to create a set of parallel voltage dividers:

R1 e R3
1.0kl 1.0k

= i Multimeter-... @
il v Il )

e | [—

|||——
)+
w3 |

Figure 2.7 Wheatstone Bridge Equivalent and Meter [6]
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As can be seen on the meter’s display, a balanced bridge has a small differential
voltage between the resistors in the center of the bridge, showing here as —0.001pico
volts or 1x10™*° volts. Figure 2.8 shows what happens when a “half bridge” sensor

replaces R3 and R4.

R3 = 5000t
R3
XMM1
R1 A 50%
1.0kl -+
1 v
— 12V —
R4 g w v
T #x Multimeter-... @
R2 50%
1.0kl
R4 = 1500 O

[

Figure 2.8 Unbalanced Wheatstone Bridge with Meter [6]

In this case, the resistances for each individual sensor move in opposite directions.
R3 decreases resistance by 500 Ohms and R4 increases resistance by 500 Ohms,
resulting in a significant change in the differential voltage in the center of the bridge. This
illustration is exaggerated for the purpose of explanation. Normally, strain sensors would
change only a few Ohms, and the difference voltage for full deflection would not be as
large. Typical resistance values for strain gauges are 350 Ohms with a variance of +/- 5
to 7 Ohms. Using the following formula we can determine the maximum voltage change

from a typical half bridge circuit:
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& R R,
Vo = Vg - 8 where R; and R, are 350 Ohms, the second half of the
(;Rs +R, R,+R:

equation results in ¥2.Vs. We will use Vs of 10 Volts for our example to make
computation easier. This means that the R1 R2 junction will be 10 Volts * ¥2 = 5 Volts.
This is the reference side of our bridge. Now we will compute the sensor side assuming
a maximum deflection toward R3 from the normal position. Assuming that the maximum

resistance variation is 5 Ohms over the distance we obtain the following formula:

é R ~ 0 ~
V, sV i 5 § Vg 355W 8—
¢R,+R, ¢ 355W + 345W +
a355W° _5V =5.071V -5V = 0.071V

Now if we assume that a full deflection in the opposite direction will result in the same
value with opposite polarity (i.e. —=0.071V), we get a maximum difference voltage from full
negative to full positive of 0.142 V with a zero point offset of 0.71V. This is below the
normal sensitivity of analog-to-digital converters, therefore, it is necessary to amplify the

signal into a range that can be used by the recorder.

Analog-to-digital converters (ADC) operate at many voltage ranges, but for our
purpose let us assume that we have a 0 to 5 volts ideal ADC (Ideal ADCs have
completely linear response from the two power rails). If we want to approach the full
scale capabilities of our ADC, we need to make our 0.142 V differential voltage appear
to the ADC as 0 to 5V. This requires a gain of about 35, so we need to amplify the signal

35 times to approach the 5 V range of our ADC.
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Now, however, we have a problem. If we want to have the center point of our gauge

to be at the center point of our ADC, we need to offset the signal from the Wheatstone
bridge. The center point of the Wheatstone bridge is essentially O when there is no
bending or strain on the gauges. If we try to use a resistance on the output of the bridge,
we will change both the performance and linearity of the circuit, defeating its primary
purpose. This problem is solved by the differential instrumentation amplifier. This device
has extremely high input impedance with the ability to produce large gains, and it meets

the requirements for our ADC.

2.2.2.2 Instrumentation Amplifiers

An instrumentation amplifier is a specific type of operational amplifier. Although
these devices come in a package indicating a single amplifier as shown in Figure 2.9,

they are actually made up of several amplifiers in a specific configuration.

Figure 2.9 AD522 Differential Amplifier [7]

The device is internally configured as shown in Figure 2.10.




















































































































































































