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ABSTRACT

Bensen, Jacob N., Energy Harvesting Technigues to Power Onboard Railway Bearing Condition

Monitoring Systems. Master of Science in Engineering (MSE), August 2019, 96 pp., 7 tables, 43

figures, 23 references.

Limitations of the standard wayside hotbox detection system as a method to identify
failing railway bearings severely inhibit the reliability and safety of rail transport. An onboard
bearing condition monitoring system would address and ameliorate the issues present in the
current detection system. The onboard system would provide more frequent and reliable
information regarding bearing condition. For the system to succeed in reducing maintenance
time and preventing bearing failure, a method of providing the system with sufficient energy to
power its instrumentation is necessary. The instrumentation location environment poses a
significant challenge. The device must be placed on the steel adapter adjacent to the bearing,
where it will experience high temperatures, corrosion and significant loading conditions. The
goal of this thesis is to investigate an energy harvesting medium in such an environment. An
investigation of vibration of the bearing adapter during typical railway use is coupled with
magnetostrictive elements and the Villari effect to develop a set of simulations to determine the
energy harvesting capabilities of a vibrational-based energy harvesting system located on the
bearing adapter. The work in this thesis summarizes the potential energy harvesting capability of

a giant magnetostrictive material-based vibrational energy harvester for railway use.
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CHAPTER I

INTRODUCTION AND MOTIVATION

1.1 Introduction

Improvements to motor vehicle and aerospace transportation has led to an overall decline
in train usage as passenger vehicles. The railway system is still heavily used for freight
transport. About 40% of freight transported in the US is shipped via rail [1]. This reliance on
rail for freight transportation is expected to continue. New intermodal transportation containers
offer a versatile and sustainable alternative to other shipping methods, rising in popularity
dramatically in the United States from 5.6 million containers in 1990 to 14.5 million units in
2018 [2]. Despite the continued prevalence of rail transportation, the primary systems
monitoring the health of bearings are two varieties of wayside units. All wayside units are
systems attached to certain locations along the rail to perform measurements to determine the
condition of train equipment as the locomotive passes by them. Hot-box detection systems use
infrared sensors to determine the temperature of bearings and other train components.
Nationally, hot-box detection units are operational at over 6,000 locations [3]. A newer wayside
detection technology, Trackside Acoustic Detection System (TADS), is available which utilizes
microphones to record and analyze audio produced by a passing train to identify bearing defects.
Although TADS present an improvement over the hot-box detector units, there are currently only
30 TADS in the US and Canada, and 70 systems in service worldwide [4, 5]. Wayside systems

have been very useful at removing some faulty equipment from service, but they also have



presented some problems which need to be addressed. By as much as forty percent, wayside
detection units have been found to overreport bearings, which upon further inspection were not
faulty [6]. Additionally, from 2010 to 2016, there were 119 reported cases in the United States
and Canada of bearings that passed a wayside detection location undetected only to fail shortly
thereafter, causing the train to derail [7]. Each individual derailment can cost millions of dollars
in damages to the train, track, cargo and the environment.

The primary limitations of the hotbox detection system lie in the reliability of its
measurements to determine if a bearing is indeed faulty. The forty percent of bearings that are
marked for removal, but upon inspection are found to be in good condition are termed “non-
verified”. More notably, despite the use of the wayside detection systems, there have been
derailments due to bearing failure. Research conducted at the University Transportation Center
for Railway Safety (UTCRS) at the University of Texas Rio Grande Valley (UTRGV) in
Edinburg, Texas in 2018 investigated the use of hot-box detectors as a primary means of bearing
health monitoring. The study noted the failure in these systems to detect a damaged bearing can
be attributed to the reactive nature of the detection method and emphasized the importance of
properly calibrating the infrared sensors to the scanning location to obtain an accurate bearing
temperature measurement [6]. Additionally, a damaged bearing can progress to failure rapidly.
There are wayside detection systems approximately every fifteen to thirty miles of rail [8]. The
physical separation between successive wayside detection locations cannot guarantee that
measurements produced from a bearing will be significant enough to indicate an abnormal
reading before it fails. In fact, a bearing was documented to progress from a healthy scan at a

wayside detection location to catastrophic failure only 96 seconds after the checkpoint [9].



Expanding the current wayside system to cover every stretch of track more frequently might
improve the situation, but to expand a system with known accuracy issues would be illogical.
1.2 Motivation

If the improvement of a bearing condition detection system can lead to more positively
identified faulty bearings, the incidence of train derailments will be decreased. If the system can
also decrease the false reporting of suitable bearings as defective, the railway industry can
operate on schedule and plan maintenance appropriately. The UTCRS is investigating an
onboard bearing condition monitoring system. The onboard monitoring system shows great
promise as a method of accurately detecting bearing defect size and location, even for spalls
smaller than 1 in? [10]. This type of system can provide accurate condition information that can
characterize and monitor damage. With sufficient energy input, the system could feasibly
provide continuous system monitoring. The motivation to utilize an onboard system has marked
benefits to improve the safety and efficiency of the railway transportation system.

The implementation of such a system would be costly, as every bearing adapter would
need to be instrumented. The return would include the decreased incidence of non-verified
bearings, appropriately planned maintenance for at-risk bearings, and decreased progression to
catastrophic failure or derailment.

For new technology to improve upon the faults of the wayside system, it must be able to
match or increase the frequency of data collection. Each onboard monitoring system is
minimally comprised of one accelerometer, two temperature sensors, and a low-power Bluetooth
device. To provide power to this system while satisfying the goal of reducing maintenance, the
ideal solution would incorporate an energy harvesting mechanism that would perpetually power

all devices. Primary, or non-rechargeable, batteries would require maintenance to replace, and



the system would be non-functional and dangerous should the charge deplete. In contrast, an
energy harvesting system that uses the train’s environment to gather enough energy to support

the monitoring system would not demand significant down time for maintenance.



CHAPTER II

BACKGROUND AND LITERATURE REVIEW

2.1 Energy Harvesting in Rail Applications

The successful implementation of an energy harvesting system is necessary to support the
bearing monitoring equipment. A literature review shows development of different energy
harvesting technologies with the desire to see effective use of the energy available in a railway
setting.

A possible green energy source is solar power. Improvements to photovoltaic systems
are significant over the past decade, although some limitations to the successful implementation
in a freight railway setting have yet to be resolved. Photovoltaic cells were found to be
inefficient in a setting that could not consistently control the incident angle of rays reaching the
panel. Recently, solar panels have been attached to passenger trains successfully and are used to
power lights, air conditioning system and other electronics [11]. The uniformity and consistency
of passenger locomotives make solar panels a reasonable solution for this particular application.
Freight transportation involves the use of a wide variety of car types, and the industry is
increasingly using stackable intermodal containers. The inability to develop a singular solution
for all freight car types is an imposing obstacle to the feasibility of utilizing solar energy for
freight.

An alternative energy source that has been investigated is wind energy. Simply put, the

implementation of wind energy requires the advantageous generation of energy compared to the



additional effort required to overcome the extra air drag added by the wind turbines. A
feasibility study was performed by Nurmanova et al [12] which confirmed the potential for a
successful implementation of wind turbines aboard moving trains. The output power of the wind
turbines is significantly more efficient than the solar panels. It is notable, however, in both cases
that the effectiveness of either method relies heavily on the surrounding environmental
conditions. Additionally, while this may have usefulness to the constant design of passenger
locomotive cars, the placement of such structures on a series of inconsistent freight containers is
problematic.

Pyroelectric materials produce power from the change in temperature over time [13]. As
such, steady-state conditions would not produce power in a pyroelectric energy harvester.
Railcars typically do not experience frequent transient speeds that can produce a significant
temperature change near the bearing adapter. Most often, drastic temperature changes are an
indication of poor bearing health, making pyroelectric materials impractical for a railcar
application. Thermoelectric materials, however, operate on the constant temperature gradient
exhibited between the material’s two ends [13]. Elefsiniotis et al [14] investigated the
implementation of a thermoelectric phase change material intended for use in aircraft. The study
concluded that, although their worst-case scenario produced enough energy to power a wireless
sensor node, great importance lies in the temperature gradient; as the phase change material
approaches the ambient temperature, the power produced decreases to zero. Although the steady-
state case may have a constant temperature gradient initially, the phase change material
physically must approach the ambient temperature of its contact to generate power. Although it
is not the focus of this thesis, research shows that thermoelectric materials advances present a

reasonable opportunity in railcar applications.



Vibration-based energy harvesters have been developed in many forms and for different
purposes. Traditionally, there are two primary types: piezoelectric materials and electromagnetic
vibrational energy harvesters. Wang et al [15] studied piezoelectric transducers instrumented
along the track to harvest vibrations present in the rail. As of the present time, the author is
unable to find research regarding piezoelectric materials used for onboard energy harvesting.
Piezoelectric materials are typically able to function under low loads and, when subjected to high
strain conditions are prone to failure. Woo et al [16] studied the relationship between strain,
frequency and output power of a piezoelectric module and found the material, when submitted
beyond a strain threshold, would fracture.

Electromagnetic vibration-based energy harvesters are being studied in a variety of
configurations. Deng and Dapino [17] produced a recent review of magnetostrictive vibration
energy harvesters. De Pasquale et al [18] developed an energy harvester with magnetic
suspensions for train vibrations with positive results. The harvester developed was tuned to
specific resonance frequencies and the results corroborated that fact. The size and location of
this energy harvester is inconsistent with the specifications required of the current on-board
monitoring unit. Mori et al [19] studied the utilization of a giant magnetostrictive cantilever with
a focus on the feasibility of designing a self-tuning vibration-based energy harvester. Dai [20]
experimented with creating a vibration-based energy harvester based on rotary pendulums that
would have broadband characteristics. The versatility, strength and potential of electromagnetic
vibration-based energy harvesters is being investigated for many specific applications with some

Success.



2.2 Selection of Energy Harvesting Technique

Freight trains are not universally capable of accepting such a large adaptation as a solar
panel or wind turbine on every roof. There are many railcar styles. Some cars have no roof.
Intermodal containers are stackable, and can even be ejected completely to a transport truck.

Use of a remote energy harvesting source, regardless of energy output, would require additional
installation, instrumentation and maintenance resources. The intention is to develop one
comprehensive solution with minimum maintenance.

Although the power needs of an onboard system could potentially be satisfied by many of
these systems, there remain specific obstacles to the feasibility of an energy harvesting system
applied to onboard freight rail use. Principally, the energy harvesting method must be
compatible with the needs of the system it intends to power. This thesis focuses on developing
an energy harvesting system that would be able to cooperate with the specific problems faced by
the onboard monitoring system (OMS) in development at UTRGV.

The OMS is composed primarily of one accelerometer, two low-power temperature
sensors, and one low-power Bluetooth device. The system requires roughly 33 mW for
measurements sent wirelessly every 120 seconds [21]. With the improved performance of the
OMS over wayside detection, 120 seconds will be sufficient to monitor and track developing
spalls before they become problematic. The development and functioning of the OMS are not of
concern, only the power requirements to operate it and the physical and environmental
constraints imposed. The location of a harvester for the OMS must be instrumented onto the
bearing adapter. This simplifies the design to a singular product that can be instituted universally

across each freight train bearing and not require additional wiring or power to be functional.



2.3 Giant Magnetostrictive Materials in Energy Harvesting

Terfenol-D has recently had a resurgence in popularity as a component of energy
harvesters. The advantage Terfenol-D presents over alternative materials is its giant
magnetostrictive properties. Magnetostriction is a property of ferromagnetic alloys in which the
material exhibits a strain when subjected to a magnetic field. The Villari effect is the opposite of
this phenomenon; a magnetostrictive material, when caused to strain, will produce a magnetic
field. Specifically, giant magnetostrictive materials are those that have a large strain-magnetic
field coupling. When exposed to the same magnetic field, Terfenol-D will exhibit a strain
response one hundred times greater than most ferromagnetic materials [22]. Developed by the
Naval Ordnance Laboratory, Terfenol-D has historically been utilized as a sensor or transducer.
The brittle nature of Terfenol-D has prevented its use in high strain applications. Nevertheless,
Terfenol-D does have the largest magnetostriction of any material currently known. This
potential for energy harvesting has not gone unnoticed, as it has been the material of choice in
much of current magnetostrictive vibration-based energy harvester literature. Additionally, prior
research conducted at UTCRS has concluded that this material may be effective in producing the

desired results and is worth further investigation [20].



CHAPTER Il

TEST SYSTEM DEVELOPMENT

3.1 Historical Overview

Prior work at the UTCRS has shown the utility of Terfenol-D as a load sensor and
demonstrated the additional potential for harvesting energy as well [20]. The initial device
developed by Estrada had the potential to harvest over 80 mW with simple harmonic conditions.
However, that device was not developed with a goal for a specific energy harvesting
implementation. The former project focused on the load sensing capabilities of Terfenol-D. The
material was able to function well as a sensor but was unable to perform both load sensing and
energy harvesting simultaneously. Optimizing the device to one task limits the functionality of
the other. As such, this thesis focuses on investigating the device configuration and engineering
specifications to simulate the energy harvesting potential of a feasibly sized instrumented
product subjected to railway car operations typical use.

The device from Estrada’s [20] work is presented in Figure 1 as a CAD drawing with an
exploded view of the fixture’s components. An aluminum spool (Item 4) is wound with 200
turns of 26 AWG magnet wire (Item 5), and the Terfenol-D rod (Item 3) was placed in the center
as a core. A 1018 steel notched ring (Item 2) surrounds these components radially to protect and
contain them; the notch serves to allow a port for the leads of the coil to emerge from the fixture
safely. A 1018 steel base (Iltem 7) is used to protect and contain the components of the entire

assembly, while a 1018 steel rod (Item 1) is used to direct the force through the Terfenol-D. An

10



aluminum washer (Item 6) was a necessary addition to orient the coil more efficiently around the

Terfenol-D allowing the assembly to produce more energy.

ITEM MO, PART MAME DESCRIFTION QY.
1 Rod 1018 Steel 1
2 Motched Ring 1018 Steel 1
3 Terfenol Tb 1Dy -Fe 1
4 Spool Alumirnum 1
5 il Magnet wm:hjirznc; 26 AWG, 200 1
) Washer- 075" Alurmirum 1
7 Base 1018 Steel 1

UHIET CTHER'WISE FPECFIED: HawE | OAlE
CEREIORE. AR E TN NCHES DR

l:e:!x‘.{l.:lnl:u. ] TTLE:

O PLACE CECRAL £ Magnefic Field Insulating
Fixture Short Assembly

O PLACE DECRASL &
VEEE PLACE DECIPASL 3

SIE DWW, MO, REV

ATUCARIN L HCIC AL DR AN SCALE: 1)1 WERGHT: SHEET 1 OF 1
a3 4 3 2 1

Figure 1. Assembly of Terfenol-D test fixture from prior work [20].
3.2 Test Modifications and Initial Tests
The experiments are intended to relate the force and frequency of vibrations present in a
typical freight car to the energy harvesting potential of a Terfenol-D based energy harvester. To
complete such an experiment, control of a compressive force was required. A Material Test
System (MTS) was chosen to perform the compressive duties required within the design of these
experiments. The original design was tested in different scenarios to determine modifications

that would improve the performance of the energy harvester and improve the quality of the data
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produced. Figure 2 shows the MTS instrumented for the final iteration of tests. The MTS
system controls the bottom crosshead to perform tension or compression forces at programmed
cycles. The system is limited to a maximum compressive force of 20 kips. The leveling plate is
used to ensure axial force through the Terfenol-D fixture. The power supply powered the signal
amplification board attached to the strain gauge on the Terfenol-D. A data acquisition (DAQ)
device was used to collect signals from the MTS as readouts of displacement and force, voltage

measured across the leads of the coil, and amplified strain measured by the strain gauge.

T

MTS Crosshead

‘ ‘ ity || '
— i':Tegnol—D Fixture

Leveling Plate

I

Figure 2. Material Test System (MTS) with instrumentation.
The test fixture underwent modifications to account for improvements to the trial

methods. A larger Terfenol-D piece was used to perform trial experiments and a similar size
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increment was necessary for associated fixture components. Magnets were implemented to
improve the energy output. A Delrin spool replaced the aluminum spool to decrease
electromagnetic interference. Original tests used the data acquisition capabilities of the MTS,
whereas, the desire to include external signals required an external DAQ device that could read
signals from the MTS and the fixture’s instrumentation.

3.2.1 Energy Harvesting Test

The energy harvesting tests were performed using the initial apparatus and a Terfenol-D
rod measuring 19 mm in length and 13 mm in diameter, as pictured in Figure 3. It was
determined that the use of magnets appropriately could tune the performance of the Terfenol-D,
resulting in improved energy harvesting capability. The test protocol for the initial energy
harvesting experiments is presented in Figure 4. With a compressive force ranging from 50 to
1,950 Ib, the sine-shaped cyclic test doubles frequency from %2 Hz through 32 Hz frequencies.
This experiment was the first to implement the output capabilities of the MTS system and the
DAQ equipment. Figure 4 relates the force driving the test to the measured responses of
displacement, representative of the movement of the lower crosshead, and voltage measured
from the coil surrounding the Terfenol-D. With a nearly constant force amplitude, the voltage,
and thus power generated from the system, increases with frequency.

Subsequent testing utilized either a force amplitude of 100 or 900 Ib and the frequencies
varied from 8 to 32 Hz. The experiments included a 20-Ohm resistive load, correlated to the
maximum power transfer theorem, and capacitors of varying value were used to test their
influence on the power output. Power was calculated simply as an average of voltage squared
divided by the resistive load. As such, it is more accurately thought of as a calculation of a

multi-cycle average power. The results of this testing are shown in Table 1. The power garnered
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from these experiments are positively correlated with force amplitude and frequency.

Measurements without a resistive load did not provide an associated power.

Figure 3. Terfenol-D rod with 3300 Gauss neodymium magnets.

Labview Calibrated Data vs. Time

Displacement (in x 10'3) | | | , ; I I
10 20 30 40 a0 B0 70 80 90 100

T T T T T

M

1 T T
|
0 50 60 70 80 50 100

S

Force (kip)
0 10

5 T T T T T T

5 Lo | | | | 1 | |

“o 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 4. MTS cyclic test trial one.
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Table 1. Power generated due to force and frequency variation.

Test Force | Frequency | Resistance | Capacitance | Power
(Ib) (Hz) (ohm) (uF) (mw)

1 100 8 0 0 N/A
2 100 8 20 0 0.063
3 100 8 20 47 0.064
4 100 8 20 100 0.061
5 100 8 20 220 0.058
6 100 16 0 0 N/A
7 100 16 20 0 0.278
8 100 16 20 47 0.272
9 100 16 20 100 0.268
10 100 16 20 220 0.256
11 100 32 0 0 N/A
12 100 32 20 0 1.675
13 100 32 20 47 1.253
14 100 32 20 100 1.179
15 100 32 20 220 1.144
16 900 8 0 0 N/A
17 900 8 20 0 7.43
18 900 8 20 47 7.37
19 900 8 20 100 7.311
20 900 8 20 220 7.181
21 900 16 0 0 N/A
22 900 16 20 0 25.057
23 900 16 20 47 25.011
24 900 16 20 100 24.785
25 900 16 20 220 23.977
26 900 32 0 0 N/A
27 900 32 20 0 132.86
28 900 32 20 47 133.076
29 900 32 20 100 129.294
30 900 32 20 220 114.477
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3.2.2 Strain Gauge Test
In analyzing the information from the MTS, the displacement readout is a property of

the LVDT of the MTS crossheads. The displacement value from the DAQ readout is not a
function of the Terfenol-D alone, but of the crossheads, compression platens, and supporting
rods of the MTS machine itself. The displacement of the Terfenol-D rod was therefore not
known; however, because the force was driven solely through the Terfenol-D by the assembly,
the data is assumed to be a value similar in shape but lower in amplitude to the value collected.
From the initial MTS displacement collected by the DAQ, Terfenol-D strain calculations were
conducted. A strain gauge, shown in Figure 5, was added to compare the calculated data to the

actual strain seen by the material.

Figure 5. Strain gauge applied for Terfenol-D strain analysis.

16



Initial trials of the strain gauge showed a discrepancy in the behavior of the
displacement read by the strain gauge and the MTS. To judge congruency between LVDT and
strain gauge data, the Terfenol-D assembly was subjected to stepwise increases and decreases in
compressive forces by the MTS. The results are given in Figure 6. The starting and ending
points do not coincide. A subsequent test, shown in Figure 7, implemented a pre-stress of fifteen
minutes, followed by three consecutive 100-cycle commands that were designed to determine if
there had been a sufficient pre-stress applied to the assembly. The third cyclic procedure
resulted in coincident starting and ending points, indicating appropriate pre-stress, as evidenced

in Figure 8, which shows results of the third 100-cycle command.

1

Displacement
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Figure 6. Strain gauge congruency test.
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Figure 8. Terfenol-D pre-stress comparison.
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3.2.3 Permalloy Test
As suggested by the work of Colussi et al [23], the fracture incidence of Terfenol-D is

dependent on the load rate. Terfenol-D is known to be a brittle material. Many of the tests
performed during the initial testing phase of this thesis ended prematurely because a rod of
Terfenol-D cracked or fractured. Although the loading was intended to be entirely axial, due to
the fracture pattern initiating along the radial extremities, it was surmised that barreling could be
contributing to the brittle fracture of the Terfenol-D pieces. To combat this, Permalloy film was
applied to the ends of the Terfenol-D sample, as shown in Figure 9. Figure 9a shows the
Permalloy before trim and application, and Figure 9b shows the Permalloy above and below the
Terfenol-D piece post-test. The curl at the edges occurs when the piece is removed from the

fixture.

Figure 9. (a) Thin film Permalloy application, and (b) Permalloy film close-up post-test.
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Permalloy 80 is an alloy composed of about 80% nickel, 15% iron, and 5% molybdenum.
Theoretically, the soft metal would function as a lubricant, preventing barreling and allowing
fully axial force transmission. Although this thesis does not attempt to investigate or quantify
the phenomenon of increasing the fracture toughness of the specimen by addition of the alloy,
but rather focuses on attaining a reliable energy source from the Terfenol-D assembly. If the
energy harvester cannot be relied upon to withstand the forces of the environment, it is a liability.
The primary benefit of adding Permalloy to the ends of the Terfenol-D sample are that the
sample will be protected. Secondly, it was important to make sure the energy harvested from the
system would not be greatly reduced. To verify the Permalloy effects on the assembly, one
Terfenol-D sample was tested with and without Permalloy applied to the ends. The Permalloy
had a thickness of 0.003 inch and was cut-to-size with shears using the magnets as a guide. The
results of this test, shown in Table 2, suggest that the efficiency of the energy harvester is
reduced by roughly twenty-five percent.

Table 2. Permalloy power loss comparison.

Direct comparisons
Repeated tests with Permalloy applied
Test Force Frequency | Resistance Permalloy Power Fre:Echy Power
(Ib) (Hz) (ohm) (mW) (Hz) %
1A 900 32 20 No 132.860 32.0435 100
1B 900 32 20 Yes 103.225 32.0435 77.7
2A 900 32 20 No 133.076 32.0435 100
2B 900 32 20 Yes 103.295 32.0435 77.6
3A 900 32 20 No 129.294 32.0435 100
3B 900 32 20 Yes 98.838 32.0435 76.4
4A 900 32 20 No 114.477 32.0435 100
4B 900 32 20 Yes 87.669 32.0435 76.6
5A 900 32 200 No 40.495 32.0435 100
5B 900 32 200 Yes 30.396 32.0435 75.1
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Though there was a drop in the energy harvesting efficiency, the material was kept safe
by the addition of the Permalloy. The reduction in efficiency was not further investigated and
can be left for future work. The samples tested since the introduction of Permalloy to the fixture
have not fractured.

3.2.4 Energy Harvesting Setup

The aforementioned improvements have been implemented with the goal of providing a
set of conditions that would produce the best results within the smaller confined environment
available. The energy harvester is intended as an addition to the steel bearing adapter, pictured
in Figure 10. Today, most railroad bearing adapters consist of a metal and elastomer component,

as opposed to those made entirely of metal.

(b)

Figure 10. (a) Railroad bogey, and (b) Railroad bearing adapter.
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The Terfenol-D energy harvesting fixtures initially allowed improvement to the energy
harvester before proceeding with the manufacture of a prototype instrumented bearing adapter.
To that end, it is imperative that an appropriate location for the inclusion of an energy harvester
is attained.

3.3 Pressure Film Test

To determine where a magnetostrictive energy harvester might be instrumented into the
bearing adapter, a pressure test was applied to a dynamic test on the single-bearing test rig. The
goal is to determine where the highest pressure is located, coinciding with the greatest potential
for energy harvesting. Additionally, it is important to ensure the location remains in contact
throughout a service cycle. The energy harvester must be able to withstand the worst conditions
present on a full-speed train, in addition to traversing grades, speed changes and impacts. A
pressure film is a set of miniature opaque color-filled spheres interspersed between two sheets.
As a pressure is applied, some spheres will burst, causing color to appear on the sheet. Greater
pressures will produce areas of higher-intensity color on the sheet. Calibration allows the
pressures, within the specified usage range, to be determined by the corresponding charts
provided by the film’s manufacturer.

A pressure film was applied between the bearing adapter and the elastomer pad-liner. In
normal service, a bearing with a fully-loaded freight car atop will experience 34,400 pounds of
force, or 100% load. An unloaded car will still provide 17% of that load or 5,850 pounds of
force to each bearing. For simplicity, the loads referenced will be in reference to those carried
by a single bearing installed on a train equipped with four axles and eight bearings per freight
car. The dynamic test was run at 120% load (41.28 kips of force) to account for a worst-case

loading condition of a Terfenol-D rod. The resulting film, along with calibration swatch is
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shown in Figure 11. Note the magnitude of pressure on the left-hand side is greater than the

pressure on the right-hand side. This phenomenon is due to the direction of axle rotation.

Figure 11. Fujifilm pressure film, 120% dynamic load applied (41.28 kips).

It can be inferred that the energy harvesting potential will be dependent on the direction
of travel of the train. The highest pressure is found along the channel on the left-hand side
known as the interlock of the bearing adapter. Using image processing software, the calibration
card allowed careful calculation of the magenta value associated with the pressure in the region
of interest, as shown in Figure 12. The magenta value is then used with pressure film
manufacturer-supplied tables to determine the associated pressure. The calculations and tables

are provided in Appendix B.
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Figure 12. Calculated magenta value of left-side interlock region, equivalent to 4.6 Ksi.

From a low-range pressure film analyzing a dynamic test at 36% load (12 kips, a lightly
loaded railcar), shown in Figure 13, the interlocks are, at both ends, the only locations that
remain in contact continuously. The color density in this region exceeded the maximum
calibration scale, therefore the value of pressure in this region is not known, but the nature of the
load distribution is seen. If the energy harvester were to be located within a region that did not
remain loaded (in contact at the ends), the Terfenol-D would be subjected to impacts upon
loading and unloading, potentially during travel as well. Therefore, the interlock is a suitable

location for the implementation of a vibrational energy harvester.
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Figure 13. Low pressure film, 36% dynamic load applied.

3.4 Finite Element Analysis (FEA)

The pressure film test indicates that the bearing interlocks experience constant load and
are the location of highest stress. Before machining the adapter, however, it is imperative to
ensure the safety and structural integrity of implementing a proposed modification to the pad.
Finite element analysis is performed to test potential modification scenarios. The size of the
Terfenol-D rod intended for use in this experiment is 8 mm tall with a diameter of 10 mm. The
material removed from the steel adapter to allow for the fixture will be cylindrical. From the
analysis of the pressure film at 120% load, the maximum pressure seen by the adapter will be
4.64 ksi (32 MPa) at the interlocks. The system must sustainably provide power regardless of

the direction of movement of the train, therefore, the proposed design will have four energy
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harvesting fixtures, two on either end of the adapter interlocks. This would provide energy from
at least two fixtures at a time.

The dimensions of a class F bearing adapter were used to create a CAD model. The
model was modified to emulate the removal of material associated with the proposed location of
the energy harvesting fixtures. Figures 14a and 14b show a typical (unmodified) bearing adapter
and a modified bearing adapter, respectively. The constraints applied to the model for the
simulation include the pinned constraint, as shown in Figure 15a, from the bottom surface of the
bearing adapter to the geometric center of the axle. The force, shown in Figure 15b, is applied as
a pressure across the interlocks and the exterior surfaces of the Terfenol-D fixtures to simulate a

fully-loaded railcar.

Figure 14. (a) Typical bearing adapter, and (b) proposed energy harvester locations.
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Figure 15. (a) Pinned conditions from underside of bearing adapter to geometric center of axle,
and (b) force applied to the interlocks and through the center of the Terfenol-D.

The results of the pressure test are shown in Figure 16. The detailed calculations, along
with software commands and material properties can be found in Appendix C. The point of
highest stress is 10.6 ksi. The compressive yield strength is over 80 ksi for cast iron, and the
fatigue strength is 30 ksi. This conservative simulation supports the supposition that the

proposed modifications are safe for use in this manner.
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Figure 16. FEA model, Von Mises stress level.
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CHAPTER IV

SIMULATION DEVELOPMENT

4.1 Introduction

In 2015, the UTCRS performed a field test at the Transportation Technology Center Inc.
(TTCI) in Pueblo, CO. TTCI is equipped with multiple tracks and laboratories for research and
testing purposes. The tests were performed on the Railroad Test Track (RTT) and the Precision
Test Track (PTT). The tests collected onboard measurements of temperature and vibration data.
It is presumed the standardized geometries of rail length, wheel size, and other components
would contribute to the presence of certain common frequencies if subjected to similar
conditions, of speed and railcar load. The data is analyzed with the intention of using the
frequency and relative magnitude of vibrations present in practical use to build a reliable
experimental model that simulates real-world vibrations found in the bearing adapter of a
moving freight car.

4.2 TTCI Test Setup and Data Collection

The tests were performed with a railcar that was purposefully equipped with four healthy

bearings and four bearings that had defects. The orientation and location of each bearing is

shown in Figure 17.
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Figure 17. TTCI test railcar setup.

Each bearing adapter was instrumented with two accelerometers and one thermocouple,
as shown in Figure 18, where SA refers to the accelerometer’s attachment to the SmartAdapter
location and R refers to the Radial location. The data of importance to this thesis is collected by
the accelerometers, so thermocouple data is neglected. The sixteen accelerometers were sampled
at 5.556 kHz, requiring two DAQ devices for each four bearings tested. Each test recorded data
from either the front four bearings or the rear four bearings. The tachometer was also monitored
to ensure measurements were taken when the locomotive maintained the appropriate steady-state

speed. It is notable that no balance car was used for these experiments.
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Figure 18. Bearing adapter instrumentation locations.
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Measurements were taken at a variety of speeds with either an unloaded or fully-loaded

freight car. Table 3 shows the speeds and loading conditions of each test performed.

Table 3. TTCI testing conditions.

Test | Day | Track | Orientation Speed Load
(mph)
1 1 RTT Front 30 Loaded
2 1 RTT Front 50 Loaded
3 1 RTT Front 55 Loaded
4 1 RTT Rear 30 Loaded
5 1 RTT Rear 40 Loaded
6 1 RTT Rear 50 Loaded
7 1 RTT Rear 55 Loaded
8 1 RTT Rear 57 Loaded
9 1 RTT Rear 60 Loaded
10 2 PTT Front 30 Loaded
11 2 PTT Front 40 Loaded
12 2 PTT Front 50 Loaded
13 2 PTT Front 55 Loaded
14 2 PTT Rear 30 Loaded
15 2 PTT Rear 40 Loaded
16 2 PTT Rear 50 Loaded
17 2 PTT Rear 55 Loaded
18 3 PTT Front 30 Unloaded
19 3 PTT Front 40 Unloaded
20 3 PTT Front 50 Unloaded
21 3 PTT Rear 40 Unloaded
22 3 PTT Rear 50 Unloaded
23 3 RTT Front 40 Unloaded
24 3 RTT Front 50 Unloaded
25 3 RTT Front 55 Unloaded
26 3 RTT Front 60 Unloaded
27 3 RTT Front 65 Unloaded
28 3 RTT Rear 30 Unloaded
29 3 RTT Rear 40 Unloaded
30 3 RTT Rear 50 Unloaded
31 3 RTT Rear 55 Unloaded
32 3 RTT Rear 60 Unloaded
33 3 RTT Rear 65 Unloaded
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4.3 Vibration Analysis and Frequency Selection

Each dataset collected contains vibration information for two healthy and two defective
bearings. The defective bearings are expected to introduce vibrational components that are not
representative of the test parameters stated, and they are therefore neglected. The vibrational
components representing rail, wheel, and other pertinent geometries to this thesis are present
below 200 Hz, thus, higher frequencies are neglected. The lack of balance car, it was found,
introduced a significant amount of noise into the results for the bearings located on the rear-end
of the locomotive. The additional noise is exemplified when comparing the frequency spectrum,
shown in Figures 19 and 20, for two specific tests: the Day 1, RTT Track, 50 mph, Loaded
Scenario as measured from the front bearings and the rear bearings, respectively. The frequency
spectrum below 200 Hz is seen for both healthy bearings measured during each test. The relative
clarity with which peaks are differentiated from noise-level vibrations is more substantial from

the data collected from the front bearings as opposed to the rear bearings.

Frequency spectrum of TTCI test: Day 1 RTT Front 50 Loaded.
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Figure 19. Frequency spectrum of two healthy bearings measured at 50 mph with a loaded
railcar, measured from the front of the railcar.
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Frequency spectrum of TTCI test: Day 1 RTT Rear 50 Loaded.
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Figure 20. Frequency spectrum of two healthy bearings measured at 50 mph with a loaded
railcar, measured from the rear of the railcar.

Each test was representative of a specific speed/load condition. Some of the test
scenarios were duplicated. At the very least, each speed/load scenario contains data for two
healthy bearings collected simultaneously.

Each dataset from the accelerometers was processed with the Fast Fourier Transform
(FFT) function using the mathematical software package MATLAB®. The representative
frequencies were filtered to reflect only the frequencies below 200 Hz for the healthy bearings.
Due to the nature of FFT calculations, collecting data over different lengths of time would
naturally produce different-sized frequency bins. Creating uniform bin sizes is imperative when
comparing the relative incidence of common frequencies. The error in the frequency
measurement was derived from the measurement error of the tachometer, which was then used to
create appropriately sized bins to redistribute the FFT results uniformly across all datasets, then

the datasets were normalized. The resolution of the tachometer’s measurements was determined
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by data inspection. This produced a value referred to as dspeed, measured in mph. The dspeed Was

correlated to the desired frequency resolution, dwz, by the 36-inch wheel diameter as:

1 hr 63360 in (27) rad

dy, = d
Hz = Gspeed ™ 3600 1mi (36m) in

(1

The frequencies were binned with a width, dnz, which was found to be 0.006424 Hz. The
appropriate number of bins to traverse the spectrum from 0 to 200 Hz was used. The frequency
content from each dataset was re-binned using this bin procedure.

The top percent frequency magnitude refers to the incidence with which a frequency can
be expected to be seen within a dataset. A Fourier transform analyzes the relative incidence
within a dataset that frequencies are present, and as such, can be thought of as an average of that
calculation over the entire length of the measurement. This means, simultaneously, that a larger
dataset includes more information about the frequencies present because it analyzes more cycles,
and noise would be reduced.

The magnitudes of the normalized frequencies were then used to compare the relative
importance of each frequency based on the parameters of the testing environment of speed and
load. The common frequencies present among the top 0.25%, 2%, 4%, 10% and 20% frequency
magnitude of each speed/load scenario were calculated. These cutoffs were selected because,
across each test situation, the goal was to separate the relative importance of each frequency in a
method that would progress from more selective to less selective. As can be seen in Figure 21,
the top 0.25% of the signal is representative of about ten peaks, the top 2% represents an
additional 7 peaks, and so on. Additionally, the peaks present among the top 0.25% are still
represented by the top 2%, but among a wider frequency band. The top 0.25% of a signal may
not contain common frequencies among similar speed/load scenarios, but there may be some
common frequencies among the top 2% or top 4%.
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Figure 21. Top frequency percentage peaks determined.

For illustrative purposes and clarity, the process is outlined using the following few
figures. Figure 22 presents an analysis of all 33 TTCI tests (66 healthy bearings), and the top
10% of each frequency present in all the signals, with each point coinciding with the frequency
and the related magnitude of a specific bearing. At this point, the value of the magnitude is not
as important as recognizing that a signal is present amongst every bearing tested under similar
conditions, therefore, the magnitudes are replaced with an arbitrary point that represents the
presence of a frequency component experienced by each bearing in Figure 23. After noting
which of those bearings are related to a similar scenario, such as a front-measured, 55 mph,
fully-loaded railcar, as seen in Figure 24, the relative percentage of bearings tested within that
scenario containing similar frequency content is calculated for each representative frequency.
An alternative view of the same calculation is given in Figure 25, where a highlighting line is

drawn through the frequencies that have congruency amongst all relevant bearing measurements.
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Bearing 2- Day 3 PIT Rear 40 Unloaded
Bearing 1- Day 3 PIT Rear S0 Unloaded
Bearing 2- Day 3 PIT Rear 50 Unlaaded
Bearing 1- Day 3 RTT Front 40 Unloaded
Bearing 2- Day 3 RTT Front 4) Unloaded
Bearing 1- Day 3 RTT Front 50 Unloaded
Bearing 2- Day 3 RTT Front $0 Unloaded
Bearing 1- Day 3 RTT Front 55 Unloaded
Bearing 2- Day 3 RTT Front 55 Unloaded
Bearing 1- Day 3 RTT Front 60 Unloaded
Bearing 2- Day 3 RTT Front 0 Unloaded
Bearing 1- Day 3 RTT Front 65 Unloaded
Bearing 2- Day 3 RTT Front 65 Unloaded
Bearing 1- Day 3 RTT Rear 30 Unloaded
Bearing 2- Day 3 RTT Rear 30 Unloaded
Bearing 1- Day 3 RTT Rear 40 Unloaded
Bearing 2- Day 3 RTT Rear 40 Unloaded
Bearing 1- Day 3 RTT Rear 50 Unloaded
Bearing 2- Day 3 RTT Rear 50 Unloaded
Bearing 1- Day 3 RTT Rear 55 Unloaded
Bearing 2- Day 3 RTT Rear 55 Unloaded
Bearing 1- Day 3 RTT Rear 60 Unloaded
Bearing 2- Day 3 RTT Rear 60 Unloaded

Figure 23. Top 10% of frequencies experienced by each bearing, reorganized.
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Figure 24. Commonality among front-measured, 55 mph, fully-loaded railcar bearings.
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Figure 25. Reorganized front-measured, 55 mph, fully-loaded railcar bearings.
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The common top 4% of frequency magnitudes were used to represent the typical
frequencies of each speed/load scenario for simulation purposes because two to seven common
representative frequencies were found for each scenario. Table 4 describes the frequencies
expected to be present for each speed and load condition.

Table 4. Primary frequencies associated with speed/load conditions of freight railcar.

Test i
Parameters Common Frequencies (Hz)
Front30 | o1 375 | 66.125 | 99.125 | 127.375 | 127.625
Loaded

Fromt 49 | 81375 | 81875 | 87.625| 88.125
Loaded

Front30 | 15875 | 93.625 | 94.125 | 101.625 | 101.875
Loaded

FIONt 35| 51 625 | 103.125 | 111.625 | 111.875 | 112.375
Loaded

Front 30 | o5 675 | 57125 | 61.875| 62.125| 62.375
Unloaded

Front 40 0.125 | 37.375| 37.625| 75.125| 81.375| 87.625
Unloaded

Front 50

Unloaded | 46:875 | 94.125

Front 55

103.125 | 103.375 | 103.625 | 103.875 | 111.625 | 111.875 | 112.125

Unloaded

Front 60 | 15 375 | 112,625 | 112.875 | 131.125 | 196.625
Unloaded

FIOMt85 | 60875 | 61625 | 71.125 | 121.625 | 142.125
Unloaded
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CHAPTER V

TESTING PROCEDURES AND RESULTS

5.1 Experimentation Setup
Although the initial trials were instrumental in providing information about methods,
process and strategy in building a generic energy harvester, the aim of this thesis has been to test
the feasibility of a vibrational energy harvester instrumented into a bearing adapter. A bearing
adapter was machined, in agreement with the specifications of the FEA simulation performed

earlier and described at the end of Chapter 111. The modifications are pictured in Figure 26.

¥ A

Figure 26. Bearing adapter machined to incorporate four energy harvesting fixtures.
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The signals of interest in this experiment are those of the energy extracted by each of the
Terfenol-D fixtures, the force supplied by the MTS, and a coincident time scale. Concerns about
the fragility of the coil leads when a 20-kip load is applied prompted machining a protective
channel within the bearing adapter as shown in Figure 27. Heat shrink was applied to the leads
to improve protection, shown in Figure 28. Fixtures are numbered 1 through 4 for reference,

progressing clockwise from the bottom left to the bottom right.

Figure 27. Machined channels providing an exit for the coil leads.
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|
il

Figure 28. Energy harvesting fixtures implemented and coil leads protected.

Each fixture is built within the cylindrical portions removed along the interlocks. From
bottom to top, the bearing adapter is in contact with the first magnet, then the thin Permalloy
film, the Terfenol-D rod, a second Permalloy layer, and the final magnet which contacts the
polymer pad of the bearing adapter. Surrounding the Terfenol-D rod is a Delrin spool with
magnet wire spooled around it. The gauge of wire, number of turns, and measured coil
resistance for each coil are listed in Table 5.

Table 5. Coil details for final setup.

Coil AWG Number of turns | Resistance (ohm)
1 30 383 15.27
2 30 348 13.14
3 30 364 14.38
4 30 371 13.72

Each fixture within the bearing adapter required material removal to a depth of 0.3625

inch (9.21 mm) with a bore diameter of 0.75 inch (19.05 mm). The Terfenol-D cores were
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measured to have a length of 0.300 inch (7.62 mm) with a diameter of 0.393 inch (9.98). The
Delrin spool was then machined to specifications provided in Figure 29. Each spool was hand-

wound with 30 AWG wire.

Delrin Plastic
inches]

Figure 29. Delrin spool dimensions in inches.

The utilization of a new Terfenol-D rod required the recalculation of appropriately sized
magnets to improve energy harvesting potential. An experimental cyclic load test was performed
with the Terfenol-D rod and Delrin spool to be used in the bearing adapter. The fixture was
compressed in a sinusoidal fashion between 50 and 950 Ib at a load rate ranging from 10 Ibs/sec
to 120 Kkips/sec. The resulting peak-to-peak voltage, as shown in Figure 30, is maximized when
using either the 1085 Gauss or 1217 Gauss magnets, but the 1217 Gauss magnets produced better
results at most of the load rates. The magnets are 3/8-inch diameter by 1/32-inch thick. They are
N52 neodymium discs with axial magnetization. They have a listed maximum operating

temperature of 80-degrees Celsius.
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3 Varying Magnetization Energy Harvesting

~+-3106 Gauss
-+-3661 Gauss
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—&-2340 Gauss
2.5 [{-+-2087 Gauss
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—+-1085 Gauss

2=

peak-to-peak

1.5 -

Voltage

0.5

I I I |
0 20 40 60 80 100 120
Load Rate [Kip/s]

Figure 30. Varying magnetization energy harvesting.

The experimentation setup is depicted in Figure 31. The instrumented adapter is used to
test all four Terfenol-D energy harvesting fixtures simultaneously. The bearing adapter is
supported underneath by a modified bearing hemisphere and above by an I-beam with additional
support flanges. As before, the leveling platen was used to ensure the test remained aligned
properly. The DAQ was wired to measure the Terfenol-D signals for the three coils in locations
1, 2 and 3 along with the force applied by the MTS. The fourth coil was unable to be included
because the DAQ restricted measurement to four signals at a time, and the output from the MTS
was required to relate each signal to the appropriate frequency. Each coil is placed in parallel
with a resistive load of 12 ohms for maximum power transfer, determined empirically from

placing different loads until the voltage measured from the coil is halved.
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Figure 31. Experimentation setup.
5.2 Test Development and Trials
To perform an experiment based on the compressive force of a fully-loaded car vibrating
as a function of time, the MTS system was programmed using the MultiPurpose TestWare
software. A primary limitation of using the MTS to perform the experiments is that the

maximum applied compressive load possible is 20 kips. Ideally, the test would be performed
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with parameters mimicking a fully-loaded train at 34,400 Ibs (153 kN) per bearing.
Nevertheless, testing with this limitation would provide conservative results. The energy
harvesting capability of the system should be increased with load and with frequency.
5.2.1 Force function

To expand the implementation of the simulation to an experimental test on the MTS, a
function was developed that would define the compressive force applied as a function of time.
In other words, the frequency and phase information were used to develop a function that
represented the relative importance of the frequency content desired. Using the method outlined
in Appendix B, the constant load and dynamic load values were used to express this function as a
force changing with time. An FFT analysis of the developed input function showed congruence
between the input function and the desired frequency content. However, upon analysis of the
data, the energy harvested was negligible. On further inspection, the MTS was found to be
incapable of producing the force magnitude demanded by the test. Figure 32 presents a
comparison of the input force function defined and the actual force output applied by the MTS.
Although the general shape of the function is accurately followed, the magnitude is not
consistently reached. This experiment was conducted with the original Terfenol-D fixture, and
the strategy was intended to expand to use with the instrumented adapter if successful. However,
the MTS’s failure to follow the force function as prescribed was seen as an insurmountable

obstacle to the function’s continued use.
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i Inputs vs MTS Performance
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Figure 32. Comparison of input and output forces using force function method.
5.2.2 Built-in Sine Function Frequency
In the initial trial experiments, the MTS could reach significant loads and frequencies

using the built-in sine function programmable commands. Although this strategy neglects the
influence of wave interference typical in a complex natural environment, the ability to execute a
command as defined is important as well. This method allows for the testing of specific
frequencies, where the minimum and maximum forces are defined. For this experimental
method, the compressive load is centered at 10 Kips with an amplitude of 9,950 Ibs. A pre-stress
of 10 kips is held for fifteen minutes before beginning the experiment, then each frequency is
tested for five seconds, in increasing order. The frequencies tested in this manner are listed in

Table 6. The load profile as measured from the output of the MTS is plotted in Figure 33.
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Table 6. Frequencies tested on the MTS.

Force (kip)

Frequencies tested (Hz)
0.13 3.14 8.56 19.83 33.05 60.88 101.63
0.66 3.49 9.34 20.00 34.00 61.38 101.88
0.75 3.72 10.12 21.00 35.25 61.63 103.13
0.85 3.83 10.30 22.00 36.35 61.88 103.38
0.94 3.90 10.89 23.00 37.38 62.13 103.63
1.03 4.18 11.00 23.13 37.63 62.38 103.88
1.13 4.53 11.67 24.00 39.66 66.13 111.63
1.22 4.61 12.00 25.00 42.96 71.13 111.88
1.32 4.67 12.45 26.00 43.75 75.13 112.13
1.50 4.88 13.00 26.44 46.27 75.38 112.38
1.69 5.23 13.32 27.00 46.88 81.38 112.63
1.75 5.45 14.00 28.00 49.57 81.88 112.88
1.88 5.58 15.00 29.00 51.38 87.63 121.63
2.07 5.97 16.00 29.74 51.63 88.13 127.38
2.09 6.22 16.56 30.00 52.88 93.63 127.63
2.26 7.00 17.00 31.00 55.88 94.13 131.13
2.44 7.78 18.00 32.00 56.56 99.13 142.13
2.79 8.30 19.00 33.00 57.13 101.38 196.93

Load Profile of Cyclic Test 1
T

Figure 33. Load profile followed for first set of frequencies tested.

100 150
Time (s)
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK PROPOSED

6.1 Test Limitations

The maximum applied load possible with the MTS machine is 20 kips, which is about
60% of the load experienced by one bearing in a static, fully-loaded railcar. The load seen by a
dynamic railcar may be 70% higher than its static load, making the 20-kip load roughly 35% of
the maximum loads possible for a fully-loaded railcar. Nevertheless, this is a conservative
approach and is acceptable if a minimum threshold of energy harvesting can be accomplished.
The MTS, however, also has a load-rate limitation; an increase in frequency can be accomplished
only with a simultaneous decrease in force amplitude, as shown in Figure 34. This is not
desirable, as each test reflects a change in amplitude and frequency instead of frequency alone.
Figure 34 represents the data from Figure 33 with the deletion of one second of transition time
between tests, then color coordinated for clarity. Removing the transition peaks more clearly
shows the reduced load amplitudes. An alternate representation, shown in Figure 35, plots the
force amplitude against the frequency tested; all frequencies are intended to maintain a force
amplitude of 9500 Ib. Testing all frequencies at a lower amplitude is also avoided, as the load is
already limited to 60% of the maximum, and tests performed at 17% load would reflect the load
applied by empty freight cars. Although it is impossible to compare the results from frequency

to frequency with constant load amplitude, the results will be more meaningful if a conservative
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estimate of the best energy harvesting available is attempted. Therefore, the tests are continued

despite these limitations.

0 X 10 Frequencies without transition between tests
1 \
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Figure 34. Unintended decrease in force amplitude.
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Force amplitude vs. frequency
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Figure 35. Force amplitude versus frequency.
6.2 Test Results
The load profiles that were followed for all three tests are shown in Figures 36, 37 and
38. The load profiles do not show the pre-stress portion of the experiment where, for 15 minutes,
the experiment was held under a load of 10 kips. For all three tests, as the frequency increases,
the MTS is unable to meet the desired force amplitude. The power output that is associated with

each scenario is calculated as:

P=- 2

where V is the voltage across the leads of the coil and R is the resistive load applied. Figures 39,
40 and 41 show the instantaneous and multi-cycle average power output of three energy

harvesting fixtures as the force profile is executed.
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Figure 36. Load profile of cyclic test 1.
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Figure 37. Load profile of cyclic test 2.
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Figure 38. Load profile of cyclic test 3.
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Figure 39. Power output from cyclic test 1.

51



Labview Power Output (mW)
T

0.4 .
:
e ~@-Multi-Cyele Average Power|
S0 T
:
[
0 . ® 200000000 CTTII TV ICOE
0 50 150 200 250 300
0.2 T T T
z Fixture 2
T -8~ Multi-Cycle Average Power
E’u.l = -
z
s
[ m
0 L o oscoccscscooose sooo oo . -
0 50 100 150 200 250 300
0.2 T T
g
g
URES
5
z
s
-
0 ! sesesccoscooce .
0 50 100 150
0 T [
2
210 B
S
S0 -
=9
30 I 1 | |
0 50 100 150 200 250 300
Time (s)
Figure 40. Power output from cyclic test 2.
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Figure 41. Power output from cyclic test 3.
The multi-cycle average power as a function of frequency is shown in Figure 42, in
which the cyclic tests are graphed together as well. Each cyclic test proceeded from low

frequency to high frequency. A table of the power calculations is given in Appendix D.
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Power vs Frequency
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Figure 42. Power versus frequency for all three tests.

Additionally, frequencies associated with certain speed-load conditions are illustrated in
Figure 43. With the exception of one very low frequency, each of the characteristic frequencies
produce an average power of at least 25 uW. The frequencies associated with a loaded vehicle
are not necessarily producing higher power than the unloaded case. This is governed by the
magnitude related by the Fourier transform. A loaded car tends to experience less noise, and
therefore, although the loaded and unloaded vehicles may have similar characteristic peaks, the
consistency with which the loaded vehicle will be excited by a representative frequency is

higher. Table 7 lists the power associated with each representative frequency.
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Figure 43. Power versus frequency for representative frequencies.
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Table 7. Power extracted by representative frequencies.

Test Parameters

Common Frequencies (Hz)

Power (LW)
61.375 66.125 99.125 | 127.375 | 127.625
Front 30 Loaded
29.95 25.15 46 37.92 37.53
81.375 | 81.875 | 87.625 | 88.125
Front 40 Loaded
75.65 73.53 58.59 57.51
46.875 | 93.625 | 94.125 | 101.625 | 101.875
Front 50 Loaded
46.98 49.89 49.51 41.79 41.57
51.625 | 103.125 | 111.625 | 111.875 | 112.375
Front 55 Loaded
38.81 40.45 42.41 42.29 42.02
55.875 | 57.125 | 61.875 | 62.125 | 62.375
Front 30 Unloaded
38.24 37.01 29.35 29.07 28.87
0.125 37.375 37.625 75.125 81.375 87.625
Front 40 Unloaded
0.752 72.41 67 57.62 75.65 58.59
46.875 94.125
Front 50 Unloaded
46.98 49,51
103.125 | 103.375 | 103.625 | 103.875 | 111.625 | 111.875 | 112.125
Front 55 Unloaded
40.45 40.25 40.15 39.99 42.41 42.29 41.98
112.375 | 112.625 | 112.875 | 131.125 | 196.625
Front 60 Unloaded
42.02 41.9 41.65 34.5 55
60.875 | 61.625 | 71.125 | 121.625 | 142.125
Front 65 Unloaded
30.6 29.63 40.54 31.5 29.66

6.3 Conclusions

The power produced by the test is a function of the frequency and the force amplitude,

among other variables. The inability to control the variables posed a significant challenge.

Nevertheless, the fixtures were able to produce some power. Cyclic tests two and three did not

produce any notable power until the frequency of 10 Hz was surpassed. This is typical of

harvesting energy from a magnetostrictive energy harvester. A further increase in frequency was
accompanied by a smaller force amplitude. The power produced with increasing frequency was
higher in some cases, and lower in others, but generally did not change much. This could be due

to the resonant and harmonic frequencies of the system, or the energy harvesting potential could
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be tied to the load rate of the Terfenol-D. Figure 42 suggested that the order in which the
frequencies were tested may contribute to the energy harvested, indicating the pre-load or stress
state of the material may be a more important factor than originally recognized. Alternatively,
the internal components within the fixture may have changed, such as increased fracture of the
coordinating magnets, rendering subsequent tests representative of different initial conditions.

The average energy harvested from each fixture was roughly 36.3 uW, while the
maximum instantaneous power was 0.53 mW. An energy supply of 0.5 mW would be sufficient
to run some forms of low-powered electronics. Although the results are not conclusive, they
suggest that the proposed system can provide sufficient energy to power the onboard monitoring
system, so long as some minor modifications are implemented.

6.4 Future Proposed Work

An instrumented bearing adapter used in a field service test, similar to the 2015 TTCI
tests, would ideally prove the practicality of utilizing this type of energy harvesting system.

Some limitations and issues were encountered that could also be the topic of future study.
The magnets used to guide the magnetic field through the fixture may not be serviceable in their
intended use. Removing the setup after test completion showed the magnets had sustained some
damage. Figure 44 depicts the removal of a fixture post-test, where cracks can be seen on the
magnets. The Terfenol-D and the fragile coils did not appear to sustain any damage. The
magnetism as a function of load was not investigated. The magnets, in service, be subjected to
heat which could adversely affect the magnet’s potency. It is possible the magnets’ failed

integrity reduced the energy that was harvested from the system.
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Permalloy did prove to be a useful protective film, preventing damage to the Terfenol-D
rods without sacrificing much power. The limitations of the Terfenol-D with this lubricant in
place is promising.

The Terfenol-D pieces were able to harvest different levels of energy, although it was
expected they should be roughly the same. This may be a manufacturing issue, or there may be
other confounding variables that were not investigated.

Lastly, including a ferromagnetic cap in the fixture may ameliorate the low output power
produced by the experiment, as it would help complete the electromagnetic circuit of the energy

harvester.

Figure 44. Post-test damage to magnets.

57



REFERENCES

[1] “Freight Rail Overview.” [Online]. https://www.fra.dot.gov/Page/P0362. [Accessed 3
March 2019].

[2] “Freight Rail and Intermodal.” [Online]. https://www.aar.org/issue/freight-rail-
intermodal/. [Accessed 3 March 2019].

[3] “Predicting Hot Box Detector Failures,” Predikto. [Online]. Available:
https://www.predikto.com/download/Predikto CaseStudy Railroad HBD.pdf
[Accessed 10 Oct 2018].

b

[4] Fry, G. “AAR Strategic Research litiatives Program to Improve Safety and Efficiency.’
Transportation Technology Center, Inc., 2017.

[5] “Trackside Acoustic Detection System. [Online].
https://aar.com/pdfs/TADS_OnePager.pdf [Accessed 3 March 2019].

[6] Aranda, James Alexandro, Radiative Heat Transfer Analysis of Railroad Bearings for
Wayside Thermal Detector Optimization. Master of Science in Engineering (MSE),
December, 2018, pp. 85.

[7] “Federal Railroad Administration Office of Safety Analysis.” [Online].
Available:https://safetydata.fra.dot.gov/OfficeofSafety/default.aspx [Accessed 10 Feb
2017].

[8] Tabbachi, J.G., Newman, R.R., Leedham, R.C., Purta, D.A., Madered, G.G., Galli, R.
"Hot Bearing Detection with the SMART-BOLT." Proceedings of the 1990
ASME/IEEE Joint Railroad Conference, p. 105-10. 1990. Print.

[9] D. Barke and W. K. Chiu, “Structural health monitoring in the railway industry: A
review,” Struct. Health Monitor., vol. 4, no. 1, pp. 81-93, 2005.

[10] Montalvo, J., Tarawneh, C., and Fuentes, A. “Vibration-based Defect Detection for
Freight Railcar Tapered-Roller Bearings.” 2018 Joint Rail Conference. pp. 1-9.

[11] Ruscelli, A.L., Cecchetti, G., Castoldi, P. “Energy Harvesting for On-Board Railway
Systems,” 2017 5" IEEE International Conference on Models and Technologies for
Intelligent Transportation Systems (MT-ITS). 2017. pp. 397-407.

[12] Nurmanova, V., et al. “Feasibility Study on Wind Energy Harvesting System
Implementation in Moving Trains.” Electrical Engineering. (2018). Pp.

58


https://www.fra.dot.gov/Page/P0362
https://www.aar.org/issue/freight-rail-intermodal/
https://www.aar.org/issue/freight-rail-intermodal/
https://www.predikto.com/download/Predikto_CaseStudy_Railroad_HBD.pdf
https://aar.com/pdfs/TADS_OnePager.pdf

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

Xie, J., et al. “Performance of Thin Piezoelectric Materials for Pyroelectric Energy
Harvesting.” Journal of Intelligent Material Systems and Structures. Vol. 21. (2010).
pp. 243-249.

Elefsiniotis, A., et al. “Thermoelectric Energy Harvesting Using Phase Change Materials
(PCMs) in High Temperature Environments in Aircraft.” Journal of Electronic
Materials. Vol. 43 (6). 2014. pp. 1809-1814

Wang, J., et al. “Modeling on Energy Harvesting from a Railway System using
Piezoelectric Transducers.” Smart Materials and Structures. Vol. 24. (2015). pp. 1-
13.

Woo, M.S., et al. “Study on the Strain Effect of a Piezoelectric Energy Harvesting
Molecule.” Ferroelectrics. Vol. 449. pp. 33-41.

Deng, Z. and Dapino, M. J. “Review of Magnetostrictive Vibration Energy Harvesters.”
Smart Materials and Structures. 26. 2017. pp. 1-18.

De Pasquale, G., et al. “Design, Simulation, and Testing of Energy Harvesters With
Magnetic Suspensions for the Generation of Electricity From Freight Train
Vibrations.” Journal of Computational and Nonlinear Dynamics. Vol. 7. 2012. pp. 1-
9.

Mori, K., et al. “Characteristics of Vibration Energy Harvesting Using Giant
Magnetostrictive Cantilevers with Resonant Tuning.” Smart Materials and
Structures. Vol. 24. 2015.

Dai, X. “An Vibration Energy Harvester With Broadband and Frequency-Doubling
Characteristjcs Based on Rotary Pendulums.” Sensors and Actuators A: Physical.
241 (2016). 161-168

Estrada, Raul, Applications of Magnetostrictive Materials in the Real-Time Monitoring
of Vehicle Suspension Components. Master of Science (MS), December, 2014, pp.
100.

“Terfenol-D”. [Online]. http://tdvib.com/terfenol-d/. [Accessed 9 September 2018].

Colussi, M., et al. “Effect of the Loading Rate on the Brittle Fracture of Terfenol-D

Specimens in Magnetic Field: Strain Energy Density Approach.” Strength of
Materials. Vol. 48 (6). 2016. pp. 791-800.

59


http://tdvib.com/terfenol-d/

APPENDIX A

60



MATLAB® Codes

%% TTCI Test Frequency Analysis

$ (1) Perform FFET

% (2) Create Figures

% (3) Output to create Excel database

clear all; close all; clc;

$path = ['Z2:\01 Experiments\2015\ADXL"'];

path = ['C:\Users\jahco\Desktop\Work\TTCI Tests\2015\ADXL'];

path = uigetdir (path, 'Please select the folder the files are located in');
check = regexp(path, '\'");

folder = path(check(4)+1l:end);

$folder name = folder;
folder name = path(check(8)+1l:end);
check3 = regexp(folder, ' '");

testday = folder (check3(1l)-5:check3(1)-1);

testing day

track = folder (check3(1l)+1l:check3(2)-1);

track type

carend = folder (check3(2)+1:check3(3)-1);

end of the railcar

tracktype = questdlg('Which track type would you like to analyze?', '"Track
Type', 'Smooth', 'Perturbation', 'default');

carload = folder (check3(4)+1l:end);

speed = folder (check3(4)-2:check3(4)-1);

%% Folder details
switch track
case 'PTT'
track type = 1;
case 'RTT'
track type

Il
o
~

end
switch testday
case 'Day 1'
testday type 1
case {'Day 2','Day 3
testday type = 0

;
"}
’
end
switch carend

case 'Front'

carend type = 1;
case 'Rear'
carend type = 0;

end
switch tracktype
case 'Perturbation'
tracktype type
case 'Smooth'
tracktype type = 0;

Il
=
~

end
switch carload
case 'Unloaded'
carload type = 1;
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case 'Loaded'
carload type = 0;
end

if carload type ==
load = 17;
else
load = 100;
end

%% Hunting and Integration Range

progressbar ('Parsing through all sample windows...');

%% Import accelerometer data
if track type ==

d = dir([path "\' tracktype '\70gAccelerometerData*.lvm']);

interim = d.name;

file = fullfile([path '\' tracktype]l,interim);

else

d = dir([path '"\70gAccelerometerData*.lvm']);

changes working directory to selected folder and extracts all

interim = d.name;

file = fullfile(path,interim);
end
raw = dlmread(file, '\t',23,0);
extracts data from file
[m tester] = size(raw);
number of accelerometers

%% Parameter set up
SR = 1/0.00018;
sampling rate for ADXL

%% ADXL sensitivity

if exist([path '\Sensitivity'],'dir")

rpath = [path '"\Sensitivity'];

dreset = dir([rpath '\Reset 70gAccelerometerData*.lvm']);
interim2 = dreset.name;

creset = dir([rpath '"\70gAccelerometerData*.lvm']);
interim3 = creset.name;

filereset = fullfile(rpath,interim?2);
filedc = fullfile(rpath,interim3);

rawreset = dlmread(filereset, '\t',24,0);

rawresetc = dlmread(filedc, '\t',23,0);

datareset = rawreset (:,2:tester);

datadc = rawresetc(:,2:tester);

sens = (rms (datareset)-mean (datadc)) ./140;
else

sens = [.0242 .0242 .0242 .0242 .0242 .0242

end

%% Looping through sample windows
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for j = 1:(tester-1)
% loops for each accelerometer

data(l:length(raw(:,3j+1)),3j) = 0.5* ((raw(:,Jj+1) -

mean (raw(:,3j+1)))) /sens (j); % processes data for fourier transform
x(:,3) = data(l:length(raw(:,3+1)),73)

mean (data(l:length(raw(:,3j+1))));

progressbar (1/7)
end

progressbar (1)

figure ()
time = (0:1/SR: (m-1)/SR); % sec
if carend type == 1 && testday type ==
names = {'F-L2-SA' '"F-R1-SA'};
plot(time,x(:,2),time,x(:,5));
acc_time datal = x(:,2);
acc_time data2 = x(:,5);
elseif carend type == 1 && testday type ==
names = {'F-L2-SA' '"F-R1-SA'};
plot(time,x(:,2),time,x(:,3));
acc_time datal = x(:,2);
acc_time data2 = x(:,3);
elseif carend type == 0 && testday type ==
names = {'R-L4-SA' 'R-R3-SA'};
plot(time,x(:,2),time,x(:,3));
acc_time datal = x(:,2);
acc_time data2 = x(:,3);
elseif carend type == 0 && testday type ==
names = {'R-L4-SA' '"R-R3-SA'};
plot(time,x(:,2),time,x(:,4));
acc_time datal = x(:,2);
acc_time data2 = x(:,4);
end
title ('ADXL: RMS vs. Time');
xlabel ('Time [sec.]");

ylabel ('"RMS [g]');

set (gca, 'FontSize',20, 'FontName', 'Times', 'FontWeight', 'bold',

sets the axis font
'XMinorTick', 'on', 'YMinorTick', 'on")

set (gcf, 'position', [100 100 1000 7501])

set (findall (gcf, 'Type', 'Text'), 'Fontname', 'Times"', 'Fontsize',22, ...
'FontWeight', 'bold'")

nameindex = 1:2;
legend (names (nameindex)) ;

%% FFT v2 to verify original fft's

dt = 1/SR; % seconds per sample
N = length(acc_time datal); % Number of samples taken
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NFFT = 2”%nextpow2 (N) ;

X = 1/N*fftshift (fft(acc_time datal,NFFT)); % NFFT - point complex dft
X2 = 1/N*fftshift(fft(acc_time data2,NFFT)); % NFFT - point complex dft

X

df = SR/NFFT; % frequency resolution
sampleIndex = -NFFT/2:NFFT/2-1; % ordered index for fft plot

o)

f = samplelIndex*df; % x-axis index converted to ordered frequencies

b=

1 2* (X (numel (X) /2+1:numel (X)));
2 = 2* (X2 (numel (X2) /241 :numel (X2)));
= f(numel (f)/2+1:numel (f));

X
X
f

>

%% Frequency simplify -> Find primary frequencies (0 to 200 Hz)

freq datala = X Al;

freq dataZa = X A2;
fa=1~fA4a;

freq datalb = [0 0];
freq dataz2b = [0 0];
f b= 100];

for i=1:NFFT/2
if £ A(1)<200
freq datalb (numel (f
freq dataZb (numel (£
f b(numel (f b)+1) =
end
end
freq datalb = freq datalb(3:end);
freq data2b = freq datazb(3:end);
fb=1f b(3:numel(f b));

= freq datala(i);
= freq data2a(i);

Hh OO

o o+ +

—_

- —
|

o)

% plot new pairs of frequencies

figure
plot (f _a,abs(freq datala),f a,abs(freq datazZa));
xlabel ('Frequency [Hz.]'");

ylabel ('Magnitude') ;

title(sprintf('%$s %s %s %s

%s',folder name (1:5),track,carend, speed, carload), 'FontSize', 24, 'FontName"',

'Times', 'FontWeight', 'bold');

legend (names (nameindex) ) ;

set (gca, 'FontSize',20, 'FontName', 'Times', 'FontWeight', 'bold"',

sets the axis font
'XMinorTick', 'on', 'YMinorTick"', 'on")

set (gcf, 'position', get(0, 'Screensize'))

set (findall (gcf, 'Type', 'Text'), 'Fontname', 'Times"', 'Fontsize',22, ...
'FontWeight', '"bold")

o°

%% Compare original and trimmed frequency data

figure

subplot(2,1,1)

h = stem(f,2*abs (X)); hold on;
set (h, "Marker', "'none')
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h = stem(f b,abs(freq datalb));
set (h, '"Marker', "none')
title(sprintf ('Frequency spectrum of TTCI test: %s %s
%s.',testday, track, carend, speed, carload))
xlabel ('Frequency [Hz.]'");
ylabel ("Magnitude');
legend (names (nameindex (1)), 'Trimmed') ;
set (gca, 'FontSize',20, 'FontName', 'Times', 'FontWeight', 'bold',
sets the axis font
'XMinorTick', 'on', 'YMinorTick', 'on")
set (gca, 'x1lim', [0 26001]) ;

o
0]
o
0]

set (findall (gcf, 'Type', 'Text"'), 'Fontname', 'Times"', 'Fontsize',22, ...

'FontWeight', 'bold')

subplot (2,1,2)

h = stem(f,2%*abs (X2)); hold on;

set (h, '"Marker', "'none')

h = stem(f b,abs(freq dataZ2b));

set (h, '"Marker', "none')

xlabel ('Frequency [Hz.]'");

ylabel ('Magnitude') ;

legend (names (nameindex (2) ), 'Trimmed') ;

set (gca, 'FontSize',20, 'FontName', 'Times', 'FontWeight', 'bold',

sets the axis font
'XMinorTick', 'on', 'YMinorTick', 'on")

set(gca, 'x1lim', [0 2600]);

set (gcf, 'position', get(0, 'Screensize'));

set (findall (gcf, 'Type', 'Text'), 'Fontname', 'Times"', 'Fontsize',22, ...

'FontWeight', 'bold'")
set (gcf, 'position', get(0, 'Screensize'));
print (folder name, '-dpng','-r0");
subplot(2,1,1); set(gca, 'xlim', [0 2007]);
subplot(2,1,2); set(gca, 'xlim', [0 200]);
print (sprintf ('$s zoom', folder name), '-dpng','-r0');

%% Output data to excel file

folder strings a = {'Day 1 RTT Front 30 Loaded';

'Day 1 RTT Front 50 Loaded';
'Day 1 RTT Front 55 Loaded';
'Day 1 RTT Rear 30 Loaded';
'Day 1 RTT Rear 40 Loaded';
'Day 1 RTT Rear 50 Loaded';
'Day 1 RTT Rear 55 Loaded';
'Day 1 RTT Rear 57 Loaded';
'Day 1 RTT Rear 60 Loaded';
'Day 2 PTT Front 30 Loaded';
'Day 2 PTT Front 40 Loaded';
'Day 2 PTT Front 50 Loaded';
'Day 2 PTT Front 55 Loaded';
'Day 2 PTT Rear 30 Loaded';
'Day 2 PTT Rear 40 Loaded';
'Day 2 PTT Rear 50 Loaded';
'Day 2 PTT Rear 55 Loaded';
'Day 3 PTT Front 30 Unloaded';
'Day 3 _PTT Front 40 Unloaded';
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'Day 3 _PTT Front 50 Unloaded';
'Day 3 _PTT Rear 40 Unloaded';
'Day 3 PTT Rear 50 Unloaded';
'Day 3 RTT Front 40 Unloaded';
'Day 3 _RTT Front 50 Unloaded';
'Day 3 RTT Front 55 Unloaded';
'Day 3 _RTT Front 60 Unloaded';
'Day 3 RTT Front 65 Unloaded';
'Day 3 RTT Rear 30 Unloaded';
'Day 3 RTT Rear 40 Unloaded';
'Day 3 _RTT Rear 50 Unloaded';
'Day 3 _RTT Rear 55 Unloaded';
'Day 3 RTT Rear 60 Unloaded';
'Day 3 RTT Rear 65 Unloaded'};
folder strings = string(folder strings a);

folder tab = 1;
for i = 1:33
if contains(folder strings(i), folder name)~=1
folder tab = folder tab+l;
else
break
end
end

output headerl [folder name;

names (1) ;

names (2) ];
output header2 = [{'Frequency (Hz)','Real', 'Imag', 'Frequency
(Hz) ', 'Real', 'Imag'}1];
output datal = [f b' real(freq datalb)' imag(freqg datalb)' f Db'

real (freq data2b)' imag(freq data2b)'];
output data end = length(f b)+6;

xlswrite ('TTCI Frequency outputs v2.xlsx',output headerl, folder tab, 'Al');
xlswrite ('TTCI Frequency outputs v2.xlsx',names(1l),folder tab, 'A5");

xlswrite ('TTCI Frequency outputs v2.xlsx',names (2),folder tab, 'D5");

xlswrite ('TTCI Frequency outputs v2.xlsx',output header2, folder tab, "A6:F6");
xlswrite ('TTCI Frequency outputs v2.xlsx',output datal,folder tab,sprintf ('A7
:F5.0f"',output data end));

close(3);
close (2);
close(1l);

oe

% MTS Simulation Tests
(1) Read data from Labview
- four voltages from Terfenol D with coils (no load), LabVIEW DAQ

o\°

o\°

% (2) Calibrate to expected power of each
% - With given parameters, expected power
% (3) Read data from MTS
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% - time and force, MTS DAQ
% (4) Figures and Table output

% - Fig: Force profile met expected
% - Fig: Power vs frequency

% - Fig: Load vs Frequency

% - Table: Power vs frequency

% - Table: Load vs Frequency

clear all; close all; clc; format short g; format compact;

%% (1) Read data from Labview

S - four voltages from Terfenol D with coils (no load), LabVIEW DAQ
labview = importdata('test 3.lvm','\t',23); % 23 header lines

time = labview.data(:,1); % s

V_1 = labview.data(:,2); % V
V_2 = labview.data(:,3); % V
V_3 = labview.data(:,4); % V
V_4 = labview.data(:,5); % V

MTS time = time;

MTS force =V 3*-2; % kip

%% (2) Calibrate to expected power of each
given parameters

% calculated expected power

turnsl = 348; number of turns on coil
turns2 = 188; number of turns on coil
turns3 = 335; number of turns on coil

oe

o° oo

oe

turnsd4 = 325; % number of turns on coil
gauss = 1085; % magnet gauss

r coil 1 = 14; % ohm

r coil 2 = 3.39; % ohm

r coil 3 = 14; % ohm

r coil 4 = 14; % ohm

oe

no load was used

assume (gross simplification) max power is v"2/r, where:
assume max power where r load = r coil

assume load, if applied, v _measured would have been halved
therefore, theoretical power would be:

P = [(v_measured/2)”"2]/(r coil) = (1/4)*(v_measured/r coil)

d° 0P o oe

oe

power 1 inst = 1000*(V_1.72)/r coil 1; % mW
power 2 inst = 1000*(V_2.72)/r coil 2; % mW
power 3 inst = 1000*(V_3.72)/r coil 3; % mW
power 4 inst = 1000*(V_4.72)/r coil 4; % mW
b=59305

c=523292

Power 1 avg = mean(power 1 inst(b:c)); % mWw
Power 2 avg = mean(power 2 inst(b:c)); % mWw

o)

% % % Power 3 avg mean (power 3 inst(b:c)); % mW

Power 4 avg = mean(power 4 inst(b:c)); % mw
Overall power = mean([Power 1 avg Power 2 avg Power 4 avg]l); % mW

%% (3) Read data from MTS and LabVIEW

67



o\

- time and force, MTS DAQ
- determine frequencies at each test

o\

$MTS data = importdata('test 1l.dat','\t',5);
$MTS force = MTS data.data(:,1); % 1bf
SMTS time 1 = MTS data.data(:,2); % sec
SMTS time = MTS time 1-MTS time 1(1);

o
)]
()
Q

% MTS frequency separation

$f input =
[0.125;37.375;37.625;46.875;51.375;51.625;55.875;57.125;60.875;61.375;61.625;
61.875;62.125;62.375;66.125;71.125;75.125;75.375;81.375;81.875;87.625;88.125;
93.625;94.125;99.125;101.375;101.625;101.875;103.125;103.375;103.625;103.875;
111.625;111.875;112.125;112.375;112.625;112.875;121.625;127.375;127.625;131.1
25;142.125;196.625];

%n_f = numel (f input)-1;

$start = find(MTS time==24.006830000000036); % start of first test NOT 0.125

%d f = floor(5/(MTS time(2))-1); % number of samples of each frequency

%d f keep = floor(d f*.3); % keep central 1.5 seconds of testing

$f analysis = zeros(d f keep,3,n f);

$for i = 1l:n f

% for j = 1:d £ keep;

% f analysis(j,1,1i) = £ input(i+l);

% f analysis(j,2,1) = MTS time(start+(i-1)*d f+(j-1)+floor(d £*.35));
% f analysis(j,3,1i) = MTS force(start+(i-1)*d f+(j-

1)+floor(d £*.35));

% end

% end

% mts_output = zeros(n f+1,5);

% mts output(l,1) = £ input(l);

% mts output (1,2) = -max(MTS force (floor (start/4):floor (3*start/4))); % load
min

% mts_output(l,3) = -min(MTS force(floor(start/4):floor (3*start/4))); % load
max

% mts output (1,4) = (mts output(l,3)-mts output(l,2))/2; % force amplitude

% mts output (l,5) = mts output(l,3)/344; % percent load of 34,400 1lb

% for i = 1:n f

% mts output (i+1,1) = £ input (i+1);

% mts output (i+1,2) = -max(f analysis(:,3,1)); % load min

% mts output (i+1,3) = -min(f analysis(:,3,1)); % load max

% mts output (i+1,4) = (mts_output(i+1,3)—mts_output(i+1,2))/2; $ force
amplitude

% mts output (i+l,5) = mts output (i+l,3)/344; % percent load of 34,400

% end

o\°

o)

% Labview Frequency separation

o oo

oe

start = find(MTS time==24.006830000000036); % start of first test NOT 0.125

$ d f = floor(5/(MTS_time(2))-1); % number of samples of each frequency
% d f keep = floor(d f*.3); % keep central 1.5 seconds of testing

% f analysis = zeros(d f keep,3,n f);

% for i = 1:n f

% for j = 1:d _f keep;
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o\

f analysis(j,1,1 f input (i+l);
f analysis(j,2,1) = MTS_ time(start+(i-1)*d f+(j-1)+floor(d £*.35));
f analysis(j,3,1 MTS force(start+(i-1)*d f+(j-

o\

o

1)+floor(d £*.35));

% end

% end

% mts output = zeros(n f+1,5);

% mts output(l,1) = £ input(1l);

$ mts output(l,2) = -max(MTS force (floor (start/4):floor (3*start/4))); % load
min

% mts output(l,3) = -min(MTS force (floor (start/4) :floor (3*start/4))); % load
max

% mts output(l,4) = (mts output(l 3) -mts_ output ( )/2; % force amplitude

% mts output(l,5) = mts output ( ) /344; % percent load of 34,400 1b

$ for i = 1:n £

% mts output (i+1,1) = £ input (i+l);

% mts output (i+1,2) = -max(f analysis(:,3,1)); % load min

% mts output (i+1,3) = -min(f analysis(:,3,1)); % load max

% mts output (i+1,4) = (mts output(i+l,3)-mts output(i+l,2))/2; % force
amplitude

% mts output (i+1,5) = mts_output(i+1,3)/344; % percent load of 34,400

% end

o
\¢

% (4) Figures and Table output

Fig 1: Force profile met expected

Fig 2: Force profile, trimmed met expected

Fig 3: Voltage vs frequency

Fig 4: Power vs frequency
5
6

o 0P o o°
| T |

o
|

Fig Load vs Frequency
Fig 6: Test Amp vs Frequency
Table: Power vs frequency
Table: Load vs Frequency
Table: Test Amp vs Frequency

o° e oe
| I |

oe
|

figure (1)

plot (MTS time,MTS force)

xlabel ('Time (s)'); ylabel ('Force (kip)');

set(gca, 'Ylim', [-20 0]);

set (gca, 'fontname', 'times', 'fontweight', 'b', 'fontsize', 20)

o

figure (2)
pre legend = cell(l,n f);
for i = 1:n £
plot (f analysis(:,2,1),f analysis(:,3,1)); hold on;
pre legend{i+l} = sprintf('$3.2f Hz',f input(i+l));
end
pre legend{l} = sprintf('%3.2f Hz',f input(l));
h legend = legend(pre legend(2:end));
xlabel ('Time (s)'); ylabel('Force (lb f)');
set (gca, 'Ylim', [-20000 01]);
set (gca, 'fontname', 'times"', 'fontweight', 'b', 'fontsize', 20)
set (h_legend, 'location', 'eastoutside', 'fontsize',11.5)

d° d° A° 0° o o° d° o° d° o°

o\°

figure (3)
subplot(4,1,1)
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plot (time,V 1)

title('Labview Voltage Output');

legend (sprintf ('Turns = %3.0f, R = %3.2f Ohm',turnsl,r coil 1))
set (gca, 'fontname', "times', 'fontweight', 'b', 'fontsize', 16)
subplot (4,1,2)

plot (time,V_ 2)

legend (sprintf ('Turns = %3.0f, R = %3.2f Ohm',turns2,r coil 2))
set (gca, 'fontname', 'times', 'fontweight', 'b', 'fontsize', 16)
subplot (4,1, 3)

plot (time,V_ 3)

legend (sprintf ('Turns = %3.0f, R = %3.2f Ohm',turns3,r coil 3))
set (gca, 'fontname', 'times', 'fontweight', 'b', 'fontsize',16)
subplot (4,1,4)

plot (time,V 4)

legend (sprintf ('Turns = %3.0f, R = %3.2f Ohm',turns4,r coil 4))
set (gca, 'fontname', 'times', 'fontweight', 'b', 'fontsize',16)

figure (4)

subplot(4,1,1)

plot (time,power 1 inst)

title('Labview Power Output (mW)');

ylabel ('Power (mW)'");

legend (sprintf ('Fixture 1))

set (gca, 'fontname', "times', 'fontweight', 'b', 'fontsize', 16)
subplot(4,1,2)

plot (time,power 2 inst,'c')

ylabel ('Power (mW)'");

legend (sprintf ('Fixture 2'"))

set (gca, 'fontname', '"times', 'fontweight', 'b', 'fontsize', 16)
subplot (4,1, 3)

plot (time,power 4 inst, 'g')

ylabel ('Power (mW)'");

legend (sprintf ('Fixture 3'"))

set (gca, 'fontname', 'times', 'fontweight', 'b', 'fontsize', 16)
subplot (4,1,4)

plot (time,MTS force,'r'")

ylabel ('Force (lb f)');

xlabel ('Time (s)'");

legend (sprintf ('Force (1lb) "))

set(gca, 'fontname', 'times', 'fontweight', 'b', 'fontsize', 16)

o\°

figure (5)

oe

lot (mts_output(:,1),mts output(:,5),'yo', 'MarkerSize', 8, 'MarkerEdgeColor', 'k
, '"MarkerFaceColor','y")

xlabel ('Frequency (\it{f})');ylabel ('Percent load (%)"');

set (gca, 'Ylim', [0 60]);

set (gca, 'fontname', '"times', 'fontweight', 'b', 'fontsize', 20)

o0 o0 d° o° o° =T

o\°

figure (6)

o\°

lot (mts_output(:,1),mts output(:,4),'co', 'MarkerSize', 8, 'MarkerEdgeColor', 'k
, 'MarkerFaceColor','c")
% xlabel ('Frequency (\it{f})'");ylabel ('Force amplitude (1b_£) ')

-0
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o\

set (gca, 'Ylim', [0 100001]);
set (gca, 'fontname', 'times"', 'fontweight', 'b', 'fontsize', 20)

o\

o\

figure (55)
subplot(2,1,1)
plot (MTS time,MTS force)

set(gca, 'Ylim', [-20000 0]);
subplot(2,1,2)

plot (time,power 1 inst); hold on;
plot (time,power 2 inst);
plot (time,power 3 inst)
plot (time,power 4 inst)

o 0P d° oP° oe

o\

’

o

I

o

[

% Comparing many types of frequency/speed types
compare frequencies from database
create figures for visualization

o° oP

o

clear all; close all; clc; format short g; format compact
tic

% pick both
folder tab = 4; % coincide with case picked (1:10) [1,2,3,4,6,
percent used = 4; % 1:5 is [0.25;2;4;10;20];

s [4,3] [6,3]
s [1,2] [3,2]
s [2,1]

o

cases 11-14 updated to include loaded and unloaded conditions together
rerun specifying folder tab 11-14

all percent scenarios

fix excel sheet outputs and loops first

o o

oe

%% Prep Access data in Excel tabs

folder strings a = {'Day 1 RTT Front 30 Loaded';
'Day 1 RTT Front 50 Loaded';
'Day 1 RTT Front 55 Loaded';
'Day 1 RTT Rear 30 Loaded';
'Day 1 RTT Rear 40 Loaded';
'Day 1 RTT Rear 50 Loaded';
'Day 1 RTT Rear 55 Loaded';
'Day 1 RTT Rear 57 Loaded';
'Day 1 RTT Rear 60 Loaded';
'Day 2 PTT Front 30 Loaded';
'Day 2 PTT Front 40 Loaded';
'Day 2 PTT Front 50 Loaded';
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'Day 2 PTT Front 55 Loaded';

'Day 2 PTT Rear 30 Loaded';

'Day 2 PTT Rear 40 Loaded';

'Day 2 PTT Rear 50 Loaded';

'Day 2 PTT Rear 55 Loaded';

'Day 3 _PTT Front 30 Unloaded';
'Day 3 _PTT Front 40 Unloaded';
'Day 3 PTT Front 50 Unloaded';
'Day 3 PTT Rear 40 Unloaded’;
'Day 3 _PTT Rear 50 Unloaded';
'Day 3 RTT Front 40 Unloaded';
'Day 3 RTT Front 50 Unloaded';
'Day 3 RTT Front 55 Unloaded';
'Day 3 RTT Front 60 Unloaded';
'Day 3 _RTT Front 65 Unloaded';
'Day 3 _RTT Rear 30 Unloaded';
'Day 3 RTT Rear 40 Unloaded';
'Day 3 RTT Rear 50 Unloaded';
'Day 3 RTT Rear 55 Unloaded';
'Day 3 RTT Rear 60 Unloaded';
'Day 3 _RTT Rear 65 Unloaded'};

cases = cell(14,1);
cases{1l} 'Front 30 Loaded';
cases{2} = 'Front 40 Loaded';

cases{3} = 'Front 50 Loaded';
cases{4} = 'Front 55 Loaded';
cases{5} = '"Front 30 Unloaded';

cases{6} = 'Front 40 Unloaded';

cases{7} = 'Front 50 Unloaded';
cases{8} = 'Front 55 Unloaded';
cases{9} = 'Front 60 Unloaded';
cases{10} = 'Front 65 Unloaded';

'Front 30'; $'Front 30 Loaded';
'Front 40'; %'Front 40 Loaded';

cases{1l1l}
cases{12}

cases{13} = 'Front 50'; %'Front 50 Loaded';
cases{1l4} = 'Front 55'; %'Front 55 Loaded';
percent used tabs = ['A:D';'E:H';'T:L';'M:P';'0Q:T"];
case picked = cases{folder tab};
check b = regexp(case picked, " ");
percent output tab = ['B','C','D','E',"F'];
percents = [0.25;2;4;10;20];

percentage = percents (percent used);

speed used = case picked(check b(l)+l:check b(1l)+2);

speed used str2double (speed used) ;

%loading condition = case picked(check b(2)+l:end);

data percent = sprintf('S$s',percent used tabs(percent used, :));
folder strings = folder strings a;

folder namea = char (folder strings);

for i = 1:33

[name r,name c] = find(folder namea(i,1:27)=='_"'); folder namea (i,name c)
folder name(i,1:27) = folder namea(i,1:27);

end

access _tabs = ones(33,1);
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percent used tabs = ['A:D';'E:H';'T:L';'M:P';'0Q:T"];

folder strings name = cell(33,1);
for i = 1:33

folder strings name{i} = folder name (i, :);
end

%% Prep Binning to find frequencies used

d Hz = 0.25; % Hz - derived from error in speed measurement: 0.006424
simple 0.25
remainder = rem(200,d Hz);
n bins = floor(200/d Hz)+1;
edges_in = linspace (-remainder/2,200+remainder/2,n bins);
%f bins = zeros(size(fft binsl));
for 1 = 1:800
f bins (i) = mean(edges _in(i:i+1));
end

%% Prep to find appropriate analysis groups and pair together.
check a = regexp(folder strings a, ' ');

for 1 = 1:33
check(i,1:4) = check af{i};
end

testday = cell(33,1);
track = cell(33,1);

carend = cell(33,1);
speed a = cell(33,1);
carload = cell(33,1);

for i = 1:33
folder strings b = folder strings a{i};
testday{i} = folder strings b(l:check(i,1)-1);
track{i} = folder strings b(check(i,1)+1l:check(i,2)-1);

carend{i} = folder strings b (check(i,2)+1l:check(i,3)-1);
speed a{i} = folder strings b (check(i,3)+1l:check(i,4)-1);
carload{i} = folder strings b(check(i,4)+1l:end);

end
%% Folder details
for i = 1:33

switch track{i}
case 'PTT'
track type(i,1l) = 1;
case 'RTT'
track _type(i, 1)

I
o
~

end
switch testday{i}
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case 'Day 1'
testday type(i, 1) =
case {'Day 2','Day 3'}

testday type(i, 1) =

1;

0;
end
switch carend{i}
case 'Front'
carend type(i,1l) =
'Rear’
carend type (i, 1)

case

end
switch carload{i}
case 'Unloaded'
carload type (i, 1)
'Loaded’
carload type(i,1)

I
=
~

case

Il
o
~

end
if carload type(i,1) == 1
load(i,1) = 17;
else
load (i, 1)
end
speed (i, 1)

= 100;

= str2double (speed a{i,1});

end
switch loading condition
case 'Unloaded'
loading type (1)
'Loaded’
loading type(l) =

o od° oe

Il
—
~

oe

case

o

o\°

end
oo
[Slye)

Read in all data

datal(:,1:4,1) =

xlsread ('TTCI Frequency outputs v4 simple.

datal(:,1:4,2) =

xlsread ('TTCI Frequency outputs v4 simple.

percent used = [0.25;2;4;10;20];
datal(:,1:4,3) =

xlsread ('TTCI Frequency outputs v4 simple.
["A:D';'"E:H';'"I:L"; "M:

percent used tabs =
datal(:,1:4,4) =

xlsread('TTCI_Frequency outputs v4 simple.

datal(:,1:4,5) =

xlsread ('TTCI Frequency outputs v4 simple.

datal(:,1:4,6) =

xlsread ('TTCI Frequency outputs v4 simple.

datal(:,1:4,7) =

xlsread('TTCI Frequency outputs v4 simple.

datal(:,1:4,8) =

xlsread ('TTCI Frequency outputs v4 simple.

datal(:,1:4,9) =

xlsread('TTCI Frequency outputs v4 simple.

datal(:,1:4,10) =

xlsread ('TTCI Frequency outputs v4 simple.
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xlsx',1,data percent);
xlsx',2,data percent); %
xlsx',3,data percent); %
P';'Q:T"];

xlsx',4,data percent);
xlsx',5,data percent);
xlsx',6,data_percent);
xlsx',7,data percent);
xlsx',8,data _percent);
xlsx',9,data percent);

xlsx',10,data percent);



datal(:,1:4,11)
xlsread('TTCI Frequency outputs v4 simple.
datal(:,1:4,12)
xlsread('TTCI Frequency outputs v4 simple.
datal(:,1:4,13)
xlsread('TTCI_Frequency outputs v4 simple.
datal(:,1:4,14)
xlsread('TTCI Frequency outputs v4 simple.
datal(:,1:4,15)
xlsread('TTCI_Frequency outputs v4 simple.
datal(:,1:4,106)
xlsread('TTCI_Frequency outputs v4 simple.
datal(:,1:4,17)
xlsread('TTCI Frequency outputs v4 simple.
datal(:,1:4,18)
xlsread('TTCI_Frequency outputs v4 simple.
datal(:,1:4,19)
xlsread ('TTCI Frequency outputs v4 simple.
datal(:,1:4,20)
xlsread('TTCI Frequency outputs v4 simple.
datal(:,1:4,21)
xlsread('TTCI Frequency outputs v4 simple.
datal(:,1:4,22)
xlsread ('TTCI Frequency outputs v4 simple.
datal(:,1:4,23)
xlsread('TTCI Frequency outputs v4 simple.
datal(:,1:4,24)
xlsread ('TTCI Frequency outputs v4 simple.
datal(:,1:4,25)
xlsread('TTCI Frequency outputs v4 simple.
datal(:,1:4,26)
xlsread('TTCI_Frequency outputs v4 simple.
datal(:,1:4,27)
xlsread ('TTCI Frequency outputs v4 simple.
datal(:,1:4,28)
xlsread('TTCI_Frequency outputs v4 simple.
datal(:,1:4,29)
xlsread ('TTCI Frequency outputs v4 simple.
datal(:,1:4,30)
xlsread('TTCI_Frequency outputs v4 simple.
datal(:,1:4,31)
xlsread('TTCI_Frequency outputs v4 simple.
datal(:,1:4,32)
xlsread ('TTCI Frequency outputs v4 simple.
datal(:,1:4,33)
xlsread('TTCI Frequency outputs v4 simple.

%% Test plot all overlapped Data

figure (1)

hold on;

for 1 1:33
plot(datal(:,1,1i),datal(:,2,1),"
plot(datal(:,3,1),datal(:,4,1),"
Pre legend{2*i-1}
Pre legend{2*i}

A\l

. 4
A\l

. 4

sprintf ('Bearing 1
sprintf ('Bearing 2 -
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xlsx',11,data percent);
xlsx',12,data percent);
xlsx',13,data percent);
xlsx',14,data percent);
xlsx',15,data percent);
xlsx',16,data percent);
xlsx',17,data percent);
xlsx',18,data percent);
xlsx',19,data percent);
xlsx',20,data percent);
xlsx',21,data percent);
xlsx',22,data percent);
xlsx',23,data _percent);
xlsx',24,data percent);
xlsx',25,data _percent);
xlsx',26,data percent);
xlsx',27,data percent);
xlsx',28,data percent);
xlsx',29,data percent);
xlsx',30,data percent);
xlsx',31,data percent);
xlsx',32,data percent);

xlsx',33,data percent);

'MarkerSize',12)
'MarkerSize',12)
%s',folder strings name{i});
s',folder strings name{i});

o
°



end

xlabel ('Frequency, \it{f}'); ylabel ('Magnitude, \it{[X|}");
title(sprintf ('A11l TTCI tests, top %0.2f%% of each signal',percentage)); %
fix percents

set (gca, 'FontName', 'Times"', 'FontSize',20, 'FontWeight', 'b');

set(gca, 'X1lim', [0 200]);

h legend = legend(Pre legend);

set (h_legend, 'FontSize', 7.5, 'FontWeight', 'b', 'location', 'eastoutside');
set (gcf, 'position', [0 0 1800 900])

Sprint ('-f1', 'simple 20\simple 20','-dpng'); % fix percents
$savefig('simple 20\simple 20.fig'); % fix percents

%% Setup Data to plot as a grid chart

o)

% scatter plot

size 1 = size(datal);

size 2 = size 1; size 2(3) = 2*size 2(3);
data2 = zeros(size 2);

figure (3)
hold on;

for 1 = 1:33

data2(:,1,1i) = datal(:,1,1);
data2(:,3,1i) = datal(:,3,1);
data2(:,2,1) = 67-(2*1i-1);
data2(:,4,1i) = 67-(2*1);

scatter (data2(:,1,1),data2(:,2,1));

scatter (data2(:,3,1),data2(:,4,1));
end
xlabel ('Frequency, \it{f}'"); ylabel ('Magnitude, \it{[X|}");
title(sprintf ('All TTCI tests, top %0.2f%% of each signal',percentage)); %
fix percents
set (gca, 'FontName', 'Times', 'FontSize',20, 'FontWeight', 'b');
set(gca, 'X1lim', [0 200]);
h legend = legend(Pre legend);
set (h_legend, 'FontSize', 7.5, 'FontWeight', 'b', 'location', 'eastoutside');
set (gcf, 'position', [0 O 1800 900])

%% Select Data scenario to be analyzed

figure (4)

hold on;

j = 0;

total f count = zeros(size(f bins));

m = 0;

% change condition name and three conditions in 'if statement'

for i = 1:33

if carend type(i)==1 && speed(i)==speed used %&&

carload type (i)==loading type
% 1 = front && 30, 40, 50, 55, 57, 60, 65 && 0 = loaded
scatter(data2(:,1,1i),data2(:,2,1))
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scatter (data2(:,3,1),data2(:,4,1))

Jj =3+

m = m+2; %

Pre legend front{2*j-1} = sprintf('Bearing 1 -
%s',folder strings name{i});

Pre legend front{2*j} = sprintf('Bearing 2 -
$s',folder strings name{i});

for k = l:size 1(1)
f spacel = find(f bins==data2(k,1,1));
f space2 = find(f bins==data2(k,3,1));
total f count (f spacel) = total f count(f spacel)+l;
total f count (f space2) = total f count(f space2)+1;

end

end
end

xlabel ('Frequency, \it{f}'"); ylabel ('Magnitude, \it{|[X|}");
title(sprintf('%s, top %0.2f%% of each signal',case picked,percentage));
fix percents

set (gca, 'FontName', 'Times', 'FontSize',20, 'FontWeight', 'b");

set (gca, 'X1im', [0 2001);

h legend = legend(Pre legend front);

set (h_legend, 'FontSize', 7.5, 'FontWeight', 'b', 'location', 'eastoutside');
set (gcf, 'position', [0 O 1800 900])

h4 = gca;

total f count = total f count/m;

figure (5)

hold on;

bar (f bins, total f count)

xlabel ('Frequency, \it{f}'"'); ylabel ('Percent Representative (%)"');

title(sprintf('%s',case picked));

set (gca, 'FontName', 'Times', 'FontSize',20, 'FontWeight', 'b');
set(gca, 'Xlim', [0 200]);

set (gcf, 'position', [0 0 1800 900])

presentl00 = find(total f count==1);
present 100 = f bins(presentl00);

f6 = figure(6);

copyobj (h4, £6) ;

hold on;

hl = bar(present 100, 66*ones (size (present 100)));
uistack (hl, "bottom")

%% Output Data to excel

output headerl = cell(1l,1);

output headerl{l} = case picked(:)"';
output header2 = cell(1,5);

output header3 = {'PercentUsed';'f'};
output header2{1l} = percents(l);
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output header2{2} percents (2)

output header2{3} = percents(3);
(4);
(5)

output header2{4} = percents
output header2{5}

percents

output datal = present 100';
output end = numel (present 100)+4;
percent output = percent output tab (percent used);

$xlswrite ('TTCI Frequency outputs v5 simple.xlsx',output headerl, folder tab,'
Al');

$xlswrite ('TTCI_ Frequency outputs v5 simple.xlsx',output header2, folder tab,'
B4:F4"'");

$xlswrite ('TTCI Frequency outputs v5 simple.xlsx',output header3, folder tab,'
A4:A5");

$xlswrite ('TTCI_Frequency outputs v5 simple.xlsx',output datal, folder tab, spr
intf('%s5:%s%.0f',percent output,percent output,output end)):;

$% if Data 1 fails, document and then run with next most.

)

next highest = 0.5; % fill out next highest value if 100% not available
present75 = find(total f count>=next highest);

present 75 = f bins(present75);

output data2 = present 75';

output end = numel (present 75)+4;

percent output = percent output tab (percent used);

$xlswrite ('TTCI_Frequency outputs v5 simple.xlsx',next highest, folder tab, spr
intf ('%$s3',percent output));

$xlswrite ('TTCI Frequency outputs v5 simple.xlsx',output dataZ2, folder tab, spr
intf('%s5:%s%.0f',percent output,percent output,output end)):;
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Fujifilm Supporting Documentation

FUJ ‘FI I.M PRESCALE instruction sheet

FUJI PRESCALE PRESSURE MEASURING FILM
MS - Medium Pressure Range (mono sheet type)

Type of Prescale Film available ranges

Fuji Film ufiicture up © e Prossrn raegel MPy, Product
ry‘;'fs of Prescole Filas, s e . 1e G o2 _oms e pr w0 ol e
W cover a very wide range of ?mm&ummxlm 0%
prsins (fve s ar s two | i S o Pogu et
sheet type xooW. three ranges are | Low m.,.u,mm ;lguz
Modium Prossum TOx12
sn::fm,bmtypznis). - S| 210%12
Left ade shown a list of exsting | High Pressure (HS) 270%12
ranges with relsted film sizes. Super High Presssure (HMS) | 210%w2

Structure of Prescale film - how it works (Prescale MS is a mono sheet type)
As explained, and dep g from its ing range, Prescale Film 1s available by

l\\opossxblefonnms axhsedonmosbaeb(A+CLandanuherasanmoslm W e

Two sheess film - MqunAﬁh(nﬁkdaPﬂM)whdas
coated with a micro encay al, and a C film (made of a i — ]__m«—
PETbaeLuhdnsumdmmaookuqugmmLWhmmmam

films should be placed with the coated (rough and opaque) surfaces facing each other.

Mono sheet film - A fisst colour foeming layer is coated on polyester film base. A | o P00
further micro encap colour forming material is layered on the top of film. Wm:
How it works - Wba\pmssmexswpha!onlhzﬂm.m:mx:pmlzsmbmkm

with distribution and "density” of magenta colour dey g by true p 1on and itnde. When mi psules are broken, ther
mwmlurelamlmdnrmuﬂhducolom‘ '.‘ 1al and this p wullmuemgemacdmwﬁxmng. Through PSC
technology (Pamdc&.e(‘aurol). mnmpsuhsamdﬂ:gmd to react to various d grees of p el g their colour forming material

at a density that correspond 1o specific levels of ap

Properties of Prescale Film

- typical accuracy: £10% or less (; d with densi @ 23°C / 73.4 °F, 65% RH)
- recommended temperature range: from 20°C up to 35 °C (from 68°F up to 95°F)

- recommended humsdity range: from 35% RH up 1o 80% RH

Method of use of Prescale Film (mono sheet type shown by side picture)

Cut Prescale Film into required shape and size.

Coated (rough and opaque) side of film shall be kepl saved from water or oil. : y

Where y. use the additional PET p sheet lied. 1o protect e

the coated (rough and opague) side of film. lmalshaped Prescale Film into b
L

mwbemea:muhndﬂu\apply,_ or force ph
E d film and ob distribution and atudy

F F =

Typical conditions for applying under measurement pressure to Prescale Film

Bynnanofh-ma!ef‘llmboth ded and y and analysis of pr ph are possiblk

Extended (conti - With ded ethod, spplied p s i d gradually up 1o the given level, and it
wﬂlbemmlcmlm‘sl)alﬂule\dlnudalog«lhcbmam!amnlemum(ardvﬂmnus ible and appli ble), preferably
thmwmﬂywmuhM\mbya’mmummﬂnﬂnxubemnedndzhlymlndﬁroﬂm’mm

M, "y pr ts - 1 v Prescale Film could be also used for impact p with apyp ion Lime
d ding from application itself. When possible (and where applicable) preferably p should be applied gradually up to its high

mgmmdeb)a.‘;smulsumebays amlnslnuldbemmmm«!mtbehxgha(lewlﬁxmhasm

Determining the pressure level and distribution over a mono sheet type film

As explained, with pressure applied, Prescale Film um into a several Jevel of magenta colour (red), whese intensity (density), is directly proporticesal
0 the amount of pressure being applied. Where high peessure was applied. dark msgenta will be shown Conversely where kow pressure was applied,
a light magenta colowr will be on the film areas. The correct interpretation of describad results will be performed by theee basic steps:

Step 1 - Compare exposed Prescale ﬁhnmmgemsnupklablzshownmduhd&s»dcofprmdﬂasmEachmagmlamnple

correspond to a specific density figure so take a note of it: if exposed film colour is b polate it. To read place the impressed
ﬁlmo\ufewshmsofwhnepupaonbeIhmdobﬂntdnﬁlmﬁm&epﬂmhbmmk(lhemﬁhmkw) in a well lit area.

Step 2 - With reference 10 followings temperature and humidity ller chart, & ine the ambient condition of your experience and try to
recognize the type of area (A, B, etc.) that better match your true experi dits be as possible since for each working ares a

specific density curve (A, B, etc.) will be related on next step.
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Step 3 - by type of performed pressure exposition (Extended or Momentary), and usmg the proper curve recognized as the closest to experiment
ambient condition (see step 2), it should be possible to locate point P ng to where ded density & the curve previously
determined. From this point of intersection and following the line down to X s where is possible to obtain the actual pressure value n MPa.

Graph of temperature and humidity (*} Magenta's samples table
*
£ "
§w (2]
w0 ]
15 13 114 0.8 07 05 0.1
8 D Even if Prescaie can offer a “isual® direct imaging of pi distrbution and belter
i results are achievable by mean of shown charts and 's colour lable. hd‘msnp!he
5_—!} proper curve (%), check for ambs and humidil wﬂm-ﬂnﬂnmm”ts
the dosast %o your eaperiment (see side chart). Fam&lhmnw«sz‘)'c:ﬁ
TEMPERATURG {*C) the humidity facior is 60% RH, acquire the pressure using the A curve in standard charts.
MS (10+50 MPa) Extended pressure chart MS (10+50 MPa) - Momentary pressure chart

%

« 0
PRESSURE WPl

As the pressure ranges indicated by the broken knes in the above graphs may exceed the permissitie evror range, they should be used for referance anly.

Precautions on use and storage

A film (cn two sheets film format) react with lugh sensitivity even 1o mmute pressure. Do not hold tight or rub it before use. Wipe the surfaces 1o be measured
before use. Water, o or dust, if present on coated surfaces of films, wall hander peoper colour development. Avoid frction between A and C films. The films
should be bound together at the edge before to start the test (if sheanng foroe 1s expected) and not shified later. Use Prescale Film o temperatures withm 20 °C
to0 35 °C (68 +95 °F), and an humsdity range of 35% RH up to 80 RH. Measurements performed outsade this region could be not accurate. Prescale Film is not
reusable. It should be also utilzzed withmn the given shelf life. Bepnmdmiymﬁdmhdhngmglcﬁmhumdemlmn(nG}aanlfw
developang and could casaly develop ca their own. Avd film exp light or n ) close to fire or excessive heatmg, Dunng storage avod film
contact with carben paper, Dizo copying paper, snlqu.wc,dudm&amh\wﬂm:auﬂmvemnbbawu&mcm&mmmby
marking pens.  Unused films should be placed m the onginal polycthylene bags and stored m the onginal bax. Keep used C film in a paper bag.  Afler
development, aved staring of the mpressed C film (or the mono sheet type film) with the colour developer matenal sades makang contact with each other.

Piease be avare that Fuy Prescale fim could be also "measured” by more capeble and repeatable
means lke colour densifometers and spectfic software facities basad on @ calbrated A4 format
scanner (quantiative pressure vaes)  Please confact aur sales department for any futher datay.
Spare can also offer you several further tools and Please submet us
mu-wnmnmmmwmmwmm
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Pressure film — Region of interest — interlock pressure — magenta value 0.7889

= 32 MPa = 4641 psi (Fujifilm brochure table)

& Figure 1
Ele 6t Yew fuet Jook Desktop Window Help

DCdd2 (kR U9LL- Q0B uD

Pressure film — region of interest — total pressure for 120% load — magenta value 0.6180

= 26.25 MPa = 3807.24 psi (Fujifilm brochure table)

82



4 Figue 1
Fle £6¢ Vew [set Jook Deskop Window Hep

DOdS | kX0 L-(G|0B =

Interlock 2 pressure — 0.4837 magenta = 21.75 MPa = 3154 psi
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4| Figure 1 = [m]
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Additional calculations:

Image 2, total pressure at 120% load (41.28 kips) for area 18.37 in? is expected to be 2.247 ksi,
but is measured as 3.807 ksi. This is due to pressure capsules bursting at maximum loading,

equivalent to load plus dynamic variance maximum. In this case, 2.247 ksi (load) plus 1.560 ksi

(dynamic) caused 3.807 ksi total max pressure measurement.

Relatively, the dynamic constituent of the maximum pressure is 69 percent of the applied load

(1.560 ksi /2.247 ksi).

Additionally, load accounts for 59% of the pressure (2.247 ksi/3.807 ksi) and the dynamic
portion accounts for 41% (1.560 ksi/3.807 ksi).
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The interlock sees 206% of the pressure that would be seen if the load were distributed evenly
(4.641 Ksi/2.247 ksi).

If the area of the Terfenol-D piece is known and applied into the interlocks, it can be expected to
see

[(% load/area)*(206%)*(59%)] steady load + [(% load/area)*(206%)*(41%)] dynamic loading
conditions.

For a fully-loaded vehicle, and a Terfenol-D rod with a radius of 0.26 inch, it can be expected to
see roughly 483 Ib load with 336 Ib peak dynamic amplitude.

[(344001b/18.37in)*2.06*.59*(pi*0.26"2) = 483 Ib
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Finite Element Analysis
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Analysis Parameters - MES with Monlinear Material Models 7 X

Start time =0s | R From Model
Total time =13
Tatal number of steps = 20 | Reset From Default

Step input | Mumber of time steps W |

Duration (=) | Mumber of time steps |Tﬂta| time () |Tota| steps | Insert Row
| > l1 E T
Delete Row

Apply Cancel | | Help Advanced
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Element Material Selection

| Create Mew Library... ¥ Add Existing Library...

Select Library
|A.L.rtodesk Simulation Material Library w |

B.Mtodesk Simulation Material Library

----- [Customer Defined]

£ Aluminum

Eﬁ Brass

[+-{5) Concrete

+-5) Glass

=T Iren
----- ASTM 857 Grade 1(125-80-10), Austempere
----- Allegheny Ludlum Altempr A286 Iron-Base Su
""" Iron, Ductile 60-41-1853
----- Iron, Fe
----- Iron, Gray Cast ASTM A-48 Grade 20
----- Iron, Gray Cast ASTM A-48 Grade 25
----- Iron, Gray Cast ASTM A-48 Grade 30
----- Iron, Gray Cast ASTM A-48 Grade 35
----- Iron, Gray Cast ASTM A-48 Grade 40
----- Iron, Gray Cast ASTM A-48 Grade 50
----- Iron, Gray Cast ASTM A-48 Grade &0
1.7 Nickel
-1 Plastic
105 Other
H-107) Steel
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E Current Material Information
Analysiz Type:
BElement Type:
Material Model:
Material Specified:
Material Source:
E Material Identification
In Library File:
Date Last Updated:
Units System:

Material Description:

Source:

Select Material

B Material Properties
Damping (s)
Mass density fkg/m3)
Modulus of Hasticity (N/m3
Poisson’s Ratio

MES with Monlinear Material Models
Brick / Tetrahedral

Standard

[Customer Defined]

Mot Applicable

C:\Program FileshAutodesk \Simulation 20017m...
12-JUL-2012 16:40:25

English {in)

Ductile Iron 60-40-18

"Materials Selector |ssue”, Machine Design, December 12,
1995

Iron, Ductile 60-41-18

0
7106.78529436429
158579417733.585
0.275

Reset From Model

Terfenol-D defined property
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Element Material Specification - Isotropic Brick/Tetrahedral

Material: [Customer Defined]

Mass density |U.DU925 | kgsm?

Madulus of Elasticity |311e9 | N/m?

Poisson's Ratio |ﬂﬂ |

Damping |ﬂ | g

Previous Apphy |

Reset From Default |

Autodesk Simulstion Mechanical (Time-limited) 2017 _(FEA Editor - [gap9 femi]

i

3 dger Pats 7 Lines

! i Polyline % 4 i 54
), Circle 4 Construction Objects. Vertices. (@) More Neighbors
Rectangie Bl v tives parte B ot g Vot ® i Fres
g +5 Reset To Point (R edges @y Construction Objects ~ i Al Neighbors. ¥

Shape. Select + Relsted Expand ~ Filters

ax

o FEAEditor | eesn [ITRERORI
= [ 1 < Design Scenario 1 >
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S, Genersl Contact Settings A
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Autodesk Simulation Mechanical (Time-limited) 2017 [FEA Editor - [gap09 fem]]
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[Z] Element Type < Shell >
[] Blement Definon
[E] Material < Iron, Ductite 60-41-18 >
8 [y CAD Mesh Options.
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[Z] Element Type < Brick »
Element Definton
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[By CAD Mesh Options
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Power/Frequency Tables

Test Series 1

Test Series 2

Test Series 3

Stag Cycle  Power | Stag f Cycle  Power | Stag f Cycle  Power
e f (Hz) 3 (mWw) e (Hz) s (mWw) e (Hz) S (mw)

0.00075 0.00033 0.00040

0 0.13 3 2 0 1.75 10 9 0 0.66 4 7

0.07241 0.00055 0.00040

1 3738 187 2 1 209 10 9 1 075 4 4

0.06699 0.00086 0.00043

2 37.63 188 9 2 244 10 1 2 0.85 5 3

0.04697 0.00095 0.00042

3 46.88 234 8 3 279 10 8 3 094 5 9

0.03833 0.00110 0.00044

4 5138 256 2 4 314 15 4 4 1.03 6 7

0.03881 0.00121 0.00045

5 51.63 258 2 5 3.49 15 4 5 1.13 6 1

0.03824 0.00134 0.00046

6 55.88 279 0 6 3.72 15 7 6 1.22 7 2

0.03701 0.00155 0.00046

7 57.13 285 1 7 3.83 15 9 7 1.32 7 6

0.03060 0.00171 0.00055

8 60.88 304 1 8 3.9 15 3 8 1.50 8 6

0.02994 0.00174 0.00068

9 61.38 306 6 9 4.8 20 2 9 1.69 9 3

0.02962 0.00191 0.00079

10 61.63 308 6 10 4.53 20 9 10 1.88 10 9

0.02935 0.00216 0.00091

11 61.88 309 3 11 461 20 6 11 2.07 11 6

0.02906 0.00232 0.00099

12 62.13 310 9 12 4.67 20 8 12 2.26 12 2

0.02887 0.00246 0.00105

13  62.38 311 0 13 4.88 20 1 13 2.44 13 7

0.02514 0.00262 0.00353

14 66.13 330 6 14 5.23 25 9 14 5.45 28 1

0.04054 0.00300 0.00454

15 71.13 355 0 15 5.45 25 0 15 6.22 32 2

0.05761 0.00342 0.00556

16 75.13 375 9 16 5.58 25 6 16 7.00 35 4

0.06312 0.00363 0.00685

17 75.38 376 1 17 5.97 25 4 17 7.78 39 8

0.07565 0.00393 0.00850

18 81.38 406 2 18 6.22 30 2 18 8.56 43 5

0.07353 0.00446 0.00985

19 81.88 409 1 19 7.00 35 2 19 9.34 47 4

0.05858 0.00509 10.1 0.01181

20 87.63 438 9 20 7.78 35 0 20 2 51 6
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