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ABSTRACT

Blackwell, Dylan. M., Multivariate Calibration of a Load Sensor for Static and Dynamic Freight

Railcar Applications. Master of Science Engineering (MSE), December, 2016, 180 pp., 9 tables,

87 figures, 42 references.

Approximately 40% of intercity freight transportation occurs by rail, making it the most
widely used method of transporting large commodities. Currently, the load of freight railcars is
measured by weighbridges or retrofitted tracks at isolated locations. This paper provides proof of
concept verification for an onboard railcar load sensor and presents analysis on the accuracy of
the proposed correlations: one second-order model, one third order model, and one multivariate
model that incorporates the bearing operating temperature as read by the onboard sensor. The
proposed load sensor can be readily implemented in freight railcars with minimal adjustments to
the current bearing adapter assembly. The incorporation of the temperature sensors to the
proposed onboard load sensing system provides added condition monitoring capability, and
allows for a much improved load measurement with an accuracy of within 2% of the actual

value.
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CHAPTER I

INTRODUCTION AND BACKGROUND

When observing the modern age, it may come as a surprise that rail remains the prominent
means of intercity freight transportation. An estimated 40% of freight travels by rail, leading the
second most utilized transportation method, via truck, by 10.9%. It is described as being
arguably “the safest, most efficient, and cost effective” method in the world by the Federal
Railroad Administration [1]. Yet despite its advantage in efficiency, limitations arise from the
fact that all systems of the train must work in unison to ensure the safety of the cargo as well as
pedestrians. These limitations can end up being the cause of massive, costly derailments.
Consequently, oversight is required by most rail corporations to prevent catastrophes, such as
that which occurred in West Virginia in 2015, where 26 tanker cars derailed and threatened the

water supply of the nearby population [2]

Wheel misalignment, the foremost factor of derailments, can be caused by: excessive
speeding on curves, track defects, and railcar suspension failures, involving events such as
hunting or the overheating of defective bearings [3]. The majority of railroad research and
development is focused on preventative measures targeting the dynamic and static health of each
component that lies within the railcar suspension system. One of the most examined components,
the double-tapered roller bearing, seen in Figure 1, is used as a railroad standard due to its ability

to handle both axial and radial loads [4]. Currently, there are non-contact devices and techniques



employed in the field that aim to monitor the health of bearings, but studies have found these to

be somewhat ineffective in identifying the onset of bearing failure [4].

SEAL
WEAR RING

CAP AXLE SEALWEAR CONE CONE SEAL BACKING
SCREW END CAP RING SPACER RING

Figure 1. Components of a Double-Tapered Roller Bearing [6]

The Railroad Research Group (RRG) at the University of Texas Rio Grande Valley
(UTRGYV), previously the University of Texas-Pan American, has made incredible strides in the
research and development of innovative railroad bearing condition monitoring technologies and
techniques. From its inception, the research conducted by the UTRGV Railroad Research Group
has provided pivotal product development and testing, and has further resulted in numerous
publications that have influenced the Association of American Railroads (AAR) regulations
concerning the guidelines for bearing removal and refurbishing. This program is progressing
towards continuous onboard health monitoring systems aimed at categorizing suspension train
defects through the assessment of bearing conditions and would be achieved by the development
of a wireless sensor unit that will communicate with a centrally-mounted logic circuit board that
would be able to analyze the acquired data and diagnose the condition of the bearings that are

outfitted with a wireless sensor unit.




The three essential parameters required for a complete bearing health assessment are:
temperature, vibration, and load. The UTRGV RRG has dedicated years to the research and
testing of a complete bearing health monitoring system known as the Smart Adapter®. The work
presented in this thesis focuses on the design and implementation of a load sensor insert
embedded in a Smart Adapter® that incorporates raceway temperature data collected by two
analog voltage temperature sensors into a multivariate regression calibration to accurately
measure and monitor the load applied to the bearing. It will incorporate two of the three
assessment measures, therefore, providing for a reliable, onboard freight car load monitoring
system that can be readily implemented and calibrated with minor modifications to the present

bearing adapter assembly.

1.1 A Brief History of the Railroad Industry

From its inception in the 1830s, with Peter Cooper’s steam powered locomotive, to the
introduction of the extreme regulations of the 1930s, the railroad industry prospered. In the year
1850, there was slightly over 9,000 miles of railroad in operation. This number has increased to
the 138,623 miles that are currently found across the United States [7], as can be seen in Figure
2. Not only does this system transport more cargo than any other freight transportation in the
world, but it additionally provides 221,000 jobs across the United States and provides indirect
benefits such as the reduction of both greenhouse gas production and highway congestion and

accident fatalities [8].

The railroad industry hit an all-time low and was on the verge of collapse just prior to the
1980s.The majority of rail companies were bankrupt and the return of investment was extremely
low, approximately 2%. Over 20% of rail mileage was owned by penniless companies, which

resulted in the degradation of safety and maintenance standards [9]. The latter resulted in nearly



47,000 miles of rail line reduced to strictly low speed operations. The aforementioned was
attributable to the strict federal regulations that were imposed beginning in the 1930s, which
included making all business deals public knowledge and barring the industry from determining

its own shipping rates.

Figure 2. Modern United States Railroad System [10]

The Staggers Rail Act of 1980 followed the Railroad Revitalization and Regulatory Reform
Act of 1976 which initiated the deregulation of the railroad industry. The latter was put in place
to re-energize the slumping industry by introducing new regulations that would expand its
opportunities. The Staggers Rail Act allowed the industry to dictate which routes to operate, rates
to charge, and services to offer. This act ushered in a period of resurgence for the rail industry;

rates decreased and freight volume rose, leading to the modern rail industry seen today [11].



Although the Staggers Rail Act of 1980 gave significant control back to the industry,
Congress still retained the authority to protect shippers from unreasonable pricing and ensure
that the industry acted with integrity. Following the implementation of the act, the railroad
industry invested approximately $500 billion to establish a more secure and practical network.
Since then, there has been a resurgence in freight transportation, leading to an increase in
competition. In 2007 the Government Accountability Office reported to Congress that “the
railroad industry is increasingly healthy and rail rates have generally declined since 1985 and
“there is widespread consensus that the freight rail industry has benefitted from the Staggers Rail

Act” [12]

In 2008, the Rail Safety Improvement Act was passed, which mandated that by 2015,
Positive Train Control (PTC), a system of functional requirements to improve safety, must be
implemented. PTC would effectively automate the yielding or stopping of a train in to lessen the
accidents that are a result of human error which can include: train-to-train collisions, speed
derailments, or traveling through switches that are in the incorrect position. In order to satisfy the
accommodations listed, the railroad industry would have to invest an estimated $13.2 billion
dollars. Unfortunately, from the outset of 2015, the original deadline proved to be arbitrary and
unworkable, which was compounded by various technical and legal complexities. In response to
outcries from the Railroad Industry, Congress passed the Surface Transportation Extension Act

of 2015, which provided a three year extension for the installation of PTC [13].

1.2 The Technological Shift towards Onboard Health Monitoring
In the rail industry, it is common knowledge that overworked suspension elements can be
detected by monitoring the health of bearings. A majority of diagnostic information can be found

by gathering the temperature, load, and vibration states of the bearing. However, despite this



knowledge, the currently accepted method is found in different varieties of wayside detectors.
These non-contact devices are set along the side of the track, and depending on which type of
detector, can measure acoustic or infrared emission properties of the bearings that travel by the
system. The Federal Railroad Administration (FRA) has claimed that wayside detectors enhance
and supplement existing manual inspection procedures to facilitate early detection of rail defects

[14].

The infrared wayside detectors, termed “Hot-Box Detectors,” seen in Figure 3, are used to
flag a bearing if the temperature becomes greater than 170°F (94.4°C) above the ambient
temperature. The temperature of the bearing is typically associated with being a direct indication
of the health of the bearing. Although this method does not find the root cause of the problem, it
does provide a warning signal as to when the bearing should be closely monitored or removed.
These devices employ two infrared “eyes” that sit on each side of the track positioned so that the
train’s bearings will pass above them. Recent improvements have the system instead flag
bearings that have an operating temperature above the comprehensive temperatures of the
aggregation of the bearings. Once flagged as a “trending” bearing, the entire axle assembly is
removed and replaced. This process requires the train conductors to pull over and employ
workers to manually remove the axle in question, which is then sent for a complete disassembly
and examination to determine the cause of the bearing temperature increase. Hot-Box Detectors
(HBDs) are currently set in 15 to 30 mile increments, placing a limitation on the quantity of

temperature data received for each railcar [15].

During operation, however, even a relatively healthy bearing can experience fluctuations in
operating temperature. These fluctuations, even when exhibiting behavior similar to that of

temperature trending, are not entirely indicative of a bearing in distress or that approaching



catastrophic failure. Most currently utilized monitoring systems are unable to provide accurate
predictions of the impending life of the bearing, which can be due to a number of factors such as:
the device setup, the targeted area of the bearing where the temperature measurement is taken,
the bearing cup discoloration which affects its emissivity, and the weather conditions that can
affect the wayside detection systems. According to data collected by Amsted Rail from 2001 to
2007, “an average of nearly 40% of bearing removals are non-verified. A non-verified bearing is
one that, upon disassembly and inspection, is found not to exhibit any of the commonly
documented causes of bearing failure such as spalling, water contamination, loose bearings,
broken components, lack of lubrication, damaged seals, etc.” [16]. A more reliable and efficient
monitoring system would prevent the costly delays resulting from unnecessary train stoppages
and premature removal of healthy bearings. Therefore, due to its shortcomings, the current
method of wayside detection fails to precisely identify the onset of bearing failure and accurately
predict the bearing health. With freight volumes expected to increase over the next three decades,
major consequences could arise if a more reliable bearing condition monitoring system is not

implemented.

There has also been limited research into the employment of load sensing wayside
detectors. In 2005, Nenov et al. [17] published works regarding a procedure used to measure the
load experienced by the wheels of a moving railcar. A pair of strain gauges were affixed along
the rail in the direction of travel. The data obtained was processed through an algorithm that
would average the two strain gauge voltages and correlate that value to an estimated load.
Problems arose during the analog-to-digital conversion of the signals which was later resolved
by utilizing a compensating value which allowed the linear relationship of the signals to remain

intact. Despite the initial promising results, implementation of the technique as a complete health



monitoring device was impractical due to the inefficiency of setting these devices in short

mileage intervals.

Figure 3. Depiction of Hot-Box Detector (HBD) [18]

The aforementioned limitations of the employed detectors has led to the development of what
have been termed “smart products,” which continuously monitor various properties of the
system. One of the first milestones in the development of onboard monitoring that occurred
before the implementation of wayside detectors was the conception of the SmartBolt ™. This
system consists of a thermal sensor/actuator connected to a piston and power supply in the form
of an endcap bolt. It was initially proposed in 1990 to actively monitor the internal temperatures
of the component of the bearing with the least heat resistance; the seal. Once the seal temperature
reached 250°F (approximately 121°C), a signal would be transmitted to the train operator.
Despite its potential, this product had a significant drawback; it could not detect sudden increases

in temperature. Additionally, outside of a physical inspection, there was no means of resetting



the device once the threshold temperature was reached. There were consequently numerous time

delays and costly product replacements [19].

Another such example is the onboard Wireless Sensor Node (WSN), which has the capability
to continuously monitor temperature and send the results to a localized computer onboard the
railcar, termed the Central Monitoring Unit (CMU). The CMU can then send information
wirelessly by satellite or cellular network and inform the conductor to take preventative actions
to avoid any possible derailment or safety issues [20]. The WSN has the ability to: maintain
process tolerances, detect maintenance requirements, prevent catastrophic failures, and request

maintenance based on a prediction of failure [21].

Another smart product that has been developed is the Timken “Guardian Bearing ™,” which
has the capability to measure both the temperature and vibration of the bearing assembly and is
considered an ideal tool for condition monitoring and preventative maintenance. The sensors
have the resolution necessary to diagnose wheel and bearing failure, along with stuck hand
brakes, which are a major factor in the overheating of railcar rolling elements [22]. The Guardian
Bearing is self-powered and has an internal microprocessor and radio transmitter, which can
decipher the data received from the sensors and transmit the results wirelessly. The main
drawback from this design is the monetary cost that accompanies the fulfillment of the Guardian
Bearing’s potential. Assuming that the system is able to effectively detect a potential failure, the
complete axle assembly must be removed and inspected thoroughly, which does not allow the
railcar owner the option to reuse any of the suspension elements, including the Guardian Bearing

[23].

The majority of rail companies believe that bearing monitoring is essential to the

preservation of the industry. As a result of federal regulation, however, onboard health



monitoring systems remain in their infancy. The ideal system for bearing health monitoring
would include vibration, temperature, and load sensing capabilities. Vibration monitoring has the
ability to detect the onset of spall initiation and track its growth with service life, temperature
monitoring is perceived to detect impending catastrophic failure, and load monitoring can help
detect potential overloads or shifts in bearing loading, the effects of which, would only be
evident in the vibration and temperature data at later times. Currently, temperature can be
measured by most sensing units, and only a handful have the capability of measuring vibration.
The only onboard load sensing mechanism presently available to the industry involves mounting
load cells to the bottom of the rail car above the center bowl, making maintenance to the system

near impossible, and the load monitoring of individual bearings nonexistent [24].

1.3 Motivation for an Onboard Load Sensing Mechanism

The current methods of load measurement typically involve the use of weighbridges, as
depicted by the blue section of rail in Figure 4. While railcars drive through a “rail-yard” or a
specified section of track, companies will use computerized systems to determine the weight via
large capacity load cells. The majority of weighbridges stipulate that the car either stop or travel
at low speeds (around 6 mph or 10 km/h) [25]. In many cases, for the most accurate
measurement, the cars will be uncoupled and weighed separately [26].Therefore, not only are the
rail companies charged for this service, but a large portion of profit is lost in travel time [27].
The load information received from the weighbridge is taken and stored in a database and if the
train is overloaded, the company will then be charged a fine to ensure that future railcars will
transport the appropriate weight, providing safety to the track, suspension elements, and wheels.
Unfortunately, weighbridges are even less frequent than hot-box detectors (HBDs), which limits

their impact on the industry.
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Figure 4. Depiction of a Railcar Weighbridge [28]

Due to the limitation in the current technology, there is a high demand for an onboard load
monitoring system. The incorporation of load sensor readings along with temperature and
vibration data can lead to promising developments in railcar safety operation management.
Onboard load sensors embedded into each of the eight bearing adapters found in the two
undercarriage-suspension (Figure 5) assemblies would allow for potential equal cargo
distribution and will furthermore have the capability to give instantaneous developments to the
train operator on how the freight has shifted throughout the travel period. Furthermore, it could
benefit not only the consumer, but also the Association of American Railroads (AAR) and the

Federal Railroad Administration (FRA) in their continuous search for improved safety protocols.
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The rail industry would also like to improve upon the traditional method of filling a railcar up
to a specified limit, known as volume loading. This crude method is typically employed when
transporting cargo that has a constant density, such as with grain or hazardous chemicals, and
will rarely fill the car up to the maximum load due to the human error involved in determining
when to shut off the loading mechanism [25]. Finding a more precise and accurate method could
effectively save the rail industry from large expenditures simply due to more efficient loading,
while also protecting the rail track from overloading. By using an accurate onboard load sensor,
once the combined weight felt by the eight bearings reaches 99% of the allowed load of a freight
car, a signal could be output to cease filling, effectively loading each railcar to a safe and

monetarily efficient weight.

Figure 5. Undercarriage-Suspension Assembly [29]

The sensor would also be able to inform the railcar operator of any cargo that is lost or any

leaks present in the railcar. The latter is crucial in the transport of liquid freight where in many
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cases the cargo is hazardous and has the potential to result in costly damages to cities or the
environment. When transporting crude oil, especially, an undetected leak in the tank car can
initiate a derailment, which can result in huge financial losses due to fire damage, and in extreme

cases, disastrous fatalities.

Another advantage of the implementation of the load sensor is the capability to incorporate
this measurement into other aspects of the car, such as the braking system, shown in Figure 6.
The application of the appropriate braking pressure is crucial to the sustainability of both the
railcar and track. If the wrong amount is applied, then wheel flats can develop, which can lead to
damages to the railcar and track. The rail industry has put into effect Wheel Impact Load

Detectors (WILDs) to account for this serious problem.

The current braking system on conventional freight railcars involves the use of a double
brake cylinder, as depicted in Figure 7, with compressed air acting on the large cylinder if the
railcar is loaded and the smaller cylinder if the railcar is unloaded (estimated at 17% of full-load)
by using what is termed an “empty load device” [30]. This braking method can easily over- or
under-estimate the appropriate amount of pressure. For passenger trains, however, a proportional
braking system is used, which receives an input from the deflection of the suspension springs and
is then used to calculate and apply the appropriate amount of pressure [31]. Taking inspiration
from the passenger train, a highly accurate proportional braking control system which utilizes the
load sensor’s accuracy to apply the appropriate amount of braking pressure needed to subdue the
momentum of the railcar could be designed. The implementation of such a process would help
prevent the development of wheel flats on trains and result in extended track and railcar service

life.
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Figure 6. Depiction of Rail Braking System [30]
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Figure 7. Double Brake Cylinder [25]

1.4 Sensor Requirements

The design qualifications require that the sensor be capable of elastically deforming with a
load ranging from 5,850 1br (26 kN) to 34,400 lbr (153 kN), the estimated unloaded (empty) and
fully-loaded weights, respectively, of a railcar bearing (the total weight of a railcar can be
calculated by multiplying these values by eight). The sensor would need to survive impact forces

and transmit a signal that is unaffected by these extreme forces. It would additionally need to
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have the capability to be functional with bearings that have developed spalls or other defects, and

output a signal that is unimpeded by the resulting vibrations.

The sensor insert would also need to incorporate temperature sensors that have the capability
to detect extreme bearing operating temperatures, i.e., -40°F to 300°F (-40°C to 150°C). The
temperatures around the circumference of the bearing vary, but the highest temperature will
typically be observed at the region of load application, and consequently the lowest temperature
will be seen at the opposite end. These sensors would need to be placed at the top, where the load
is being applied, near the center of the inboard and outboard raceway portions of the adapter to

estimate the highest temperature region of the bearing.

Figure 8. Unmodified Adapter-Pad Assembly [32]

The thermoplastic polyurethane (TPU) steering pad, shown in Figure 8 (blue component
that sits on top of bearing adapter), is used to prevent metal-to-metal contact in the suspension
system of a freight railcar. In other words, it is meant to act as a compliant member that will

reduce the frictional forces involved when the railcar navigates turns. This TPU steering pad
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results in reduced wear on wheel flanges and reduced loads on each of the suspension elements
[32], however, it also poses an issue for the proposed load sensor. The steering pad adds an
element of creep, which creates a time-dependent logarithmic signal when a step load is input. It
is theorized that incorporating temperature into the load correlation will allow a suitable relation
to account for the flow of the TPU. This creep must additionally be taken into account when

analyzing the effectiveness and reliability of the developed load sensor.

1.5 Continuing Towards Safer Railways

This thesis builds upon the extensive work by Ley [3], Saenz [33], and Diedrich [25]
from the University of Texas Rio Grande Valley (formerly the University of Texas-Pan
American), who systematically explored the best path towards creating an onboard load sensor
that has the capability to survive the most extreme environments that railcars are subjected to, as
well as, providing reliable and consistent data collection. Diedrich [25] was able to further refine
the previous work by creating a second-order correlation that accompanies the sensor insert
prototype which is embedded between the adapter and steering pad, as displayed in Figure 9. The
bearing adapter was machined in such a way that allows the prototype to be placed in a groove
and slightly protrude above the top of the adapter surface. However, it was left “free floating”
and was not mounted to the adapter in any way. This process gave the sensor the ability to resist
the movement induced by oscillatory events while consistently maintaining load detection, but

prevented it from obtaining precise results.

The work done for this thesis study differs from earlier works in that:
(1) It will further improve upon the accuracy, reliability, and repeatability of the previous

work by incorporating a multivariate correlation into the load sensor network.
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(2) It will provide a correlation that can be implemented for freight car loading scenarios that
can effectively display the instantaneous loading of a railcar.

(3) It will account for the structural reliability of the developed sensor under extreme field
service operating conditions.

(4) It will demonstrate a real-life deployment simulation, in which a pre-test, calibrated

sensor will be evaluated for its ability to detect subtle changes in railcar loads.
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Figure 9. Previous Testing Conducted by Diedrich [25]

In Chapter II, a detailed description of the experimental setup and instrumentation is
given. Chapter III explains the procedure followed to correlate the load cell voltage and analog
temperature readings to the actual load measured by a calibrated load cell. In addition, a ramping
test and corresponding correlation are acquired which will allow the operator to accurately

determine at what point a loading system should be shut off during the filling process. In Chapter
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IV, impact and reliability tests are performed, evaluating the survivability and long term
performance of the load sensor prototype. Finally, Chapter V provides details and

recommendations for future work that is needed to take this prototype to full production.

The ultimate goal of the Railroad Research Group at the University of Texas Rio Grande
Valley is to incorporate the three main diagnostic components of safety: vibration, load, and
temperature, into a single adapter-mounted condition monitoring device. This device would have
the capability to wirelessly send the data to an onboard electronic logic unit, which can perform
the required analyses. Once this device is complete and in full production, any railcar that

utilizes a Smart Adapter® will promote a safer tomorrow for the railways.
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CHAPTER II

EXPERIMENTAL SETUP AND INSTRUMENTATION

The primary thrust of the experimentation discussed throughout this thesis is the
implementation of a Smart Adapter®-based load insert that has the capability to provide accurate
feedback of the applied load on a typical railroad bearing. This objective will be achieved by the
use of an experimentally acquired multivariate correlation that incorporates a full-bridge strain
gauge and two analog temperature sensors that are set to read the operating temperatures of the
inboard and outboard raceways of the bearing. All the research that follows was conducted on
Class K bearing-adapter assemblies with AdapterPlus™ thermoplastic polyurethane (TPU)
steering pads. Two differing load cells and three differing signal conditioning boxes were used
throughout the testing seen in Chapters III and IV, details of each of which will be provided and

discussed in the following sections.

Each bearing class has a designated maximum service load seen by each component. The
corresponding 100% load on a Class K bearing as stated by the Association of American
Railroads (AAR) is equivalent to approximately 34,400 lbs(153 kN) and the corresponding 17%
load, or that representative of an unloaded (empty) railcar, is approximately 5,850 Ibs (26 kN).

These reference loads are used throughout the optimization analysis conducted in this thesis and
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should be noted. The principles of testing in the following sections can be applied to any railroad

bearing class, and the experimental setup and signal processing readily repeated.

2.1 Initial Development of the Load Insert

Various methods of load sensing were explored by Ley [3], including methods that
utilized the polymer nature of the steering pad via microelectromechanical pressure sensors and
piezoelectric sensors. Each of the advanced technologies that were examined presented
significant drawbacks. As an outcome of the numerous trials and instrumentation that were
explored, the strain gauge was chosen for the load measuring system due to its accuracy and ease
of incorporation into the Smart Adapter® assembly. Through the proof of concept and
improvement of design carried out by Saenz [33] and Diedrich [25], a simplistic and reliable load
sensor was developed which had the necessary durability to survive the harsh environments that
railcar bearings are exposed to in field service. However, with this type of load sensor, the creep
from the TPU steering pad detrimentally affects the raw voltage output. While Diedrich [25] was
able to improve upon the correlation and design of the sensor created by Saenz [33], there was
still a significant error in the load measurements for static testing. It is theorized that by
incorporating the bearing raceway operating temperatures, the relationship between the creep of
the polymer pad and the pressure distribution can be estimated, and correlations can be devised

that are accurate for both dynamic and static application scenarios.
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2.2 Laboratory Setup

2.2.1 Bearing Nomenclature and Sensor Setup

The double-tapered roller bearing is the standard bearing of the railroad freight industry.
The dimensions of these bearings differ depending on the global market and the specifications
and regulations imposed by the governing bodies for the various international rail companies. .
The type of bearing utilized for this study is categorized as a Class K bearing and is part of
Generation 2000, which are higher quality bearings used to “prevent excessive axle deflections
that lead to fretting, back face wear, and loose components.” The Generation 2000 railroad
bearings utilize hardened steel components in the inboard contact areas to provide additional

fretting performance benefits [34].

Backingring j Sealwear ring Spacer ring Bearing inner ring
- —_— with roller and
cage assembly
Seal Bearing inner ring Bearing Seal wear ring End cap
with roller and auter ring
cage assembly

Figure 10. Basic Components of a Railroad Bearing [35]

Double-tapered roller bearings have several unique mechanical design aspects. The two
ends of each roller have different diameters which results in a large area of contact and gives the

component the capability to withstand large axial and radial loads. The component which
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provides the inner raceways in which these rollers operate is known as the “cone” or “inner
ring”, while that which provides the outer raceway for the rollers and encompasses the assembly
is known as the “cup” or the “outer ring,” as shown in Figure 10. The rollers are separated by a
cage, which ensures they are kept a fixed distance apart, guaranteeing smooth operation and even
load distribution. The cages used in the experiments that follow were made of polyamide to
account for the thermal expansion that occurs during operation. Flanges present on the cone
actively prevent the roller-cage assembly from leaving the bearing raceways at high speeds.
Spalling, one of the primary defect modes of bearings, can occur on the cup, cone, or individual

rollers.

The primary objective of the Smart Adapter® is to incorporate vibration, load, and
temperature sensing capabilities for a complete bearing health monitoring system. Two of these
three parameters are included in the load sensor assembly, where a strain gauge and two analog
temperature sensors are embedded in-between the AdapterPlus™ steering pad and the steel
bearing adapter. The aim of this product is to contain a wireless unit recording and reporting the
sensor outputs to an onboard electronic logic unit, which can then proceed to run the analysis
algorithms and transmit the results and data elsewhere by satellite or cellular network, which
eliminates the need for large battery life and complex circuitry to be located on the adapter-
bearing assembly itself. The latter would also ensure that if any bearing-related issues arise, there
is sufficient time to take preventative action rather than a reactive one. There are a total of eight
AdapterPlus™ assemblies in a single freight railcar. To reach the full potential of the load insert,
each of the eight bearings typical of a railcar assembly must be equipped with a Smart Adapter®
in order to completely monitor the loads and temperatures seen by each bearing, as well as,

produce an immediate response for any possible load imbalances, shifts, or leaks during travel
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periods. The total load of the freight railcar will be obtained by adding the loads measured by all

eight load sensors.

The crucial aspect to the success of the Smart Adapter® load insert lies in the positioning
of the sensors. For the most accurate measurements, the load sensor must be placed directly in
the path of the applied load. The load travels through the region of application on the steering
pad to the steel adapter and further to the bearing and wheelset. By placing the sensor directly
between the steering pad and Smart Adapter®, the portion of the load seen by the bearing can be
detected by the sensor. However, the issue then becomes the pressure distribution across the
polymer steering pad that arises from the imposed forces. Similarly, to obtain the most accurate
results, the temperature sensors need to be placed directly above the center of the inboard and
outboard raceways and as near to the bearing as possible to ensure that there is optimal heat

transfer to the sensors with minimal thermal lag.

2.2.2 Single Bearing Test Rig

The experiments that follow have been conducted on a Single Bearing Test Rig, depicted
in Figure 11. This particular type of rig has numerous capabilities, making it the favorable
laboratory test rig for conducting controlled experiments for the load insert. It has the ability to
simulate numerous conditions a railroad bearing employed in the field might experience, and
allows for both static and dynamic testing with speeds varying from 5 mph to 85 mph.
Additionally, the rig has the capability to simulate impacts, such as those caused by wheel flats
or rail joints and defects, and lateral load, which results from a railcar navigating curved sections
of the track. By utilizing this test rig, the angular speed of the bearing can accurately be
simulated and incorporated in constructing a correlation for the load sensor and the effect of

impacts on the survivability and signal output can be studied. As of this point no lateral load
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studies have been performed in tandem with the load insert, but these might be highly beneficial

in the future when simulating the shifting of cargo while entering turns.

The maximum load that a Class K bearing should experience during typical operation in
the field is approximately 34,400 lbs (153 kN). To simulate this loading condition, a hydraulic
cylinder, along with what is designated the “load controller,” were designed and fabricated at the
University Transportation Center for Railway Safety (UTCRS) at UTRGV. An I-beam was used
to distribute the load from the hydraulic cylinder piston across the adapter pad surface. Two
different load cells were used throughout experimentation: a heavy duty load cell with a 100-kip
(445 kN) capacity (Figure 12) and a rod-end load cell with a 50-kip (222 kN) capacity (Figure
13). Only the load accuracy testing described in Chapter III involved the use of the 100-kip (445

kN) load cell. All other tests were performed using the 50-kip (222 kN) rod-end load cell.
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Figure 11. Single Bearing Test Rig
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Figure 12. 100-kip Capacity Load Cell

Figure 13. 50-kip Capacity Rod-End Load Cell [36]

2.2.3 Data Acquisition System

The data that will be presented in Chapters III and IV was acquired by a National
Instruments™ ¢cDAQ-9474 USB chassis coupled with a NI 9205, 32 channel, £10 Volt analog
input module. A 50 Hz sampling rate was utilized to collect the data, which was post-processed
with MATLAB™ with a moving average of 200 data points, which corresponds to four seconds
worth of averaged data. The choice of this specific averaging window is intentional in order to

align the load sensor data acquisition with that of the vibration sensor. A 5 Volt pulse signal was
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sent to the motor controller using the analog output port of a NI USB-6211 DAQ to adjust the

load setting, if necessary.

2.2.4 Load Controller

To initially set a target load, an Enerpac™ manual hydraulic pump is pumped until the
appropriate voltage is output by the load cell. However, even though the hydraulic cylinder valve
is securely closed after ensuring the target load is reached, temperature changes that occur during
operation of the bearings induce thermal expansions of the fluid, which result in an increase in
the force applied to the Smart Adapter® and consequently impede the ability of the test to
accurately simulate a constant loaded railcar. Therefore, an additional method of controlling the

pressure of the hydraulic cylinder was needed.

The ideal solution to this problem simply involves the capability to increase or decrease
the quantity of hydraulic fluid in the cylinder by small amounts. Additionally, the pressure would
need to be accounted for and the necessary alterations made, preferably through a feedback
system. The solution developed to counter the effect of the thermal expansion of the hydraulic
fluid was to use a 1-1/2 inch (38 mm) bore hydraulic cylinder to pump the small amounts of fluid
into the system. The cylinder is driven by a linear actuator which transforms the rotational
movement of a DC motor to translational movement through a threaded rod via a gearbox, as
pictured in Figure 14. A computer equipped with the DAQ software LabVIEW™ was employed
to provide the ability to run extremely detailed testing plans, which would enhance the accuracy

of the sensor.

This system has the capability to regulate the load, defined by the load cell voltage, and

determine whether the pressure should be increased or decreased by traveling through an error
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loop. If the amount of error specified is exceeded, a pulse signal will be sent from the analog
output of a DAQ to the motor controller until the force applied is within the specified tolerance.
This system is capable of providing a steady, accurate load to within 100 Ibr (445 N), however,
this proved problematic when conducting dynamic testing with axle rotation, as the load can
fluctuate well beyond 100 Ibr (445 N) due to geometric raceway tolerances and, therefore, an
error range of +350 1b¢ (1,560 N) was utilized. The system can additionally execute
preprogrammed test plans that simulate loading cycles at varying rates and allows for testing to
be conducted at all times of the day, which renders the system independent of human
supervision. For simulation purposes, however, the axle rotation was stopped when loading or

unloading the bearing in order to accurately mimic actual loading/unloading scenarios.
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Figure 14. Load Controller Setup
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2.3 Load Sensor Design

2.3.1 Strain Gauge

There are two types of load sensors: position monitors and strain detectors. Due to the
inherent limitations, a position monitoring load sensor was deemed undesirable. Therefore, a
temperature-compensated full-bridge strain gauge was selected. Strain gauge circuitry utilizes a
Wheatstone Bridge Circuit. The strain gauge used in the tests that follow is a full-bridge,
transducer class with a 350 Ohm nominal resistance and is manufactured by Micro
Measurements™. The schematic of a full Wheatstone Bridge Circuit as well as the strain gauges

implemented into the load sensor-constructs can be seen in Figure 15.

Figure 15. (Left) Wheatstone Bridge Circuit (Right) Strain Gauge [3]

A full-bridge strain gauge is made up of four individual resistors that will change
resistance based upon the strain of the surface of the material to which the circuit is mounted.
Two of the resistors are considered active or “axial” gauges that measure the strain experienced
in the bending direction of the sensor and the remaining two act as temperature compensation or
“transverse” gauges for the material and are meant to eliminate any signal changes that occur due

to the thermal expansion of the wiring. The transverse gauges are aligned with the neutral or
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non-bending axis of the sensor insert. Temperature compensation works by subtracting the
voltage potential change due to temperature shifts in the transverse gauges from the output of the
active gauges so that only changes due to actual deformation are detected [37]. Although the
employed strain gauge is temperature compensating, the temperature-dependent creep quality of

the polymer pad has a significant effect on the sensor output.

2.3.2 Flex Circuit

The flex circuit was designed to provide the necessary wiring to the load insert. The
design of the insert created numerous constraints that made the flex circuit a suitable choice that
would ensure functionality and reliability. It gives the unique ability of the wiring to be located
throughout a flexible sheet and provides a secure location for the two analog temperature
sensors, which are surface mounted parts and require copper pads to be placed for the sensors to
be soldered. Despite its thin appearance, the flex circuit requires a certain amount of clearance
between the top and bottom pieces of the insert to ensure safety from damage that can result
from the fluctuating loads typical of railroad bearing service operation [25]. It is recommended
that, in final production, the entirety of the flex circuit be housed as it is not mechanically

resistant to axial forces.

2.3.3 Development of Final Design

The previous insert design, developed by Saenz [33], was located in the middle of the
bearing adapter due to the pressure film analysis that was performed and was further able to
produce semi-accurate results during a static test. The data, however, required a more practical
correlation due to the characteristic logarithmic increase in the sensor voltage output over time.

Saenz [33] believed that this logarithmic trend can be attributed to the creep of the thermoplastic
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polyurethane steering pad, which would give the appearance of an increase in load despite the
constant force applied to the bearing. It was observed through the various laboratory tests
outlined in his thesis that the sensor designed by Saenz [33] was inaccurate at loads below 50%
of the simulated full-load of a railcar. The 70-100% loads where the sensor was accurate,
however, would be able to warn train operators of overloaded bearings and was a suitable first
step design. Although the design met the basic requirement for accuracy at loads ranging from 70
to 100% of the full-load (24,080-34,400 1br or 107-153 kN), a sensor capable of measuring the
full range load a railcar bearing is subjected to, including the unloaded weight (17% of full-load),
is preferred and would open the possibility for a sensor that not only has the capability to be used

during travel periods, but additionally, when the railcar is being loaded with cargo.

The sensor redesign carried out by Diedrich [25] allowed for numerous improvements to
the insert including: a slight adjustment in temperature sensor placement, optimization of
machining time, and reduction in the raw materials necessary for assembly. The temperature
sensors were a critical issue, with necessary slots being machined to place the temperature sensor
as near to the adapter surface as possible. The new optimized length of the sensor was 4.15
inches (105 mm) compared to the previous 5 inch (127 mm) design. The shorter length resulted
in reduced machining time that is necessary to alter the steel adapter for inclusion of the sensor

insert by effectively shortening the length of the sensor canal.

Once the top and bottom components are machined, the load insert can be assembled, as
shown in Figure 16 and Figure 17. The flex circuit is aligned with the machined dowel pins in
the lower component and adhered in place. The strain gauge, mounted on the upper component,
is soldered to the flex circuit, and the entire assembly can then be welded together. In order to

weld the upper and lower components, an aluminum heat sink is needed to ensure that the heat
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from the welding process does not damage the flex circuit or sensors housed in the insert. Great
care was taken to ensure that when constructing each sensor, the strain gauge was placed with a
similar orientation, so as to limit the human error involved in future results. Despite the
cautionary assembly, different voltages are output by the sensors under similar loading

conditions.
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Figure 16. Load Insert (Top View)
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Figure 17. Load Insert (Bottom View)

The steel adapter had to undergo a series of machining processes to implement the
necessary features for the insert, as shown Figure 18. A canal was machined where the insert
would be placed, and mounting locations were machined for the circuitry port of the sensor.
Eight individual Smart Adapter® assemblies were machined and fabricated, however, for brevity,
only four of those assemblies will be examined throughout the various tests performed in

Chapters III and IV. These four adapters will be referred to as Adapters A, B, C, and D.
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Figure 18. Steel Adapter Machined for Load Insert Capability

2.4 Load and Temperature Signal Conditioning

The original design of amplification circuitry, completed by James Bantz III, a former
electrical engineering graduate research assistant, needed to account for the eight Smart
Adapter® sensors that would be seen on one freight railcar during field testing. Therefore, a
“signal conditioning box” was designed that had the capability to carry out the load amplification
necessary for four sensors. For field testing purposes, two boxes would be used: one in the front
compartment of the railcar and one in the back compartment, which would consequently ensure
that eight load signals and sixteen analog temperature signals would be recorded simultaneously

during the testing period.
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Due to the transition of this project from one funded by Amsted Rail to one funded by the
University Transportation Center for Railway Safety (UTCRS) at the University of Texas Rio
Grande Valley, there was no need to incorporate the four separate load and temperature signals
typical of a field test. Due to the current capabilities of the single bearing test rig, it was decided
that one load and two temperature signals would be sufficient. Therefore, a redesign was carried
out by Gerika Prado, an electrical engineering graduate research assistant, who compacted the
previous design into a circuit that would incorporate one load signal, two analog temperature
signals, and four accelerometer signals. This redesign eliminated unnecessary components and
optimized the board size necessary for the circuitry. In each testing description, emphasis will be
placed upon which signal conditioning box was used. The three boxes used will be designated as:
B-1, B-2, and P-1, the last initial of the designer followed by a numeral. The schematics for each

board as well as the data sheets for the electrical components can be found in Appendix F.

2.4.1 Schematics

The initial signal conditioning box schematic as well as the components selection was
created and carried out by James Bantz III. Once the initial schematic was drafted, it was
transferred to DipTrace™, a printed circuit board design software. Through this program, a
simplistic schematic was created which could be transferred to a company for board production.
The original signal conditioning box ran the load signal through a circuit with a gain of 400 and
contained the capability to measure four load signals and eight temperature signals
simultaneously. The box additionally incorporated a capacitor, which allowed for manipulation

of the filter cutoff frequency.

The simplification of this design was carried out by Gerika Prado. To mimic the original

output of the circuitry for comparison, the redesigned signal conditioning box incorporated a
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gain of 400. The design by Prado has the capability to measure one load signal and two
temperature signals, however, it also allows for the incorporation of four vibration sensors.
Additionally, to incorporate adjustable cutoff frequency components, a potentiometer was added
to the circuitry. This board is purposed specifically for laboratory testing. If a field test were to
be conducted, a new board would need to be produced which could account for the necessary

amount of inputs. The redesigned load and temperature circuits are displayed in Figure 19 and
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2.4.2 Amplifier

The output voltage of the strain gauge is on the order of millivolts. To generate a suitable
signal in the range of 3-10 V, it was necessary to amplify the very small output of the strain
gauge. For the past and current designs of the circuitry box, an INA 129 instrumentation
amplifier produced by Texas Instruments (Figure 21) was integrated into the signal conditioning
box design. This component is a low power, yet high accuracy amplifier that harbors adjustable

gain by means of a single resistor and has the capability to reach a maximum gain of 600.
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Figure 21. INA 129 Amplifier Schematic
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2.4.3 Filter

The testing environment in which the sensor is deployed is vulnerable to noise from the
variable frequency drive which controls the motor rotation of the test rig. After the amplification
of the output of the sensor, this noise must be filtered from the signal. The MAX 294 8™ order,
low pass filter designed by Maxim Integrated Products Inc. was used to filter out the electronic
noise on both signal conditioning boards and consequently removed any 60 Hz interference in

the signal that is produced as a result of the testing environment.

The adjustable cutoff frequency of the filter can be set by one of two ways. The first
involves placing a capacitor of a designated value on the corresponding pin signified by the
datasheet of the filter. The second is by applying a clock frequency to the clock pin of the
amplifier. The primary benefit of using the capacitor method to set the cutoff frequency lies in
simplicity of switching one component, however, this will detrimentally lock the cutoff
frequency at a set value. By utilizing a clock frequency produced by a microcontroller, the cutoff
frequency can be altered easily by reprogramming the microcontroller. For the purposes of
laboratory testing, however, a cutoff frequency of 60 Hz is optimal and the capacitor method is
suitable, despite its permanency. For the redesign of the signal conditioning box conducted by
Prado, an external oscillator was used to filter the signal. A ‘555’ timer creates a pulse waveform

and is controlled by a potentiometer, which allows alteration of the cutoff frequency.

The final design of the load sensor will involve its incorporation alongside
accelerometers and battery power. A thorough analysis of the final integrated circuit and the
noise experienced in the field would need to be conducted. From previous field testing analysis
conducted by Gonzalez [38], there was a significant amount of 0-100 Hz noise in train operation,

which could affect the signal of the load sensor. Therefore, it is recommended that, for the final
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integration of both the load and vibration elements, the necessity of this component be analyzed

and eliminated if necessary.

2.4.4 Line Driver

The line driver was originally implemented for the sole purpose of having the capability
to collect accurate data during field testing. With the load insert fixed to the Smart Adapter®, the
signal output must be sent to the instrumentation car, which is typically located ahead of the
freight car for the duration of a field test. A typical railcar is over 60 feet long, therefore, the
signal conditioning box must ensure that the output of the sensor can be transmitted through a
maximum of 80 feet of cable to the data acquisition system located within the instrumentation

car.

The primary function of the line driver is to improve the strength of the signal throughout
the length of the cable in an effort to discourage voltage drops typical of signals traveling
through long lengths of cable. The DRV 134 line driver produced by Texas Instruments™ was
selected as the best choice for circuit integration, which is a differential output amplifier that
converts a single-ended input to a balanced output pair. Because the line driver requires a high
current signal to the integrated circuit, an operational amplifier, OPA 177 from Texas
Instruments™, was used to buffer the voltage to provide the required current. These components

were included in the signal conditioning redesign by Prado.

2.4.5 Characterization of Circuitry Voltage Offset
When alternating the signal conditioning boxes in preparation for a field test, it was
discovered that simple inconsistencies in the board resulted in a difference in the output voltage

from the signal conditioning box. When analyzing the data to devise a correlation, it was found
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that there was a difference in the “fully-loaded” reading of the strain gauge, where the output
voltage differed by approximately 0.3 V. This error would consequently affect the final product
if different signal conditioning boards were used in calibration and implementation. If each board

represented a different unknown offset, the integrity of the final product would be diminished.

To ensure that a voltage difference was present, a test was devised where the strain gauge
signal of Adapter D was sent to the signal conditioning boards of both Bantz and Prado
simultaneously (B-1 and P-1). The output voltages were collected and recorded by LabVIEW ™,
and it was determined there was a significant difference between the two signals throughout the
short testing period. The overview of this test is displayed in Figure 22, which shows the load
experienced by the bearing-adapter assembly throughout the testing period. Figure 23 displays
the raw voltage outputs of the circuitry boxes and Figure 24 displays the difference between the
signals throughout the testing period. It can be seen that there is a fairly constant offset between
the signal conditioning board outputs. These results encouraged a characterization test to

determine the inherent offsets in each of the boxes.
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Figure 25. Environmental Chamber
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In order to evaluate this offset, the output voltages of the three circuitry boxes used
throughout this thesis were tested on an adapter with no load at 32°F (0°C) using a CSZ Sub
Zero Environmental Chamber™, as shown in Figure 25. The inclusion of temperature as a
parameter was to ensure that there were similar testing environments for the duration of the
signal conditioning characterization tests. A thermocouple was additionally encased within the
chamber to confirm that the temperature was 32°F (0°C). Three boxes were characterized for the
purpose of this thesis, however, more have been produced since then and the same methods of
characterization can be employed. The results of the characterization testing are displayed Table
1. This indicates that every signal conditioning box would have an inherent offset that would

need to be characterized for field implementation.

Table 1. Results of Voltage Offset Testing

Circuitry Box Designation Voltage (V)
B-1 2.78
B-2 2.39
P-1 2.45

2.5 Creep of the Thermoplastic Polyurethane (TPU) Pad
The AdapterPlus™ steering pad is an injection molded thermoplastic polyurethane (TPU)
product produced by Steinmetz, Inc. It is classified as a viscoelastic material which will exhibit
creep under a constant load and relaxation when the load is removed. Creep is one of the modes

in which a material can respond to an applied external force. In this case, the material will
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respond to the stimulus by flowing away from the point or region of force application. The
properties of the steering pad material are similar to those of TPU Elastollan 1154 D10, which

can be found in the Appendix B.

Findles et al. [39] describe how the changes experienced by a viscoelastic material
subjected to stress and strain are time dependent. The empirical formula derived for Bakelite, a

thermoset created by a condensation reaction of phenol with formaldehyde is as follows:
e =¢%+ Alog(t) + Bt

where the terms €°, A, and B are coefficients of stress, temperature, and material respectively.
The coefficient associated with the logarithmic term is that associated with temperature, which
poses an interesting observation concerning previous empirical results. Therefore, it is theorized
that by incorporating temperature into the strain gauge voltage calibration, a more accurate
correlation which accounts for the shifting pressure distribution that results from the creep flow

of the polymer pad can be developed.

In the previous work conducted by Diedrich [25], a pressure sensitive film manufactured
by Sensor Products, Inc. Fujifilm Prescale™ was used to map out the pressure distribution
between the AdapterPlus™ Steering Pad and the bearing adapter. This film is composed of two
sheets: an activator, and an absorber. The activator has tiny capsules that are embedded on the
surface of the film and the absorber absorbs the resulting dye that is released when the miniature
capsules in the activator-layer rupture. Using a color scale, the pressure experienced in the area
of contact with the sheet can be estimated visually by the intensity of the color present. This film
was additionally sent to Sensor Products, Inc. to obtain a more detailed analysis of the sample.

The results showed that at 50% of full-load of a railcar, the majority of the force is carried by the
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interlocking ridges of the steering pad. Other interesting observations that were revealed by the
results were that for unloaded conditions, a minimal force is seen in the center of the
AdapterPlus™ Steering Pad, where the sensor is located, and at 100% of full-load, the interlocks
still carry the majority of the load, however, a portion of the force is distributed over the center.
Diedrich [25] provided evidence that supported the theory that the creep of the elastomer pad
was linked to the increase in the sensor output voltage when under a constant load, which can be
observed in his results in Figure 26, and was found to primarily be an issue when performing

static testing.
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Figure 26. "Adapter C" Results of Diedrich [25]

Diedrich [25] redesigned the sensor in an effort to improve the performance at loads

below 50% of full-load and produce a signal. Through his new design, he was able to observe
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loads covering the full range seen by a railcar, yet his results still suffered from the creep of the
steering pad, which can be observed from the results of the shim testing performed in his thesis.
Diedrich [25] placed a shim under the load insert to raise it above the machined adapter surface,
which effectively reduced the creep problem and produced more accurate results, however, there
still remained a 2-4% error involved with the creep of the pad. Different shim heights were tested
to find the optimum height of the sensor with respect to the machined surface. From the previous
results, a sensor height of approximately 12 one-thousandths of an inch (0.305 mm) above the

adapter surface was found to be the optimal height.

2.6 Calibration Terminology and Methodology
Without integrating a proper calibration into the methodology of the sensor, the overall
functionality would be diminished. This calibration transforms the voltage output from the signal
conditioning box into a measurable force output. To devise a second-order calibration, several
iterations of known load conditions are placed upon the adapter assembly and the voltage output
is measured. This data is recorded at a known sampling rate and a correlation is formed between
the two. A multivariate correlation follows this same process, but adds a regression method

which defines the relationship between the voltage and temperature data.

Diedrich [25] used a second-order correlation that transformed the voltage output of the
circuitry into force, and a calibration method that concentrated on the loaded conditions of a
railroad bearing. This thesis will propose a multivariate correlation that integrates both
temperature data from the inboard and outboard temperature sensors and the voltage output of
the circuitry into a measurable force output. This correlation method will largely mimic that

performed by Diedrich [25] in an effort to perform a sensible comparison between the two
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methods. This section will describe the procedures and nomenclature that were adopted to devise

an initial calibration procedure for the proposed load sensors using a single bearing test rig.

2.6.1 Steering Pad Settling

Before a proper reading can be obtained from the strain gauge voltage data, the
AdapterPlus™ steering pad must be allowed to adjust to the stresses imposed by the railcar,
simulated by the hydraulic cylinder. The adapter is loaded up to the proportional full weight of a
railcar (34,400 lbr or 153 kN), and run at the equivalent of 25 mph (40 km/h) for at least 24 hours
before testing can begin. This process allows the elastomeric material of the steering pad to
conform to its “loaded orientation” that lasts throughout the testing period. For a shorter settling
time of 4 hours, the assembly can be run at 50 mph at the respective full-load of a railcar. The
high temperatures that result from the increased speed allow the creep flow of the thermoplastic

material to increase.

2.6.2 Static vs. Dynamic Testing

Dynamic testing refers to that which involves the rotation of the axle and will most
closely mimic the environment of the moving railcar and has the inherent vibrations that are
involved in the rotation of the cup and rollers of the bearing. These vibrations can result in the
sensor oscillating well over 1% of the full-load which can increase significantly when the
simulation shifts to an unloaded scenario. The impact testing described in Chapter IV will only

involve dynamic testing to mimic impacts that occur in the field.

Alternately, static testing refers to that in which the axle does not rotate. This testing
procedure is consistent with that used by the majority of filling stations, in which the railcar will

stop for a short duration while the loading process is carried out. Loading is typically never done
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while the railcar is in motion, and thus, the testing and calibration should mimic the conditions of
the filling process. Static testing is the singular form of testing that is performed when

developing the “ramping” correlations seen in Chapter II1.

2.6.3 Notes on Calibration and Results

The basis for the second-order correlation and multivariate correlation are shown in
Figure 27 and Figure 28, respectively. It can be observed that the second-order correlation has
two parameters, based on the voltage output of the strain gauge (V), and the multivariate
correlation has five parameters, based on the voltage output of the strain gauge (V) and the

average temperatures of the raceways (T).

Depending upon the desired conditions of the sensor employment, a calibration plan can
be devised to properly suit its intended use. Both a second-order and a multivariate correlation
are used in conjunction for dynamic and static testing to compare and find suitable applications
for each. For example, to achieve the highest accuracy for fully-loaded tanker cars in an effort to
detect leaks, a simple calibration with five temperature scenarios occurring at 95%, 100%, and
105% of full-load can be utilized. Unfortunately, this testing plan would cause inaccurate results
at loads below 95% and would not be suitable for any application involving unloaded railcars. A
system interface could additionally be designed which allows the train operator to select a proper
correlation for a specific period of time. For example, when the train is being loaded, the
“ramping” correlation could be selected, and when the train is traveling long distances, the

“multivariate fully-loaded” correlation could be selected.

For the purposes of testing, an encompassing calibration was devised which would skew

towards higher accuracies for loaded railcars whilst retaining a suitable amount of accuracy for
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unloaded railcars. Steps at 17% (unloaded simulation), 80%, 95%, and 100% were utilized for
dynamic testing purposes, while static testing conditions required steps at 17%, 80%, and 100%.
For the development of the multivariate calibration, this was required to acquire different sensor

outputs at various temperatures.

Figure 27. Second-Order Correlation

Figure 28. Multivariate-Correlation

The “average error” that is described in the tests that follow is computed by taking the
root mean square of the difference between the correlated and actual load, and dividing by the
full operating load of a Class K bearing. Therefore, all respective errors can be multiplied by a

factor of 34.4 kips to determine the difference in pounds between the correlated and actual load.
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It should be noted that the data collected up until five minutes after a loaded period is excluded
from the error calculation. Additionally, the “steady-state error” is the error of the difference in
the correlated and actual loads with respect to a fully-loaded railcar after three hours under a

constant load.
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CHAPTER III

ACCURACY TESTING

Four adapters designated A, B, C, and D will be evaluated under the influence of various
scenarios and correlations. Initially, a test analyzing the effect of axle rotation and loading
variation on the sensor will be examined. This set of testing will compare a second-order voltage
correlation method and a multivariate regression method which incorporates the average of the
raceway temperatures into the data processing step. Afterwards, a test simulating the filling
process of a railcar is examined, in which a third order voltage correlation method was utilized to

simulate a railcar loading scenario.
Height
e -
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Figure 29. Adapter-Insert Assembly Profile Demonstrating "Insert Height"

Each sensor was characterized by its specified height above the adapter surface, as seen

in Figure 29, termed the “free floating height,” as the sensors were not mounted to the adapter
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and simply rested in the machined “insert canal”. The heights of each of the sensors above the

adapter surface are displayed in Table 2.

Table 2. "Free Floating" Heights Above Adapter Surface

Height Above Adapter Surface (1/1000 inch)
Left Side Right Side

Adapter A 9 12
Adapter B 8 9
Adapter C 8 10
Adapter D 15 18

3.1 Proof of Concept

As discussed by Diedrich [25], the majority of previous testing revolved around constant
load and speed, and was an initial, yet necessary, step in the design of the load sensor. However,
to be employed in field operations the sensor would need the capability to maintain a steady
signal under fluctuating speeds and various loading conditions. Figure 30 illustrates the load
sensor response to varying speeds under a constant full-load. It demonstrates a variation of
approximately 4.5 % with respect to a fully-loaded railcar, as demonstrated by the horizontal
green lines within the figure. High speeds were sequentially interceded by periods of slow speed,

accentuating the relationship between the speed, temperature, and perceived load.

Diedrich [25] determined that as the speed fluctuates, the load insert experiences
inconsistencies in the perceived load, however, this is not a clear indication as to why the sensor
output remains constant at some speeds and decreases in others. It was hypothesized that this
change could be attributable to the temperature of the adapter assembly. Due to the foresight of

the introduction of two analog temperature sensors into the load insert, the effect of temperature
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on the sensor output could be evaluated with ease. The correlated strain gauge output was plotted

alongside the average of the raceway temperatures recorded by the load insert. This dependence

is demonstrated in Figure 31, where the temperature axis on the right-hand side was inverted to

better illustrate the significance of their relationship.
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Figure 30. Speed Test Results [25]

By integrating the approximate raceway temperatures of the bearing into the correlation

of the load insert, a multivariate linear regression methodology was developed. This regression

analysis takes the strain gauge voltage and average of the raceway temperatures to devise a

correlation that has the capability to evaluate the load applied to the bearing-adapter assembly as

described in Chapter II. This correlation was then applied to the test data as shown in Figure 32.

With the use of multivariate linear regression, the entire signal error decreased to within £0.50%,

as demonstrated by the horizontal lines in the figure.
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3.2 Load Accuracy Testing
This section will compare the results of two different correlations on Adapters A, B, and
C in an effort to properly compare the accuracies of each adapter. The calibration methodology
used to develop the correlations for the “free floating” load inserts, where the sensor rests in the
machined canal of the adapter, consisted of a settling portion, a dynamic portion, and a static
portion. For the purposes of data presentation, the settling periods will not be shown in the

following figures and are not accounted for in the creation of the correlations.

The test that was developed covers the full range of railcar loads from 5,850 Ibrto 34,400
Ibr (26 kN to 153 kN), with an emphasis on loads above 80%, as displayed in Figure 33. All the
loading rates were based upon a seven-minute loading speed, or 4,080 lbg/min (18 kN/min). The
unloading time was based upon a three-minute unloading speed from 100% to 17% of a fully-
loaded railcar, or -9,520 1bg/min (-42 kN/min). The reported loading and unloading rates were
provided by Amsted Rail as examples used in the rail industry for the loading and unloading of

grain.

The settling period required a minimum of 18 hours at full-load with the axle revolutions
comparable to a railcar moving at 25 mph (40 km/h). After the settling period, the dynamic
portion of the test was conducted at 25 mph (40 km/h). This test consisted of three load steps of
approximately 80%, 95%, and 100% with respect to a full-load, which were held for 18 hours
each and interceded by six hour unloaded periods. These step loads were slightly altered for each
adapter to see if there was a positive or negative effect on the accuracy of the developed
correlation. Five minutes before any change in load, the axle rotation was stopped to simulate an
realistic loading/unloading scenario. After the load was changed to the specified condition, the

axle remained stationary for an additional five minutes before rotation resumed.
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Figure 33. Load Accuracy Test Apportionment

The static portion of testing consisted of four loading and unloading cycles where the
loaded portions were held for eight hours each with no axle rotation. Due to the functionality of
the sensor, the perceived dynamic load is more important than the static load. Error analysis will
accompany each portion of testing, but greater emphasis should be placed on the error of the

dynamic and loaded scenarios.

The dynamic and static portions of the test, indicated in the following analysis, were used
as the calibration range, differing from the method developed by Diedrich [25] which simply
utilized the dynamic period as the basis of calibration. This was done for two reasons: the first

being that additional temperature information is needed for proper calibration of the multivariate
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correlation and the second being that, to develop a correlation that could be used accurately in

scenarios where the train is moving and stationary, both data sets are needed.

The average errors of each portion of testing will be examined. Additionally, there will be
mention of the “loaded error,” which refers to the error involved with portions of testing that are
80% of full-load and above. The signal conditioning box designated B-1 and the 100-kip (445
kN) load cell were employed throughout the duration of the load accuracy testing. The derived

correlations and errors for each adapter can be found in the Appendix A.

3.2.1 Adapter A

The full testing performed on Adapter A can be seen in Figure 34 and Figure 35, where
the moving average was calculated every 200 data points at a frequency of 50 Hz (4 seconds of
data). When compared to the following adapters, the results of Adapter A will look more stable
due to the implementation of a power inverter just previous to the testing of this sensor. It can be
observed that the second-order correlation tends to underestimate the load during the dynamic
period and overestimate the load during the static period, where the signal of the load sensor
logarithmically increases. The average error for the second-order method is 2.08% (Figure 34).
When utilizing the multivariate correlation, however, the “steady-state error,” or that which
occurs approximately after three hours under constant load, is within 1% of the actual load for

each step and the average error for the full test period is 1.00% (Figure 35).

The dynamic portion of the testing can be observed in Figure 36 and Figure 37. It can be
seen that the second-order correlation in Figure 36 tends to under-predict both the loaded and
unloaded portions of the test and had an average error of 1.49%. In the unloaded portions, the

post-processed sensor output reacts erratically when compared to the loaded portions of testing,
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which will be a trend that is common across all testing due to the increased oscillations and creep
relaxation found in the dynamic-unloaded scenarios. It can additionally be observed that the 80%

step of the dynamic portion of testing has an average error exceeding 2%.

Figure 37 shows the dynamic portion of testing utilizing a multivariate correlation which
had an average error of 0.94%. One notable trend typical of the implementation of the
multivariate correlation into dynamic scenarios, is when the adapter is initially loaded, the
correlation will overestimate the intended load, which is due to the limitation of the calibration
procedure that is used for the load accuracy testing and the nonlinear relationship temperature

has with creep.
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Figure 34. Adapter A Load Accuracy Test, 2nd Order Correlation
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Figure 37. Adapter A Load Accuracy Test, Dynamic, Multivariate Correlation
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The static portion of testing employing a second-order correlation is displayed in Figure
38. The steady-state error for the fully-loaded steps is approximately 1.5% and the steady-state
error for the 80% steps is approximately 1%, however, an unusual step increase occurs in the
first 80% loaded step. The average error for the full static testing period utilizing the second-

order correlation is 2.20%.

The static portion of testing utilizing a multivariate correlation is displayed in Figure 39.
The steady-state error for the fully-loaded steps is below 0.4% and the steady-state error for the
80% steps 1s below 0.5%, however, the small increase that occurred during the first 80% load
step resulted in a 1.2% error increase, which was theorized to be due to a change in the
grounding of the data acquisition. Even with this uncharacteristic step in voltage, the multivariate

regression method had an average error of 1.01% for the static portion of testing.
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Figure 39. Adapter A Load Accuracy Test, Static, Multivariate Calibration
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3.2.2 Adapter B

When conducting load accuracy testing on Adapter B, the moving average was calculated
similar to the previous testing, for every 200 data points (4 seconds). The full load accuracy test
for Adapter B utilizing a second-order correlation can be seen in Figure 40. This correlation had
an average error of 1.82% for the full testing period. It is clear from the data presented that the
load controller failed to monitor the load during the dynamic portion of testing. This was a
singular occurrence, as the controller uses a carbon brush motor. These brushes wear, and when
too thin, they will fail to complete the electric circuit within the motor. This incident allowed
further alteration of the proposed dynamic procedure, which resulted in an emphasis on the
“fully-loaded dynamic” scenario. The second-order correlation tends to under-represent the load
during the dynamic portion and over-represent the load during the static portion of testing,
similar to the load accuracy testing of Adapter A. When utilizing the multivariate correlation,
shown in Figure 41, a much more accurate correlated output was attained which lowered the

average error of the testing period to 0.86%.

In Figure 42 and Figure 43, the dynamic portion of testing utilizing both correlations for
Adapter B are shown. It can be seen in Figure 42 that the strain gauge readings correlated with
the second-order method tend to under-predict the load observed by the load cell. For the 100%
step with respect to full-load, the steady-state error varies between two and three percent. The
average error for the dynamic portion of testing utilizing the second-order correlation was

2.00%.

In Figure 43, the dynamic portion of testing utilizing the multivariate regression method
is displayed. The average error is 0.87% throughout the full dynamic period and 0.58% when

considering only the loaded portions of testing. When compared to that of the second-order
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correlation, which is 1.74% for the fully-loaded portion of the test, this would account for a 399

pound (1,775 N) disparity between the two methods of calibration.
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Figure 40. Adapter B Load Accuracy Test, Second-Order Correlation
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Figure 41. Adapter B Load Accuracy Test, Multivariate Correlation
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In Figure 44 and Figure 45, the static portion of testing employing both correlations for
Adapter B can be seen. There is again a logarithmic increase in the loaded portions when using
the second-order correlation, which increases the loaded error of the testing utilizing the second-
order correlation to 1.01%. The total average error throughout the static portion of testing
utilizing the second-order method was 1.66%. Figure 45 shows the multivariate regression
method applied to the static portion of testing for Adapter B. The average error for this portion of
testing was approximately 0.79%, which would result in 299 pounds (1,330 N) of unaccounted
cargo if the second-order correlation was implemented rather than the multivariate for static

scenarios.
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Figure 44. Adapter B Load Accuracy Test, Static, Second-Order Correlation
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Figure 45. Adapter B Load Accuracy Test, Static, Multivariate Correlation

3.2.3 Adapter C

The overview of testing conducted on Adapter C utilizing a second-order correlation can
be seen in Figure 46. When the raceway temperature data was incorporated into the correlation to
create the multivariate correlation, as shown in Figure 47, a much more accurate representation
of the load was created. The data for this set of testing was post processed with a moving average
of 200 data points to ensure similar results when compared to the testing of Adapters A and B.
The total average error throughout testing for Adapter C was 2.41% when using the second-order
correlation, however, when the multivariate regression was implemented, seen in Figure 47, this
average error decreased to 1.56% which results in a disparity of approximately 292 lbs (1,300

N).
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In Figure 48, the dynamic portion of testing which employs the second-order correlation
can be seen. It is demonstrated that this method tends to underestimate the load of the bearing
when the axle is rotating. The correlation had an overall “loaded” error of 1.65%, which is

representative of a 568 pounds (2,526 N) difference between the correlated load and the actual.

In Figure 49, the test results applying the multivariate correlation can be seen. For both
the second-order and the multivariate correlations, during the initial 100% step, the sensor
overestimates the intended load for a significant amount of time which is attributable to the
loading rate of the system and the resulting high pressure distribution in the region of the applied
load for the first several hours while the system is reaching its steady-state operating
temperature. It is presumed that this occurs primarily in this evaluation due to the order of steps
in the dynamic portion of testing for Adapter C, in which the 100% loaded step was conducted
first. This trend, however, is clearly in the voltage data, as it is present in both calibrated figures,
which implies that the steering pad might have been at a lower temperature and less able to flow
after the initial loading period. The overall average error for the loaded portions of the dynamic
test utilizing multivariate regression analysis is 1.12%, which is representative of a 385 1b (1,710

N) error compared to the actual.

Figure 50 shows the static portion of the test employing the second-order calibration
method. These results display the tendency of the correlation to overestimate the actual bearing
load by over 1%. The average error of all the loaded steps amounted to 1.41%, which is
representative of 485 Ibs (2,160 N) of cargo when compared to the actual. The results of the
multivariate correlation for the static portion of testing are shown in Figure 51. The plot shows
that this correlation more accurately reflects the load seen by the bearing and outperforms the

second-order correlation by an average approximation of 1.45% (499 Ibr or 2,220 N) over the full
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testing period. The average error for the loaded portions of static testing amounted to 0.43%,

which is representative of 148 lbs (658 N) of cargo.

120 T T T

—Load Cell
110 | — Correlated Strain Gauge [

100 F ] R e S it

90 ]

70| ]

60 | =

Percent of Full Load [%]

| ] ] 1 |
95 100 105 110 115 120 125
Time [h]

Figure 50. Adapter C Load Accuracy Test, Static, 2nd Order Correlation
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Figure 51. Adapter C Load Accuracy Test, Static, Multivariate Correlation
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3.2.4 Summary of Load Accuracy Testing

A summary of the overall performance of each sensor can be viewed in Table 3. The
accuracy of the loaded portions of testing as well as that of the full test is shown. When initial
development began, it was important to the original sponsor of the project for the load sensor to
have an error less than 1% of the fully-loaded weight of a railcar (344 lbs or 1,530 N). From the
results of the load accuracy testing, this goal was met for two of the tested adapters and was
exceeded in most “loaded” scenarios. In particular cases, the average error of the multivariate
correlation is below 0.5% when taking into account only loaded situations which would more

accurately simulate that which would be required for field operations.

Table 3. Error Summary of Load Accuracy Testing

Adapter A
2nd Order (%)  Multivariate (%)  Resulting Error Difference (Ibs)
Full Test 2.08 1.00 372
Dynamic Loaded 1.65 0.51 392
Static Loaded 0.98 0.64 117
Dynamic 1.49 0.94 189
Static 2.20 1.01 409
Adapter B
2nd Order (%)  Multivariate (%)  Resulting Error Difference (Ibs)
Full Test 1.82 0.86 330
Dynamic Loaded 1.74 0.58 399
Static Loaded 1.01 0.27 255
Dynamic 2.00 0.87 389
Static 1.66 0.79 299
Adapter C
2nd Order (%)  Multivariate (%)  Resulting Error Difference (Ibs)
Full Test 241 1.56 292
Dynamic Loaded 1.65 1.12 182
Static Loaded 1.41 0.43 337
Dynamic 1.82 1.49 114
Static 3.11 1.66 499

69



3.3 “Ramping” Correlation
A useful application of the load insert lies in the ability to use this technology alongside
railcar loading systems. For this objective to be fulfilled, the sensor must have the ability to
readily provide feedback necessary to automate loading and would inevitably have the capability
replace the crude loading systems that are currently in use that employ fill lines to approximate

the volume and weight of the railcar system.

The testing process and performance evaluations that follow were preceded by the normal
settling period to allow the adapter pad to conform to the stresses imposed by the test rig. The
axle was static throughout the testing period excepting the duration of the settling period
conducted at 25 mph (40 km/h) as described in Chapter II, which is done to properly simulate a
railcar loading scenario, in which the cars are either stationary, or in a few exceptional cases

moving at an extremely slow velocity.

Table 4. Filling Rates (Load per Bearing)

Relative Loading Time (Unloaded to Loaded) Loading Rate (Ibf/min) Loading Rate (kips/h)

18 s 95167 5710
35s 48942 2937
1 min 28550 1713
1 min 30 s 19033 1142
2 min 14275 857
2 min 30 s 11420 685
3 min 9517 571
3 min 30 s 8157 489
4 min 7138 428
5 min 5710 343
7 min 4079 245
10 min 2855 171
12 min 2379 143
15 min 1903 114
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The loading periods were the only portions of testing used to calibrate the sensor. An
example of the loading rates as well as the typical testing outline can be seen in Table 4 and
Figure 52, which were taken from the data involving the testing of Adapter D. As can be
observed, a one hour loaded period occurs after the loading takes place, which is followed by a
three-minute unloading period, followed by a 15-minute unloaded period until the next loading
rate is applied. This correlation would only be implemented during the actual filling process and
would not be utilized for monitoring load after the loading cycle is complete. Adapters B, C, and

D were evaluated through this testing process using signal conditioning box B-2 and the 50 kip

(222 kN) rod-end load cell.
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Figure 52. Overview of Ramping Test

3.3.1 Exclusion of Multivariate Correlation

The bearing and adapter were at room temperature throughout the majority of the
ramping periods. Due to the limited temperature data, a multivariate calibration was not a
suitable choice as the coefficients of the temperature parameters in the correlation would be near

zero. The multivariate correlation is additionally not ideal for loading scenarios as the loading
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periods for railcars are typically too fast to assume creep flow would occur in the polymer pad. It
can therefore be assumed that for the following tests, the polymer steering pad acts as a solid and
does not flow for the duration of loading. In the future, additional evaluations of the applicability
of the multivariate calibration for loading periods should be conducted to determine the effect of

temperature on the sensor without assuming creep flow.

In the face of these challenges, both a second-order and third order correlation were
derived. The second-order correlation fomented severe errors, upwards of 5%, with respect to
full-load at the end of the loading cycle which would inevitably cause severe inaccuracies if a
human operator were loading the car. Therefore, it was decided that the third order correlation

was the most suitable choice due to the empirical testing data.

3.3.2 Third Order “Ramping” Correlation

The following graphs will demonstrate the accuracy of the load sensor during loading
periods while employing a third order voltage correlation. The results will be displayed in a
format that exemplifies the relationship between the progressions of the actual load, as observed
by the load cell, with the error between the correlated and actual loads with respect to the full-
load (34,400 1br or 153 kN). The relationship of the error of the sensor and the actual load are
shown for each testing case. The correlations derived from the testing data as well as the errors

involved for each loading rate can be found in the Appendix A.

3.3.3 Adapter B
When initially evaluating the implementation of the sensor into loading scenarios, the
assumption of a seven-minute loading rate for a grain car, as mentioned in the previous section,

was used as a foundation for the initial ramping test conducted on Adapter B, as this particular
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sensor was consistently accurate for the set of load accuracy testing. The test design implements
various loading rates to obtain an average third order correlation that can be used for all
scenarios. The initial test analyzed loading rates of: 3, 5, 7, 10, 12, and 15 minutes. The results of

the first set of testing on Adapter B can be observed in Figure 53.
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Figure 53. Adapter B Ramping Test Results

Figure 54 shows the region of Figure 53 from 33 kips to 34.4 kips (133 kN to 153 kN).
The maximum error seen for the correlation was that of the five-minute loading time (1.57%)
and the range of error was -0.06% to 1.57%. One interesting observation is that the rates tend to
split into two groups based upon the loading rate. One group contains the faster loading rates of
three and five minutes, while the slower rates belong to the other group and evidences that creep

could play a role in loading rates exceeding five minutes. This test was run twice, where the
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second test reversed the order of the loading rates to see if this was a factor in the results. Both

test periods experienced only a 0.5% maximum difference at the end of the loading periods.
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Figure 54. Adapter B Ramping Test Results, End Portion

After the initial ramping test was conducted, additional research was done into industries
other than that of grain, which proved that the loading rate provided by Amsted Rail™ was slow
compared to the norms of the majority of industries. The fastest rate that was found was 35
seconds to go from an unloaded to fully-loaded state. The fastest our system can achieve was 18
seconds. Therefore, to include the 35 second loading time into the range of testing, the 18 second
loading time was selected as the new starting point of the “fast ramping test.” The five-minute
ramp, as the theoretical cutoff point for the creep factor was selected as the slowest rate. The

results of the fast ramping test on Adapter B can be seen in Figure 55.
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The zoomed portion of the results of Figure 55 from 33 kips to 34.4 kips (133 kN to 153
kN) can be seen in Figure 56. The maximum cutoff error, that when the train is fully-loaded, is

that of the three-minute ramp, which displayed an error of approximately 1.99% and the range of

error was -1.54% to 1.99%.

3.3.4 Adapter C

Only the fast ramping test was conducted on Adapters C and D. The results for the full
Adapter C ramping test is shown in Figure 57. It can be observed that the effect of the third order
correlation is clearly present in the faster loading rates. This figure exemplifies why a second

order correlation was not chosen for the primary correlation of the loading tests.
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Figure 57. Adapter C Fast Ramping Test Results
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The zoomed portion of the results for Adapter C can be seen in Figure 58. The range of
error for the fast ramp test of Adapter C was -3.07% to 0.51%. The most interesting observation
of this figure lies in the fact that the 18 second ramp predicts the load early for Adapter C and
has a large increase in cutoff error (-3.07%) when compared to the results for Adapter B fast
ramp testing. This ramp seems to be an outlier as the next highest cutoff error is that for the one-

minute ramping rate which has an error of -1.18%.
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Figure 58. Adapter C Fast Ramping Test Results, End Portion

3.3.5 Adapter D

The results of the ramping test performed on Adapter D can be viewed in Figure 59. It
can be observed that the error of the 18 second ramp has a maximum error above 10%, however,
it should be noted that the correlation is still able to correct the error at the end of the loading
cycle, where the cutoff error of the 18 second loading cycle was below 1% with respect to full

load. Figure 60 zooms on the end portion of the results to compare the correlation error with
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respect to the full-load with the actual load. The maximum error belonged to the one-minute
loading rate, which was -1.69% at the end of the loading period and the range of error for this

test is -1.69% to 1.41%.
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Figure 59. Adapter D Fast Ramping Test Results

—— 18 Sec Ramp
——35 Sec Ramp
8 - 1 Min Ramp
——1 Min 30 Sec Ramp
&L 2 Min Ramp

2 Min 30 sec Ramp
—3 Min Ramp
4 —3 Min 30 Sec Ramp [
— 4 Min Ramp
— 5 Min Ramp

Error with Respect to Full Load [ %]
[=}

10 I I L I I I
33 332 33.4 33.6 338 34 342 34.4

Load Cell [kips]

Figure 60. Adapter D Fast Ramping Test Results, End Portion
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3.3.6 Sensor Controlled “Ramping” Experiment

Due to the fairly accurate results from the “ramping” tests, further testing was conducted
in which the correlation created from the Adapter B fast ramping test was employed in an effort
to simulate a railcar loading scenario, whereby the sensor would control when the shutoff of the
loading system occurs. A program was created using LabVIEW™ which specified a loading rate
and used the output of the load sensor to determine when the simulated loading of the railcar
would cease. Using the previously calibrated sensor for Adapter B, the test was situated to run
five different ramping rates, from one minute to five minutes. Once the full-load according to the
sensor was attained, the system would maintain the load according to the sensor for an
approximate 90 seconds. Slight variations will therefore be observed in the short periods after the
ramping has ceased. Figure 61 displays the results of the strain-gauge controlled ramping
experiment, in which the errors ranged from 3-6%, as demonstrated in Figure 62. Having
expected a worst-case error of approximately 2-3%, this outcome prompted further investigation

into the reliability, precision, and survivability of the sensor.
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CHAPTER 1V

ANALYSIS OF RELIABILITY DURING LONG-TERM APPLICATION

4.1 Effect of Impact on Load Signal
After initial testing had been conducted, it was important to ensure that the load insert
had the structural capabilities necessary to function in the extreme conditions found in the
operation of freight railcars. Some of the most structurally compromising events that occur in rail
operations are impacts instigated by wheel flats or rail defects. Wheel flats specifically can

develop due to imperfections in the wheel geometry, defects present in the material, or stuck

handbrakes.

The rail industry has instituted Wheel Impact Load Detectors (WILDs) to measure the
approximate force caused by wheel flats to account for this industry-wide issue. Currently, the
Association of American Railroads has noted that wheels that have an impact force above 90
kips (400 kN) are faulty wheels, which was the initial target for testing. However, only a
consistent 35 kip (160 kN) impact was achieved. While this system will not be able to fully
simulate the severest of wheels that are flagged, it does provide data regarding what would be

considered a developing wheel flat [39].

The impact mechanism is depicted in Figure 63, where a rolling rod that operates on a
cam is used to compress a spring of a specified constant to release when the cam reaches the end

of its stroke. In order to record the necessary data, an accelerometer was employed that utilized
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the same data acquisition as that of the load sensor and load cell discussed in Chapter II. The
accelerometer, from PCB Piezotronics Inc., was attached to the impact head to measure the
acceleration of the mass to derive the impact force imposed by the mechanism. The combined
mass of the steel and brass impact head components was 53.37 Ib (237 N) and the employed
spring had a constant of 200 1b/in (35 kN/m). Data collection for the accelerometer occurred at a

sampling rate of 51 kHz to capture the full impact acceleration of the impact head.

—s

Figure 63. CAD Drawing of Impact Mechanism (dimensions in inches)

4.1.1 Wheel Impact Force Analysis and Load Signal Results
In order to analyze the effect of impacts on the load sensor output, the following

experiment was conducted. The adapter was held at full-load and operated at 25 mph (40 km/h)
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while impacts occurred at a frequency slightly above 1 Hz. The results of the test can be
observed in Figure 64, which exhibits the forces that occur due to the impact mechanism and
their effect on the correlated output of the load sensor. A maximum force of 44 kips (196 kN)
was attained. The correlated output of the sensor is demonstrated to not be affected by the impact
of the mechanism. It can be assumed that due to the data collection frequency (50 Hz), the quick
variations in the data that result from the impacts are negated. However, further investigations
can be conducted which employ a faster data collection frequency and incorporates a spring with
a larger constant to determine at what frequency the impacts will affect the sensor. It should be

noted that the sensor was unharmed despite the extreme forces applied to the system.
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Figure 64. Impact Force of Impact Testing
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4.2 Analysis of Mounting Method

The development of the load sensor arrived at a milestone in which the results were
consistently accurate. It was discovered, however, that the output received from the data
acquisition system after completely unloading the bearing and reloading it to 100% full-load
would have a voltage difference present which would result in over 5% error post-calibration.
This was theorized to be due to a difference in the loaded pressure distribution in the steering
pad, where a slight alteration of the position of the component can result in a shift of the
effective distribution of stress in the pad. In an effort to improve the precision of the sensor, two
mounting methods were evaluated. Mounting the sensor to the adapter was additionally
considered a natural progression as the sensor and adapter would most likely be sold as a pair

due to the variables involved in the calibration and implementation.

Post-mounting tests were conducted to evaluate the effect the different mounting methods
had on the sensor output. This testing was conducted under static conditions over a two day
period. This form of testing was similar to that conducted in Chapter III under the static portion
of the load accuracy tests, except that the test was shortened to approximately 7.5 hours. After
the first day of testing, the adapter was removed from the assembly and allowed to readjust. The
testing conducted on the first day was used as the basis for a second-order calibration which was
imposed on the output of the second day of testing. The error of the root mean square of the load
difference between the correlated and actual load of the second day of testing is taken with
respect to the full-load and displayed in the results for each section. The results for the “free

floating” sensor can be observed in Table 5 for comparison.
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Table 5. “Free Floating” Analysis

Percent of Full-Load (%)  Error (%)
80 5.34
100 4.36
80 4.81
100 5.02

4.2.1 Bolt-Mounting

The first method considered was mounting the sensor to the Smart Adapter® by threading
holes in which mounting bolts could be attached, as shown in Figure 65. Once the machining
processes began, however, numerous issues were encountered. The first, but most easily mended,
was the sensor housing welds becoming compromised by the reactive forces involved in the
milling application, which was due to the inserts being welded previous to the drilling of the
mounting positions. This issue resulted in a total reconstruction and positioning of the insert and
sensor components. The second and more pressing issue was the effect that using mounting

screws had on the data output and its relationship to the load application.

The results of the bolt-mounted insert using four mounting bolts can be observed in

Table 6, where the results of the testing are shown. The load step errors for the testing are
shown in the right column of the table. The high error involved was attributed to the unforeseen
bending force applied by the tightening of the mounting bolts on the load sensor, rendering this

method of mounting undesirable.
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Table 6. Bolt-Mounted Analysis

Percent of Full-Load (%) Error (%)

30 2.24
100 2.64
30 3.28
100 3.18

Figure 65. Bolt-Mounted Sensor
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4.2.2 TIG Weld-Mounting

The next method considered was TIG welding the insert to the adapter using ER70S-6
welding alloy, as shown in Figure 66, which was not the primary method of choice considering
the detrimental welding properties of A2 tool steel. When welding tool steel to other materials,
the welds will have difficulty creating a joint between the two components. However, all the
welds properly formed and besides the presence of surface cracks and the heat involved in the
processing, the welding method itself contained no significant drawbacks. An aluminum heat
sink was used to resolve the heat of the welding in a process similar to that of the actual
construction of the sensor and the surface of the welds were refinished to eliminate any chance of

crack propagation.

The results of the testing for a TIG weld-mounted insert with four welds is displayed in
Table 7. It can be observed that the error of the implemented calibration is much less than that of
the bolt-mounted insert. For the bolt-mounted insert, the most severe error was the second 80%
step (3.28%). The weld-mounted inserts experienced a maximum error of 3.07%, which occurred
on the first 100% step load. This error is still fairly large and needs to be studied further,
however, the weld-mounting proved to be the best method and benefitted the sensor output.

Therefore, adapters utilizing both four and eight welds were created.

Because the bolt-mounted inserts were deemed insufficient due to the unfavorable
bending stresses imposed by the tightening of the mounting bolts, each adapter that had been
purposed for bolting was repurposed with welds as shown in Figure 67. Shims were additionally
implemented in an effort to ensure all the sensors were twelve one-thousandths of an inch (0.305

mm) above the adapter surface.
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Figure 66. Weld Mounted Sensor

Table 7. Weld-Mounting Analysis

30 1.45
100 3.07
30 1.19
100 1.33
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Figure 67. Repurposed Bolt-Mounted Sensor with Eight Mounting Welds

4.3 Weld Fatigue Analysis
4.3.1 Theoretical Fatigue Analysis
To further investigate the effect of the extreme forces found in railroad bearing operation
that would be imposed on the chosen mounting method, a theoretical fatigue analysis was
conducted. Fatigue fractions begin with a minute crack at a local high stress area and the
resulting failure results from repeated plastic deformation and occurs over many cycles of

yielding often existing at the microscopic level [41].

The assumptions for the welded material and the loading properties are shown in Table 8.
The analysis operated under the assumption that an eighth of the full weight of a railcar utilizing

a Class K bearing was distributed evenly across the adapter pad surface, which was assumed to
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be4.4inx 7.7 in (112 mm x 196 mm). Because we were analyzing the pure shear scenario,
which would be the most likely loading scenario to initiate a crack, a friction factor of 0.4 was
used, which is an overestimation for most plastic-metal cases. These assumptions equate to a
distributed shear stress of 406 psi (2.8 MN/m?), which is incredibly unlikely as the majority of
the pressure is typically distributed across the interlocking ridges as determined by the pressure

film analysis conducted by Diedrich [25].

Fatigue analysis additionally makes use of correctional coefficients for characteristic
properties. The welding material has a yield strength of 65.5 ksi (452 MPa). Each of the welded
areas were assumed to be in torsional load cycles and have a “hot rolled” surface. The torsional
loading condition was chosen because of the pure shear assumption mentioned previously.
According to empirical data [41], hot rolled surfaces with an ultimate tensile strength of 78 ksi
(537 MPa) have a surface factor of approximately 0.65. The load factor for torsion is 0.58 and

the gradient factor was assumed to be 0.9.

Table 8. Properties and Assumptions for Fatigue Analysis

Material and Loading Properties
Ultimate Tensile Strength 78 ksi
Yield Strength 65.5 ksi

Surface Hot-Rolled
Loading Torsion

The results of testing are displayed in Figure 68. The infinite life threshold stress at the

designated pressure distribution is 13.2 ksi (91 MPa), which indicates that there is a factor of
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safety of over 25 for the welded area. According to this model, the welds, if attached properly

with no cracks, should never break.
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Figure 68. Results of Theoretical Fatigue Analysis

4.3.2 Finite Element Analysis

Finite Element Analysis (FEA) has been an essential tool for many engineering
disciplines since its inception in the 1940s when Hrennikoff and McHenry utilized a series of
elements to obtain solutions for the behavior of various solids. In its infancy, it was used
primarily as a structural analysis tool, but over time it has been improved and applied to more
engineering disciplines. FEA takes complex problems and separates them into smaller, more
manageable subsets. These subsets are analyzed and the collection of results provide a realistic

approximation of how the structure would behave under the presence of specified forces,
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pressures, and boundary conditions. It can be used to provide insight into the expected

mechanical performance of different assemblies and its impact on functional safety [42].

In Algor FEMPRO™, a variety of tests including: linear stress analysis, nonlinear stress
analysis, and steady-state heat transfer can be used to evaluate different assemblies or
components. The FEA approach for the purposes of this thesis utilized a linear stress analysis for

the models regarding the weld-mounting of the sensor.

0.000 0022 m 0.043 0.065

—_—

Figure 69. FEA Mesh Analysis
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Figure 70. FEA Results

To verify the survival of the mounting procedure, a study of the structural integrity was
necessary. Finite Element Analysis (FEA) was chosen as the secondary means of verification. A
four-weld mounted sensor model was created and evaluated. The material parameters are input
into the model and certain boundary conditions are imposed. When employed in the field, the
welds would most likely fail due to the shear stresses imposed by the steering pad when the
railcar enters a curved section of track. Therefore, the model was assumed to be in complete

shear having the full load distributed across the surface of the sensor with no loss due to friction,
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the most extreme and a non-plausible scenario for the sensor if employed in the field. The welds

were assumed to fill 0.2 of the side of the sensor.

The preliminary studies required appropriate boundary conditions to obtain realistic
results for the proposed model. The welds were each assumed fixed, with no rotation or
translation. Additionally, the sensor was fixed in the X and Z directions to simulate walls of the
adapter canal, as well as the negative Y direction to simulate the bottom of the adapter canal. The
mesh used to conduct the FEA can be observed in Figure 69. The results of the analysis can be
seen in Figure 70. A slight alteration of the mesh can be observed in the area of the welds, which
is largely due to the amount of elements used in the analysis. In the worst case scenario, the
maximum stress would be equivalent to the ultimate tensile strength of the weld material (78 ksi
or 538 MPa). However, if eight welds were implemented, the welds would not fail under the

most hyperbolized circumstances.

4.4 Reliability Analysis of Load Insert

As discussed in Chapter 111, the precision of the sensor was questionable as left in its
“free floating” assembly. To evaluate the precision of the weld-mounted sensors, tests were
designed to demonstrate hypothetical “field employment” scenarios and exhibit the performance
of a pre-test calibrated sensor under numerous loading cycles. In the case that a leak or shifting
in freight occurs during transportation, small variations in the load would occur. To account for
these scenarios, this portion of testing was conducted without the use of the load controller to let
the thermal expansion of the hydraulic fluid account for the minimal alterations in load. A load
accuracy test was used as the basis of calibration for the tests that follow. The tests performed
utilize a control bearing with no noticeable imperfections and a spalled bearing which is used to

demonstrate the integrity of the sensor and its signal under the spall-induced vibration. The
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testing will be displayed in weeklong increments to have the resolution necessary to observe the
demonstrated trends. All testing employs Adapter B which was fabricated with eight mounting
welds. In the following sections, the “loaded” error refers to the “average error” at loads above

90% of full-load.

4.4.1 Control Bearing

The first set of testing was performed on the test rig using signal conditioning box B-2
and the rod-end load cell. This test utilized a control bearing, focusing solely upon the precision
of the welded sensor of Adapter B. The three-week test concentrated on loads above 90% of full-
load with the axle rotating at a speed equivalent to 25 mph (40 km/h). Figure 71 gives the

overview of the three-week test as observed by the load cell.
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Figure 71. Reliability Testing on Control Bearing
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Figure 72 displays the first week of testing using the second-order correlation. It can be
observed at the beginning of testing that the short duration of 80% and 100% alternating static
steps displayed a large amount of inaccuracy. The average error for the full week utilizing the
second-order correlation, however, was within the desired tolerance at 0.96%. Figure 73 displays
the multivariate counterpart of the test. The average error throughout the first week of testing
displayed by the multivariate correlation is 0.98%, however, when evaluating only situations in
which the load is above 90% of full-load, the error of the second-order correlation for the first
week of testing increases to 2.79% and the multivariate increases to 2.33%. Surprisingly, both

sensors were able to accurately reflect the lower loads to a high degree of accuracy.
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Figure 72. Control Bearing, Week 1, 2nd Order Correlation

Figure 74 displays the results of the second week of testing utilizing the second-order

correlation method. It can be observed that towards the end of the testing period shown, a
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significant amount of variation is detected which is additionally found in the multivariate
correlation, displayed in Figure 75, and indicates that the voltage output is the primary cause for
the variation. The amount of variation remains approximately the same for both, in which the
average error throughout the week testing period is 0.91% for the second-order correlation and

0.87% for the multivariate correlation.
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Figure 73. Control Bearing, Week 1, Multivariate Correlation

Figure 76 shows the third week of testing utilizing the second-order correlation, which
displayed an average error of 2.94%, which increases to 5.55% when only accounting for test
portions exceeding 90% of full-load. Contrastingly, Figure 76 displays the advantage of the
multivariate regression, where the temperature accounted for a large amount of error, decreasing

the test period average error to 1.22%.
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Figure 74. Control Bearing, Week 2, 2nd Order Correlation
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Figure 75. Control Bearing, Week 2, Multivariate Correlation
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4.4.2 Spalled Bearing Test 1

The set of testing utilizing a spalled bearing was conducted for over a one month period.
The overview of the first set of testing using the spalled bearing can be observed in Figure 78. As
can be seen, this test concentrated on the effect the vibration induced by the spall in an unloaded
environment would have on the data output and signal processing. While the inaccuracies are

discussed, this was considered to be, primarily, a structural test.

Figure 79 shows the first week of testing using the second-order correlation, which had
an average error of 1.74%. Figure 80 shows the first week of testing using the multivariate

correlation, which had an average of error of 1.65%.
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Figure 78. Reliability Test on Spalled Bearing, Test 1
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Figure 79. Spalled Bearing, Test 1, Week 1, Second-Order Correlation
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Figure 80. Spalled Bearing, Test 1, Week 1, Multivariate Correlation,
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Figure 81. Spalled Bearing, Test 1, Week 2, 2nd Order Correlation
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Figure 82. Spalled Bearing, Test 1, Week 2, Multivariate Correlation
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Figure 81 shows the results of the second week of testing using the second-order
correlation, which displayed an average error of 1.35%. Figure 82 shows the results of the
second week of testing utilizing the multivariate correlation, which displayed an average error of
1.31%. It can be observed that both correlations display difficulty in accurately detecting the
variations in load, which is primarily attributable to the vibration of the spall and the resulting
effect on sensor output. Despite the testing conditions, temperature was able to contribute in
some cases which the second-order correlation could not detect, such as the peak that occurs

approximately at 180 hours into testing.

4.4.3 Spalled Bearing Test 2

The overview of the second test conducted utilizing a spalled bearing can be seen in
Figure 83. This test focuses on loads above 90% of full-load. The first week of testing, utilizing a
second-order correlation, can be observed in Figure 84. It can be seen that half of the first week
was attributed to the continuation of the unloaded vibration testing seen previously, however, the
second half concentrates on loaded situations. The second order correlation displayed an average
error of 2.70% for the first week of testing, while the multivariate regression method, seen in
Figure 85, displayed an average error of 5.49% which was due to the inability of the correlation
to account for the unloaded portion at the beginning of testing. The error of the multivariate
correlation decreases slightly when evaluating only loaded situations, where the loaded error of
the second-order correlation decreases to 3.36%. Contrastingly, the loaded error of the second-
order correlation increases to 3.67%. These averages, however, incorporate an outlier, as it seems
that a fast reloading of the system at approximately 155 hours into testing affected the pressure

distribution of the steering pad. In application, railcars are typically not loaded in under 20
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seconds, therefore, the actual average errors for the testing period would decrease to 1.68% for

the second-order method and 1.23% for the multivariate method.

Figure 86 shows the second week of testing utilizing the second-order correlation which
displayed an average error of 3.27%. Figure 87 shows the second week of testing utilizing the
multivariate correlation, which displayed an average error of 4.27%. However, when analyzing
only the loaded portions of testing, the error of the second-order correlation increased to 3.55%

and the error of the multivariate correlation increased to 4.63%.
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Figure 83. Reliability Testing on Spalled Bearing, Test 2
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Figure 85. Spalled Bearing, Test 2, Week 1, Multivariate Correlation
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Figure 87. Spalled Bearing, Test 2, Week 2, Multivariate Correlation
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4.4.4 Summary of Reliability Analysis Error

The summary of errors present in the reliability testing performed on Adapter B can be
observed in Table 9. It can be seen that for the first test utilizing the spalled bearing, there are no
loaded errors given which is due to the limited amount of data within the testing period above
90% of full-load. In two of the week testing periods, the second-order correlation outperforms
the multivariate in the loaded case. This could be attributable to the amount of data points used to
average the data and the instabilities that could arise from the multiple parameters involved in
the post-processing of the multivariate correlation. It should also be noted that the welds and

sensor went undamaged throughout this long and arduous testing period.
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Table 9. Reliability Test Error Summary

_ Week 1 Week2 Week 3
. 2MOrder (%) 0.6 0.91 2.94
~ Multivariate (%)  0.98 0.87 1.22
2" Order Loaded (%)  2.79 2.34 5.55
‘Multivariate Loaded (%)  2.33 2.11 2.41

- Weekl  Week?2
. 2Order(%) | 174 1.35
- Multivariate (%) 165 131

- Weekl  Week?2
- 2Order(%) 270 3.27
- Multivariate (%) 549 427
- 2" Order Loaded (%) 3.6 3.55
‘Multivariate Loaded (%) 336 4.63
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CHAPTER V

CONCLUSION AND FUTURE WORK

5.1 Conclusions

The results of the experimentation performed throughout this thesis demonstrate that the
incorporation of raceway temperatures into the correlation of the load sensor can have an
immensely positive influence over the accuracy of the sensor output. From the data presented in
Chapter 111, the load accuracy testing proved that the incorporation of raceway temperatures
improved the sensor accuracy. The evaluation of the ability of the sensor to detect different
loading scenarios progressed the development of the sensor to concentrate on the reliability and
precision over long testing periods. Furthermore, an additional correlation will need to be
implemented during the loading cycle. From the testing presented in Chapter IV, the Smart
Adapter® load insert is able to produce a steady signal under numerous conditions including
wheel impacts and spalled bearing vibration. The reliability analysis of the sensor demonstrated
that mounting the sensor to the adapter by TIG welding improved the precision of the sensor and
furthermore the welds were able to survive the severe loads and vibration inherent in spalled

bearing operation

5.2 Future Work
The sensors need to undergo field testing to evaluate their accuracy and precision when

employed in an actual railcar assembly. The sensor-adapter welded assemblies would be
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mounted on a railcar to test the accuracy of the derived laboratory correlations. The field testing
would optimally focus on the 100% loaded and 17% unloaded scenarios. This form of testing
would provide data that is comparable to the laboratory and help demonstrate to the railroad

industry that this is a viable product.

To increase the accuracy of the load sensor, it is recommended that five load and
temperature scenarios be included in the calibration of each sensor. To achieve this, a rig would
be designed which would contain the capability to simulate temperature and loading scenarios
involved in operational bearing assemblies. While preliminary testing proved that the creation of
a ramping correlation for the employed load sensors is possible, additional work and testing must
be conducted to bring this aspect of the sensor to its fruition. Research should additionally be
conducted which analyzes the adapter pad to evaluate the application and effect of reinforcing

geometry or structures on the pressure distribution observed by the steering pad.
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Load Accuracy Test Correlations

2nd Order
VO \Y vr2
-23489 7157 344
Multivariate
VO \% VA2 T T2 V*T
-54198 15229 -201 869 -6 -126

2nd Order
VO \% VA2
-11181 612 744
Multivariate
VO \'% VA2 T "2 V*T
-45871 7900 368 1103 -8 -144

2nd Order
VO \Y VO
-23490 7157 344
Multivariate
VO A% VA2 T T2 V*T
-53972 15165 -197 856 -6 -123
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Load Accuracy Error Summary

Total

Total Loaded
Dynamic

Total Loaded Static
Dynamic

Static

Total

Total Loaded
Dynamic

Total Loaded Static
Dynamic

Static

Total

Total Loaded
Dynamic

Total Loaded Static
Dynamic

Static

Adapter A
2nd Order Multivariate
(%) (%)
1.62 0.61
1.4 0.38
0.87 0.4307
1.73 0.53
1.53 0.65
Adapter B
2nd Order Multivariate
(%) (%)
1.63 0.46
1.64 0.41
1.09 0.19
1.86 0.54
1.46 0.37
Adapter C
2nd Order Multivariate
(%) (%)
1.87 0.92
1.38 0.82
1.52 0.39
1.56 1.06
2.11 0.58

Estimated Difference
(Ibs)
-347

-351

-151
413
-303

Estimated Difference
(Ibs)
-402

-423
-310
-454
-375

Estimated Difference
(Ibs)
-327

-193

-389
-172
-526
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Ramping Test Correlations

3rd Order
V13 V2 Vv VO
290 -5009 38519 -91518

3rd Order
V13 V~2 A\ VO
100 -1971 23244 -71674

3rd Order
V13 V2 Vv VO
474  -6285 38169 -60249

3rd Order
VA3 VA2 \Y4 VO
-121 2455 -6447 -13772
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Ramping Test Error Summary

Adapter B (slow

rates)

Rae T

3 min 1.15

5 min 1.57

7 min 0.31

10 min 0.13

12 min 0.40

I5min  -0.06

Adapter B

Rae
18 s 1.66
35s 1.37
1 min -0.97
I min30s -0.89
2 min -0.48
2min 30 s 0.13
3 min 1.99
3min 30 s 1.59
4 min 1.63

Smin -1.54
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Adapter C

Rate E[;gr
18 s -3.07
35s -1.05

1 min -1.18

I min 30 s 0.49
2 min 0.47
2min 30 s 0.11
3 min 0.50
3min 30 s 0.41
4 min -0.20
Smin 0.51

Adapter D

Rate E[f;)(]r

18 s -0.96
35s 1.37

1 min -1.69
Immn30s -0.24
2 min -0.25
2mmn30s -0.18
3 min -0.56
3min30s -0.37
4 min -1.20

Smin 1.41
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Reliability Test Correlation

Adapter B Reliability Control Testing Correlation

2nd Order
VO \Y% VA2
-16154 1172 581
Multivariate
VO \Y% V2 T T2 V*T
-48725 7580 400 980 -4 153

Adapter B Reliability Spalled Testing Correlation

2nd Order
VO A% VA2
-15180 1014 698
Multivariate
VO Vv VA2 T TA2 V*T

-46512 6430 395 1145 -7 147
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Reliability Test Error Summary

_ Week 1 Week?2 Week 3
| 20mer%) | 0% 091 294
 Multivariate (%)  0.98 0.87 1.22
- 2" Order Loaded (%) 2.79 2.34 5.55
Multivariate Loaded (%)~ 2.33 2.11 2.41

- Weekl  Week2
. 2MO0rder(%) | 174 135
~ Multivariate (%) 165 131

- Weekl  Week2
. 2¥O0rder(%) | 270 327
| Multivariate (%) 549 427
| 2% Order Loaded (%) | 367 355
Multivariate Loaded (%)~ 336 4.63
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THERMOPLASTIC POLYURETHANE STEERING PAD
PROPERTIES
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Elastollan®1154D
Polyether-based Grade

Elastollan® 11540 exhibits excellent abrasion resistance, toughness, transparency. very good low temperature flexibility, hydrolytic stability
and fungus resistance. It has excellent damping characleristics and outstanding resistance to tear propagation. Elastollan® 1154D
conforms to the FDA food contact regulations as described in book 21, section 177.2600 for wet food contact applications. Elastollan®
11540 also has NSF Standard 81 "Water Contact Material” certification. Elastollan® 1154D iz supplied uncolored in diced form.

Typical Properties of Elastollan™ ASTM Test Method Units Typical Values

All the physical properties reported here are measured on injection molded samples (about 2.2 mm
thickness). Properties of sheet or film samples of this product are also available upon request.
Specific Gravity ASTM D 782 glem® 1.16
Shore Hardness ASTM D 2240 Shore A or D 54D
Taber Abrasion ASTM D 1044 mg loss 60
DIN Abrasion DIN 53516 mm’ loss 30
E-Modulus ASTM D 412 psi 22000
Flexural Modulus ASTM D 720 psi 24000
Tensile Strength ASTM D 412 psi 7000
Tensile Stress at 100% Elongation ASTM D 412 psi 3800
Tensile Stress at 300% Elongation ASTM D 412 psi 8600
Ultimate Elongation ASTM D 412 % 410
Tear Strength ASTM D 624, Die C Ibfin 1200
e ASTM D 385 %" sk i 50
22h at 23 °C 40
Glass Transition temperatura® BASF Analytical Method °’c -16
Vicat Softening Temperature ASTM D 1525 °’C 138
DMA Softening Temperature BASF Analytical Method °C 127

“Measured with Dynamic Mechanical Analysis (DMA). DMA profile is available upon request.

Above values are shown as typical values and should not be used as specifications.
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Elastollan®1154D
Polyether-based Grade

DRYING: Elastollan™ materials are hydroscopic, i.e. dry Elastollan® will
rapidly absorb moisture when exposed to atmosphere. Polyether-based
Elastollan®™ grades absorb moisture more rapidly than polyesier-based
Elastollan® grades. As with all TPU products, Elastollan® 1154D must be
dried before processing. The drying step is required to maintsin a low
muaisture content until the product enters the processing equipmeant. The
water content must be bess than 0.03% before and during processing.

Drying diagram for Elastallan

40 3 .
] |
a3 ! ! | |
% % 1 Dsdnarnicifiad ai
2 o 3 y dryer 190°C I
E k| \\ Circulnting-air
E am 3 e ! oven 110°C
UED ) SR . T Circulnting-air I
é | \ = cuen, 80°C
10 : I -t |
as 1 ;S =5 ==
o ) —
[ El = L 10 Bl Ho
Dryire tirme: [rman]
Elastollan™ Drying i engearedins
Hardness Time

Circulating air | Dehumidified Air
TEAto D04 2to2h 100 to 110 °C B0 toB0°C
> D0A 2to2h 110to 120°C 90to 120°C

STORAGE: Elasiollan® 11540 can be stored for up fo one year in its
original container. Containers should be stored in a cool and dry area.
Containers should be tightly dosed after use. Granulates should be
exposed to the surrounding air only for as long as absolutely essential; it
Bﬂ'mﬂfumnwrhnlmmlmmmppurnthpmsm
machine. Drying is recommended if the container has been opened
sevearal times. In order to prevent condensation, materials stored in cool
conditions should be browght to room temperature before opening the
container.
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Moisture absorption
Polyether-TPU
Hardness 80 Shore A -64 Shore D

e
=

o
B

Hurmicity [%:]
g

0

L .

o,

1
Time [h]
1 - Standard atmosphere
40°C/92% red. hum.
2 = Standard atrmosphers
23°C/50% rel. hum,

PROCESSING RECOMEMDATIONS: Single screw exiruder with a
compression ratio of 1:2 to 1:3, preferably 1: 2.5, are recommended for
processing Elastollan®. BASF experience shows that three section
screws with an LD ratio of 25 to 30 are most suitable. Three section
screws should have continued constant pitch of 10. The radial clearanca
between screw and barrel should be 0.1 to 0.2 mm. For processing
Elastollan®, multizone screws, e.g. barrier screws, have also proven
suifable. Short screws with high compression ratio are unsuitable for
Elastollan®. Use of breaker plates and screen packs is recommended.
Depending on the screw diameater and type of die, breaker plates should
have holas of 1.5 to 5 mm in diameter. Since thermoplastic polyurethanas
are shear sensitive, excessivaly high screw speeds may lead fo reduction
in product properties.

Screw configuration (diagrammatic view)

NEARRIY R ER

fl

Meterng sme Goﬂm:suml Fanding one
n26L : 0a5L a4DL
L=B-20D



TYPICAL PROCESSING CONDITIONS: Elastollan® 11540 is preferably
used for injection molding applications and can be used for exirusion
conditions. Typical processing conditions are listed in the table balow. We
recommend you fo call our technical service helpdesk for mare
infarmation or troubdeshoating.

INJECTION MOLDING
Recommended barrel ternperatures in °C
Elastollan™
Barrel Temperatur Mozzle

Hardness i
60A- B0A 170-210 200-210
B5A- 054 100-220 210-225
98A-T4D 210-230 220-240

VISCOSITY CURVE:

Wiscosdhy shear rala
Elasiolia® 1154 0
1E4 —_—
— i
— 1

1E3+ T

ninFas

1E2+ - - . {
10 1E1 1E2 1E3 1E4

Tin ke
SHRINKAGE: This graph can be used for estimated shrinkage values of
Elastollan® products in relation to the wall thickness. Please remember
that depending on the molding condifions and part design these values
can change. We recommend you fo call technical service group for
further information.
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CHALLENGE US: Please contact us for more information on Elastollan™
products.

You can reach our techmical team at 1-B00-892-3111 or
tpu helpdeskiibasf.com. You can find more information at
www.basf.com/elastollan. Our mailing address is BASF Corporation,
1608 Biddle Avenue, Wyandotte, Michigan 48152

For Further information, the following detailed brochures are available
upon requeast:

= FElastollan® Material Properties

= Elastollan® Product Range

»  Elastollan® Processing Recommendations
*  Elastollan® Electrical Properties

*  Elastollan® Chermical Resistance

DISPOSAL: Elastollan™ materals are fully reacted and present no
hazard to the emdronmenti. Waste can therefore be disposed at public
waste disposal sites. The official regulations on waste disposal should be
observed. For further information, please see BASF material safety data
sheets.

CAUTION: Contact with product dusts from regrinding operations may
causa temporary irritation of the eyes and the respiratory tract. Use with
local exhaust. Under hot melt processing conditions {170-2307C), wear
personal protective equipment to prevent thermal burns.

FIRST AID: Eyes-Flush aeyes with flowing water at least 15 minutes. I
irritation dewvelops, consult a physician.  Skin-Skin contact with hot melt
may cause thermal burns. Call a physician immediately. Inhalation-If
vapors generated from the hot melt process are inhaled, move to fresh
air. Aid in breathing. If breathing difficulties develop, see a physician
In case of fire: Use water fog, foam, CO., or dry chemical extinguishing
media. Firefighters should be equipped with seli-contained breathing
apparatus and turnout gear.
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Technical

Datasheet EEaaES
A2 Tool Steel

Identification

UNS Numbes
* T30102

AlS1 Number
* Type A2
Carbon 1.00 % | Manganese 0.80 %
Silicon 0.30 % | Chromium 525 %
Molybdenum 1.10 % | Vanadium 0.21 %
Iron 91.35 % |

General Information

Description

AZ tool steel is an air hardening tool steel capable of being hardened throughouwt, even in heavy sections. This tool steel has been
used for applications in which the sections are very large or involve extreme accuracy of size and exireme hazards in hardening. A2
tool steel displays good balance between hardness and toughness. it is available as a DeCarb-Free product. DCF bars have been

cold finished in the mill, thereby eliminating the need for bar bark remowval.

Applications

A2 tool steel has been used in applications which require exireme accuracy and safety in hardening and when the sections are

heavy. Typical applications have included:

Large blanking dies
Thread roller dies
Long punches
Rolls

Master hubs
Trimming dies
Forming dies
Precision tools
Gauges

Cooining dies

Properties
Physical Properties

Specific Gravity 7.87

Dersity 0.2B40 Ibfim®

Mean CTE
68 to 212°F 584 x10-infin/F
68 to 392°F 667 x 10-+infin™F
68 to 5T2°F 706 x10-+infin/™F
68 to 752°F 7.33 x 10+ infin™F
68 to 832°F 761 x10+infin™F
68 to 1112°F 7.78 x 10+ infin™F
68 to 1282°F 784 x 10+ infin™F
68 to 1382°F B.00 x 10-infin™F
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A2 Tool Steel

Mean Coefficient of Thermal Expansion—A2 Tool Steel
The lollowing figures are the average coeflicients between room temperature and
the speacified elevated temperalure. They reprasent mataral in the annealed

condition and the dimensions are in inin®™ temperature.

Room Temperalure Average Cootlicient
68°F to 20°C to 10%°F i WY
12 100 598 107
302 200 664 120
are <00 705 127
752 400 1.36 13.2
932 i) TE0 137
1112 GO0 775 140
1282 700 .82 14,3
1382 750 788 14,4
Modulus of Elasticity (E) 295 x10+ksi

Isothermal Transfermation Diagram—A2 Tool Stee!
Ausienilizing Temperalure - 1750° F (954° C)

'c i TITR T T Ty T T
800 = L 1
1400 T
" < P
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B0 = b= = ]
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& 500} = -
3
E.am- m_
= r
300 600 "“h\“
b ,\\ -
200— 400 [TCaceiates M, Peint |
T al
1008= 200
- JARELE E
Q= i | Ll .  1abs

ST veR 888 338 BEE £2

Timo—Seconds
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A2 Tool Steel

Typical Mechanical Properties
Reduction in Area and Elongation-A2 Tool Stesl

Parcond

Siress

2
(=]
T

hPa ksl

Hardness— Rockwell C
Tensile and Yield Strengths-A2 Tool Steel
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A2 Tool Steel

Typical Unnotched lzod Impact Strength-A2 Toal Steel

J b
o T i T I T
ol | |
120 %@
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Wik | { 1
74
sof L i
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e, ER PN NE BENY

54 G0 52 44 36 8 20 12
Hardness—Rockwall C

Decarburization
Like all high carbon tool steels, A2 tool steel is subject to decarburization during thermal processing and precaufions must be takan to
control this condition. Modern furnaces are available which provide ervironments designed to minimize decarburization.

Mormalizing
Mormalizing A2 tool steal is not recommended and is not necessary after furnace cooling as described above.

Annealing
For annealing, this tool steel should be either packed in a suitable container, using a neutral packing compound, or placed in a
controlled atmosphere fumace. Heat uniformly to 1550/1600°F (843/871°C) and cool very slowly in the furnace at a rate of not more
than 20°F (11"C) per houwr until the furnace is black. The furnace may then be tumed off and allowed to cool naturally. This will
produce a maximum hardness of Brinell 228.

Hardening
Tools made from A2 tool steel may be hardened by placing them in a fumace maintained at a temperature of 1725M1775°F
(94 0/968°C). Let the tools heat naturally to the furnace temperature, soak for 20 minutes plus 5 minutes per inch of thickness and air
quench. Conirod of decarburization can be accomplished by using any one of the several modern heat-treating fumaces designed for
this purpose. If endothermic atmospheres are used, a dew point between +40050°F (+4/10°C) is suggested. In older type manually
operated exothermic atmosphere fumaces, an oxidizing atmosphere is required. Excess oxygen of abouwt 4 to 6% is preferred. f no
atmosphere is available, the tool should be pack hardened or wrapped in stainless steel foil to protect its surface.

Deformation (Size Change) in Hardening
Remember that tool steels hold size best when quenched from the proper hardening femperature. If overheated they tend to show
shrinkage after tempering. A2 tool steel is particularly sensitive to this problem and therefore should never be hardened from a
temperature above 1775°F (968°C). The temperatures used fo develop this data are shown within the hyperlink entitled "“Size
Change.” Tool steel can be expected to expand when tempered below G600°F (316°C) but to shrink when tempered betwesan 600 and
875°F (316 and 824°C). The following size change graph within the hypedink below illustrates typical length changes of A2 tool steel
after hawving been properly hardened and tempered. Mote that the kength change information is presented in inches per inch of original

length.

Fape: 4l B
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A2 Tool Steel

Size Change in Hardening-A2 Tool Steel
1" (25.4 mm) diameter, air quenched from 1750° F {954° C),
tempered 1 hour at temperature.
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WO 0 400 500 E00 TOO 800 500 000 wi0D 1200 °F
As 1 1 1 | ! !
Quanchud 100 200 300 400 500 500 =
Tempering Temperature
Stress Relieving

To relieve machining stresses for greater accuracy in hardening, first rowsgh machine, then heat fo a temperature of 120001250°F

(BAETT"C) for a minimum of one hour at temperature and cool slowly. After cooling, parts may be finish machined.

Tempering

The best combination of hardness and toughness is obtained by tempering A2 tool sieel at 400°F (2047C). For greater ductility with

some sacrifice in hardness, temper at T00°F (3717C). The following table within the hyperlink entitled "Effect of Tempering
Temperatura on Hardness" shows the effect of tempering.

Effect of Tempering Temperature-A2 Tool Steel
Air quenched from 1775° F (969° C) and tempered 1 hour at heat,

Tampaering Temporaturg Rockwell ©

ot | ag Hardness
As Hardened 8564
200 149 6164
350 177 6183
400 204 60i62
450 232 54161
500 260 58160
600 36 57159
700 k| 57159
E00 427 67159
500 452 5159
1000 538 S&rs8
1100 583 B85t
1200 ] 4alsg
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A2 Tool Steel

Warkability

Farging
A2 tool steel forges wery much like a high-speed steal. Heat uniformly and forge from a temperature between 1950 and 2050°F (10686
and 1121°C). Do not continue forging below 1700°F (927°C); reheat as often as necessary. Small, simple forgings can be cooled
slowdy in lime. The best practice for large forgings is to place them in a fumace heated to abouwt 1550°F (843°C), soak uniformly at
this heat, than shut off the heat and coaol the job slowly in the furnace. This is naot an anneal; after the forging is cold, it must ba
annealed as described in the "annealing” section that follows.

Machinability

The machinability of A2 tool steel may be rated between B0V85% of Type W-1 fool steel or about 40 to 50 % of B1112.

Following are typical feeds and speeds for AZ ool stesl.

Turning—=Single-Point and Box Tools

High-Speed Tools [ “Carbide |
Depth | | B f |
ol Spoed, | Feed, | Tool b Foed, | Tool
Cut, In. fpm Ipr Materlal | prazed | THFOW ipr | Material
el [ | Away |
150 75 015 M-2 270 315 015 CE
028 85 007 | M3 315 380 por | ©r
Turning—Cut-O1f and Form Tools
Faed, ipr
Speed. | Cut-0ff Toaol Form Tool Toal
Ipm | Width, Inches Width, Inches Material
vie | wo | e | ] v Jsml 2 ]
&0 001 | 0015 | 002 | 0015 | 001 001 | 0007 M-2
| 208 003 | 0045 | 008 003 | 0025 | .0025 | .0015 C6
Crifling
Food, ipr
Spaed, Toal
ipm Momiinal Hole Diameter, Inches Material
e | o | ] e o | ] el e
45 oo oo | 003 005 po7 | 008 | 010 012 [MaMA0
Reaming ______
| High-Speed Toal Carbide Tool
Faad, Inches per Rev [
!"F""' Reamer Dlameter, Inches sz'hl Epl::d. | "I:-.dh,
8 w [ w [ 1 1R 2
45 003 005 1008 on 015 o8 M7 150 | c2
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A2 Tool Steel

Tapping .
Speed, fpm [ Tool Malerial i
25 | M-1: M-T: M-10
Die Threading
ety Toal Material
Torless | Bto1s 18t024 | 25 and up, TPL
812 1218 16825 | 20-30 M1 M-ZM-TMA0 |
Milling—End Peripheral
High-Spesd Tools Carblds Tools '
Dapth Fowd—Inches per ioath | Fead—inches per tooth
Cut Speed:|_Cutier Dlameter Inches | _Toot. | Spee: | Cutter Dismeter Inches | _Toot
1 | im | aw | 12 _ || |z
050 76 | 001 | 002 | 003 | .004 | M-ZM-T| 300 .m15|.0€125 004 1006 C6
Broaching
Speed, tpm chip L"'&mﬂ’“ pet Tool Material
:"_ 15 003 Ma2
Sawing—Power Hack 5?._"1".
ke Pitch—Testh per Inch
Material Thickness, Inches SR s
_ Underiid | waam | 342 Over 2 | StrokesMinuts | Inches/Siroke
10 B B 4 140 008
10 & . B 4 0 003
10 10 8 4 a5 003
10 10 B 4 55 005
10 | B B 4 ™ 003

Figures used for all metal removal operations covered are average. On cerlain work,
the nature of the part may require adjustment of speeds and feeds. Each job has to
be developed for best production resulis with optimum tool Iile. Speeds or leads
should be increased or decreased in small steps.

Additional Machinability Motes
Figures used for all metal removal operations covered are average. On certain work, the nature of the part may require adjusiment of
speeds and feeds. Each job has to be developed for best production results with optimum tool life. Speeds or feed should be
increased or decreased in small steps.

Other Information

Wear Resistance
The wear characteristics of AZ tool steel shown within the hyperink entitlied "Dry Sand/Rubber VWheel Abrasion Test” were generated
using ASTM-GES Procedure A titled "Standard Practice for Conducting Dry Sand/Rubber Wheel Abrasion Tests”. The data are
préesented as a wolume loss as required by the ASTM Standard. Mote, therefore, that a lower number indicates betier wear
resisiance.

Fage: Tl B
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A2 Tool Steel

DrySand/Rubber Wheel Abrasion Test=A2 Tool Steel
All specimans air hardenad from 1777° F (969" C) and temparod for 1 hour.

Tempering Temperaluro Rogkwall C Aweroge Volume
of I o Hardness Lass ASTM
&5 Hardened B4lgs LT
400 204 E0.5 61.2
450 23z €0 GG
1025 552 585 5.7
1100 583 51152 834
1200 | 640 4E/4B 107.7
Applicable Specifications
+ ASTM ABB1 *QQ-T-570
Forms Manufactured
= Bar-Rounds

Technical Articles
« & Three-Paint Program for Improving the Performance of Cold Work Tooling
* Mew Powder Metal Die Steel for Cold Work Tooling Applications
* The ABC’s of Alloy Selection, Heat Treating and Maintaining Cold Work Toaling

Disclaimar:

Thee arvic and data sriied herein ans or valhues and are not a ¢ o or values. Applicati speciica for
mmmmmnMuuﬁthE“m':“lmm:mumm & hisiher own evaluation and are not intended as k- lél.#hd
express or impled, of finess for these: or ofher purposes. m:mmmmﬂtmoﬂmhmrﬂmmdﬂmndHEuthMM

Unless ise spedfied, 1 trac of
CRE mh:. a iddi Cm‘perll:r Tud'mbg'g,- r‘:'..t:m
8 2010 CRE Holdings Inc. All nights.

Wisit s on e web al waw.cartech.com

Edision Date: OT012000
Page:Bal 8
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CAD SENSOR DRAWINGS
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Full Bridge Patterns
E—
SM=M= [\ PRECISION
=M=M:= Micro-Measurements Q" crouve
Transducer-Class® Strain Gages
Acduial Sze shost
GAGE PATTERMN vt when necassary b s FES. STANDARD | ENCAPSL-
collo IN CREEF | LATION
DIMENSIONS o et o | com | ormon
millimatar MY RIERBEE
Low-cost fullpridgs gage for bending-baam iransducars,
TBAL is balancad to + S 4V, but RG is 350 chms = 15%
i
GAGE CVERALL GRID OVERALL
LEMGTH LENGTH WIDTH WIDTH
0.080 0.260 0.0BD 0.220
1.28 LT 128 G564
MATRIX SIZE 032Lx0D.25W B2Lx64W J2A-XX-51425-35B BAL = 0.4¢ MiA
Compact full-ondgs pattem for ugs on small, double-bending beams. Axal
qnd centarling spacing 0260 in (6. 35 mm).
%
GAGE OVERALL GRID OVERALL
LENGTH LENGTH WIDTH WIDTH
0,126 0,465 L[] 0,189
a8 11.81 152 4.80
MATRIX SIZE DE4LxD28W 1ATLxEEW H2A-XM-S055R-350 350 & 0.2% 5] E2
Simillar o S0BSA pattem excepd axial grid cantadine spacing 0330 in
= (8. 38rnm)
[
E
GAGE OVERALL GRID OVERALL
LENGTH LENGTH WIDTH WIDTH
0126 0645 0060 VR E]
3,18 13,84 182 4,80
MATRIX SIZE 002 L x 028 W 168 L ox @6 W N2A-XK-5014N-350 350 w 0.2% i E2
Note 1: Al products are AoHS complant
Far techmical quedions, comtadt: DNAr0-msasurene o @l pg oo Document Mumbar: 11880
Hessmion: 22.Jan-10

WAL INECTC M @ RS N ITnkE, Com
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Full Bridge Patterns

[e——
PRECISION 3 =R —
Q7 SRove Micro-Measurements EMEM=
Transducer-Class™ Strain Gages
Actual zize shown,
GAGE PATTERN  Enlarged when necsesary for e RES. STANDARD | ENCAPSU-
dafinition DESIGHATION L] CREEP LATION
o bl OHMS CODE OFTION
DIMENSIONS o AVAILABLE
millmeatar
o] Fub-bindge pattam for singia-surface gaging of transducers.
L 1 i]
GAGE OVERALL GRID CVERALL
LENGTH LENGTH WIDTH WIDTH
@100 0 345 0,120 0208
254 B0 3085 748
W2 A-XX-S0GER-IE0 250 = 02% R E2
MATRIX SIZE 041 Lud3ew WALEEITW M2 AN 51 20P 100 1000 + 02% P E2
Lowys-cosl ul-bridge gage for bendng-beam transducens
FBAL I8 batanced 1o = 0, 4mi, but RO ks 1200 ohims & 15%,
GAGE OVERALL GRID OVERALL
LENGTH LENGTH WIDTH WIDTH
a.070 0258 0.070 0198
178 BEE 1.78 .68
MATRDCSIZE | 031 Lx 028 W TELXBAW M2A-XN-B1 44 5-1KB BAL & 0.41 HiA E2
Low-coat, ull-bridge pattém for Bandng-besm iranadiuioes m
H TBAL in batanced 1o O 4myiy, but AG e 350 abme o 15%
BAGE OVERALL aRID OVERALL
LENGTH | LENGTH | WIDTH | wiDTH
a07 0 23g .07 a0
174 5,04 178 4 B3
MATROCSIZE|  027Lx023W  TOLWBAW | NIAOCS1612.058 BAL w 04t NiA | e

*Ony criap cods vallanls for tis gage type

WAL T O Ty L T T 11, 00T
a0

Note 1: Al products ame FoHS comgliam

Docurment Mumber 11880
RAsvson: 22-Jan-10

Far technical quéstions, comact: plors muduuieme e @ vlghaypg.con
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VISHAY Legal Disclaimer Notice

anowe Vishay Precision Group

Disclaimer
ALL PRODLUCTS, PRODUCT SPECIFICATIONS AND DATA ARE SLIBJECT TO CHANGE WITHOLT MNOTICE,

Vishay Precision Group, Inc,, its affiliates, agents, and employess, and all persons acting on its or their
bahalf icollectively, “Vishay Precizion Group™), disclaim any and all liability for any errors, inaccurackes of
incomplateness contained hersin or in any other disclosurs relating to any product.

The product specifications do not expand or ctherwlise modify Vishay Preclsion Group's terms and
canditions of purchase, including but nat limited to, the warranty expressed therein,

Vishay Precision Group makes no warranty, representation or guarantee othar than as set forth in the terms
and conditions of purchasa. Te the maximum extent permitted by applicable law, Vishay Precision
Group disclaims (i) any and all liability arising out of the application or use of any product, (i) any and
all liakility, including without limitation special, consequential or incidental damages, and (iii) any and
all implied warranties, including warranties of fitness for particular purpose, non-infringement and
merchantakbility.

Information provided in datashests and/or specifications may vary from actual results in different
applications and performance may vary over ime, Statements regarding the suitability of products for
ceraln types of applications are based on Vishay Pracislon Group's knowladge of typleal requirements that
are often placed on Vishay Precision Group products, It is the customer's responsibility 1o validate that a
particular product with the properties described in the product specification is suitable for use in a particular
application,

Mo llcanse, axpress, Implled, or otharwise, to any intellectual property rights ks granted by this documant, o
by any conduct of Vishay Precision Group,

The products shown herein are not designed for use in life-saving or life-sustaining applications unless
otharwise exprassly indicated. Customers using or salling Vishay Precision Group produsts not expressly
Indicated Tor use in such applications do so entiraly at thelr own risk and agrea 1o fully iIndamnily Vishay
Pracision Group for any damages ansing or resulting from such wsea or sale. Please contact authorized
Vishay Precision Group personnel to obtain written terms and conditions regarding products designed for
such applications,

Product names and markings notad hareln may be trademarks of thalr raspactive owners,

Dacuman Ho : 83000 ww wshaypg. com
FAavison: 27-Apr-2011 1

147




APPENDIX F

148



APPENDIX F
ELECTRICAL COMPONENTS AND SCHEMATICS
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Original Circuitry Box Temperature Schematic
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Redesigned Circuitry Box
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Burr-Brown Products
from Texas Instruments

7

INA128
INA129

765
=

BH000518 - OCTOBER 1555 - REVIGED FEBRUARY X005

Precision, Low Power
INSTRUMENTATION AMPLIFIERS

FEATURES

L B

LOW OFFSET VOLTAGE: S50uV max
LOW DRIFT: 0.5V C max

LOW INPUT BIAS CURRENT. SnA max
HIGH CMR: 120d8 min

INPUTS PROTECTED TO 40V

WIDE SUPPLY RANGE: =:2.25V to s 18V
LOW QUIESCENT CURRENT: TOOpA
B-PIN PLASTIC NP, SO-8

APPLICATIONS

LE N NN

BRIDGE AMPLIFIER
THERMOCOUPLE AMPLIFIER
RTD SENSOR AMPLIFIER
MEDICAL INSTRUMENTATION
DATA ACCUISITION

DESCRIPTION

The INAI2ZE and INA1I20 are low power, general
purpose instrumentation amplifiers offering excellent
accuracy. The versatie 3-op amp design and small size
make them ideal for a wide range of applications
Curreni-fesdback input circuitry provides wide
bandwidth sven at high gain (200kHz at G = 100)

A single external resistor sets any gain from 1 to 10.000
The INAIZE provides an industry-standard galn
equation; the INA128 gain equation is compatible with
the ADA20

The INAT2BANAT2D is laser timmed for very low offset
voltage (S0uV), drft (D.5uVWi"C) and high
comman-mode rejection [(120dB at G = 100). I
operates with power supplies as low as +2 258Y, and
quiescent current is only TODpA—ideal for battery-
operated systems, Intermnal input protection can
withstand up o +40V without damage.

Thie INAT28/INA1T 2D is available in B-pin plastic NP and
50-8 surface-mount packages, specified for the —40°C
to +85°C temperature range. The INA128 is also
available in a dual configuration, the INA2128.

AR

Bt TNE

AT,

G 12 B0

MOTE: (1) IATIS: 24Tl

Plizase te Faare Tial 3n mponant nofics conCETing avaliabilty, standard waimarty, and use In citcal applcations of Texas MsTuments
v ESMICONMUEION BIMOLCE and Seaamers Maretn S0paars a the end of this data shest

Al TROSMANE = TS IIORSTY Of NS FESpECTive DWNETE.

emeEs & coe oo pasboion e Femaacy

Copyright & 19352005, Tewas instumenis Incomporated
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INA128
INA129

BE0E0515 - OCTOEER 1995 - BEVISED FEESFRUARY IS
L

'@'ﬁm

INSTRUMENTS
www. B eom

ABSOLUTE MAXIMUM RATINGSIY

SuppyVotage ... ........_..__.. R T T
Anaiog Inpul Voltage Rangs R . T
Cutput Shart-Cineil o grours) Cordirucus
Cperatng Temperaturs - =40°C o +129°C
Ciorage Temperzure Range =S50 0 +125°C
Junchon Temperature #150°C
Laag Terperaiume (sooenng 108 + 300G

11} Stresses above Miets rI0NgE MaY CAE DETTANENT ZATLIGE.
EXpOCUNs 10 BDECLLE MAITIAM CONGEIONG TF £XieNced PEMocs
Y Jegrace dedos rECNTy Thess e STHS FIENGS Orfy, N0
UNCHON! Operaton of e vice 3 M4 OF 2y Offe CONGISoNS
DeYOND those Loecfed It not Impinea

ORDERING INFORMATION

ELECTROSTATIC DISCHARGE SENSITIVITY

F 3 This integrated circuit can be damaged by
h 4  ESD. Texas Instruments recommends that all
integrated circuits be handled with appropnate
precautions. Failure to observe proper handling and
installation can cause :
ESD damage can range from subtle performance
degradation to complete device fallure, Precision
imtegrated circuits may be mone susceptible to damage
because very small parametric changes could cause the
device not to meet Bs published speafications.

Fior the most cument package and ordenng information, se+ the Package Option Addendum located at the end of this data

Shel

PIN CONFIGURATION

Fm O e 308

Top View
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BB030518 - OCTOSER 1955 - REVIZED FEBRUARY 2005

ELECTRICAL CHARACTERISTICS
AL Ty, = 425°C, Vg = £15\ A, = YOKIL UMiess ofenwise noted.

NATIER U INATIEPA, LA
MNATIIP U NATTEPA, LA
PARAMETER COMDITIONS [ WM TP MK (] ™R MAX, UNIT
T
Ol Wottage AT
ity Ta= T -1 126490000 | 1026590000 o
v Te—pErmtar Ta= Tomay = Toia (1K I ] 40 2080 i1 200G [T =]
3 B ower Jugiy Wi = A220V B B 190000 . 1312000 ATV
L Ter— Siabity ] [T
mppaance. Dereets e | 2 " o || gF
= S TEE e [ )| p"
Cammon-toos Vokagr Range vy B w3 [ N ¥ v
) 3 L] .
LN P VDI ] 4 W
Somoh-or Regobor v 0 1P AN = WD
S=t a© ™ m N a8
G= 0 bl 1o L 1] L ]
&= 020 138 125 ] ' a8
&= 400 120 V3 1 ¥ af
Bakd CoRmENT 2 [T " 10 A
W TE=gera e £ W BAPE
st Cumem t 5 ¥ 10 [y
v T gerss e 5] " pAPE
WOISE VOLTASE. RTY G- TO00, Ry =00
fu il ] N =
r= 100 ] N =
fu imHE 8 w "III."=
s = 0 1HEIE 10 nz N [y,
rasise Coment
fa i0eE os " pANHE
fu iWHE oy w BT
= D.1HE D 02 = v -
BAN
Gan Egumeon, HA12S | = {SIRNR) " N
WALS 1= HEARTNRLy) N VN
Range of Gan 1 10000 * ‘ VA
sar Sr G=1 101 0024 ' .1 %
G2 e 14 " .5 %
F. 105 H5 N .7 %
S= 10 05 £t " 2 %
BaF ¥ TemperaTreL Emt 1 +10 W ® Domes
SO0 o 53 S0 R amano TS 125 +100 N . pOMPT
NoF PEay W= 1A Gt +0.0001 40,001 " +0.002 % of FER
G- 0 +1.0003 +0.002 " 000 |mams
G = 100 +1.0005 0002 ' 00 |samR
5= t000 +1.061 1 " . % of FIR
NOTE  + Bpecfcaton i syme 25 BA ISR U or INATISE U
11 POt DTG -To0e TS FRFED T QUL e OADgE — 88 [T Cures,
2} zpectied by waer wsz
(3} Temperstrs coefoest of T SO0 o £3 400 = B T gan squation
A Nonimesrny mesTgrEmenrt 1 G = SO0 8P O0inaed By noise TYDAE Ronineanty i <000 1%
3
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INA129 P TExAS
MSTRUMENTS
www.BLoom
28030518 - OCTOSER 1955 — RENTSED FEEFUARY IS
ELECTRICAL CHARACTERISTICS {continued)
A Ty = +25°C, Vg = 2150 Ay = 1ORIL urkess Chensise nobed.
INATZER U INATZEPA, LA
IHATZESR U INATZIPE, LA
PLRAMETER COMNDITIONS L) P Mo MIH P Mo UNIT
DUTEUT
Wlage Postive B = 5wl i=j = L ) =08 § . "
e & = BN0 f=i= 14 == 04 ' ' "
wDEd Careiavoe Diahil rane v o
Shof-Corrufl Curert =g ' i a]
FREQUENCT BEEFONEE
Banawunn. - ab =1 &} ' (2T
=1 ™ v g
3= 000 =0 . LH]
&= 1300 = P EHE
—— PR p— & ' s
Baning Tme, 301% B=1 r . 7 ]
G= T , e
[T - ] ] . BE
&= 8000 1] [ (5]
Oweraan RECovery % Svermret 4 ' M1
[FowER surPLY
VEANGE R (5 B (15 ) Pl ' { ¥ W
Current, Tom Vit = o 17D ! ' A
TEMPERATURE RANGE
Specfiosbon —if L H 0 ] o
Opersting =44 +125 " [l =1
LY -Pm DiF ] ' b=
B0-§ BO&C (] [ oW
WOTE  « Specificafon i same 31 MAIDTER U or AT EE U
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APPLICATIONS INFORMATION
Figure 1 shows the basic connections reguired for
operation of the INATZEANATIE. Applications with noisy
or high mpedance power supples may reguire
decoupling capaciions dose D the device pins as shown.
The output is referred to the output reference (Ref)
terminal which is normally grounded. This must be a
low-mpedance connection o assure good
common-mode nejection. A resistance of 8Ll in series
with the Ref pin will cause a typical device to degrade
o approximately 80dB CMR (G = 1)

SETTING THE GAIN

Gain is set by connecting a single extemal resssiorn, Rg,
connected between pins 1 and 8

INA12E:
G o= 14 20K
(1)
INAT2E:
40 4k}
G= 1+l
Ry (2}

Commaonly used gains and ressstor values are shown in
Figure 1.

The 50kil term in Equation 1 (40.4kil in Equation 2}
comes from the sum of the two intemal feedback
resistors of A; and A. These on-chip metal film

resistors are laser fimmed to accurate absolute values.
The accuracy and temperature coefficient of these
internal resistors are included in the gain acouracy and
drift specifications of the INA128/INA120.

The stability and temperature drift of the external gain
setting resistor, R, also affects gain. Rg's contribution
to gain accuracy and drift can be directly inferred from
the gain equation (1). Low resistor values required for
high gain can make wiring resistance important
Sockets add to the wiring resistance which will
contribute additional gain error (possibly an unstable
gain arror) in gains of approximately 100 or greater.

DYNAMIC PERFORMANCE

The typical performance curve Gain va Frequency
shows thal, despite its low quiescent current, the
INATZB/INATZE achieves wide bandwidih, even at high
gain, This is due to the curmeni-feedback opoiogy of the
imput stage oircultry. Settling time also remalns
excellent at high gain.

NOISE PERFORMANCE

The INATZBANATZE provides very low noise in most
applications. Low frequency noise is approximately
0.2uVpp measured fram 0.1 to 10Hz (G = 100). This
provides dramatically improved noise when compared
to state-of-the-art chopper-stabilized amplifiers,

B |

W= B [V~ Wi b

EEEEHHE““““;E
=
¥

BRURRLN

?

L8T NOTE- (1) INA12S: 24 Tiel)
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OFFSET TRIMMING

The INATZBNNATZE s laser inmmed for iow offset voltage
and offset voltage drifi. Most appications require no
extemnal offset adustment. Figue 2 shows an optonal
circuit for timming the cutput offset voltage. The voltage
applied o Ref terminal is summed with e output. The op
amp buffer provides low impedance af the Ref terminal ©o
presenes QOod COMMON-MOde FepeChon.

ol
172 NEF3GE

[

Figure 2 Optional Trimming of Output Offset
Voltage

INPUT BIAS CURRENT RETURN PATH

The input impedance of the INAIZBANAIZD s
extremely high—approocamately 10'%0) However, a path
must be provided for the input bias cument of both
inputs. This input bias curent is approximately +2nA
High imput impedance means that thes nput bias cument
changes very litthe with varying mput voltage.

Imput circuitry must provide a paih fior this input bias
current for proper operaton. Figure 3 shows varnous
provisions for an input bias cument path. Without a bias
cument path, the inputs will ficat 1o 3 potential which
exceeds the common-mode range. and the input
amplifiers will saturate.

If the differential source resstance is low, the bias
current return path can be connected to one input (see
the thermocouple example in Figure 3). With higher
source impedance, using two equal resistons provides
a balanced input with possible advantages of lower
input offset voltage due D bias current and befter
high-freguency common-mode rejection.

£

A
vy

" Cemmermp provides
Biaa CuFTENi Retum

Figure 3. Providing an Input Common-Mode
Current Path

INPUT COMMON-MODE RANGE

The linear input voltage range of the input circuitry of the
INATZEINAIZE is from approximately 1.4V below the
positve supply voltage to 1.7V abowve the negative
supply. As a diferential input voltage causes the output
woltage increase, however, the linear input range will be
limited by the output woltage swing of amplifiers A4 and
Az So the linear common-mode input range is related
to the output voliage of the complete amplifier. This
behavior also depends on supply wvoltage—see
performance curves, Input Common-Mode Range va
Output Voltage.

Input-overicad can produce an output voltage that
appears normal. For example, if an input overload
condition drives both input amplifiers to their positive
output swing fimit, the diference voltage measured by
the output amplifier will be near zero. The output of Ag
witll be near 0V even though both inputs are overloaded.

LOW VOLTAGE OPERATION

The INATZEINA 129 can be operated on power supplies
a5 low as 4225V, Performance remains excellent with
power supplies ranging from +2. 25V o +18\ Most
parameters vary onfy shghtly throughout this supply
woliage range—see typical performance curves.
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Operation at very low supply voltage requires careful
attention to assure that the input voltages remain within
their linear range. Voltage swing reguirements of
internal nodes Emit the input common-mode range with
low power supply voltage. Typical performance curves,
“Input Common-Mode Range vs Dutput Violtage™ show
the range of linear operation for £+15V, +5V, and £+2.5V
supplies.

Figure 5. AC-Coupled Instrumentation Amplifier
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Figure 7. Differential Voltage to Current Converter

Fig = 5.5001

NOTE: Due io e INAI2E'S cureni-fesdback
opoiogry, iz IS spproximatedy 0.7 less Tan
the common-=ode IFput volage. This 0C ofset
in s puard poterdal s satsfaciory for many
puaning spplications.

Figure 8. ECG Amplifier with Right-Leg Drive
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8th-Order, Lowpass, Elliptic,
Switched-Capacitor Filters

General Description
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8th-Order, Lowpass, Elliptic,

Switched-Capacitor Filte
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Filters

8th-Order, Lowpass, Elliptic,
Switched-Capacitor
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MAX293/MAX294/MAX297

itor Filters

8th-Order, Lowpass, Elliptic,
Switched-Capac
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OPA177

Precision
OPERATIONAL AMPLIFIER

FEATURES

@ LOW OFFSET VOLTAGE: 25UV max

@ LOW DRIFT: 0.3uVIFC

® HIGH OPEN-LOOP GAIN: 130dB min

@ LOW QUIESCENT CURRENT: 1.5mA typ

@® REPLACES INDUSTRY-STANDARD OF
AMPS: OP-OT, OP-TT, OP-ATT, ADTOT,
ETC.

DESCRIPTION

The OPANTT precsion bipolsr op smp feanme very
low offier volnge sd dnfi Lsser-mimmed offser,

i amd oo bees currens virnaally elirmnare te need
for costdy ersernsl mmmuns The high performance
and bow cost mske thern ideslly smmed ro 3 wide range
of PreCiaon msmEnenrsn.

The low quescent curent of the OPALTT draman-
cally reduce wam-up doft snd errors doe o thermo-

=

APPLICATIONS

® PRECISION INSTRUMENTATION
® DATA ACQUISITION

@ TEST EQUIPMENT

@ BRIDGE AMPLIFIER

@ THERMOCOUFLE AMPLIFIER

elecmic effects in mpur mterconnections. It provides
an effective aliemative o chopper-seabilized anplifi-
ers. The low noise of the OPALTT mainmin scoaracy.

OPALTT performance gradeours are svailsble Pack-
aging options inclode B-pin plastic DIP
and 50-8 surfice-mount packages.
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OPA177 SPECIFICATIONS

AR V= 215, Ta = =25°C, oriess oifersiee noled.
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Posesr Supply Fesjecion Rato Wy = £ I 20 1 28 106 s dB
WPUT BiAl CURRENT
ripu Ofes Cursesy as 22 - 45 nA
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The:

ELECTROSTATIC
DISCHARGE SENSITIVITY

Asy weegrated circult can be dunaged by ESD. Burr-Brown
meconmnends that all miegrated coouits be handled with
approprinte precautions. ESD can cmuse damage rmgiog
from subtle performance degradation to complete device
Giluse. Precizion msegmited circuity may be more suscep-
thle to dumage becomse very wmall parmetric chamges
conld cause the device not 1o meet published spacifications
Bumr-Brown's standard ESD vest method consists of five
1000V posinve mnd neganive discharges (100pF i series
with | Sk(l) applisd w each pin
Fubhee 0 observe proper handling procedures could result
in sl chamges to the OPALTT's imput bias carrent.

BURR-SR0WS aszumes no respons ity forinacruraces or omissions. BURR-SROWM assumes
o ESponsiity B e e of S morraton, and ol wse of such information shall e enirey af e Users own risk. Frices and specifications ane subject bo change:
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APPLICATIONS INFORMATION
The OPALITT is umiy-zuin siable. makng it easy to use md
free from oscillstons in the widest range of coomiory. Ap-
phicatoms wath noesy o lrh mpedsnce power supply lnes
Yy require decouplmy capaciiors close o the device pins
In most cases O IuF ceramic capacitors are adequate.
The OPALTT b very low offser voltage and dnft To
acloeve hipbest performmace cicmt brvout and mechanical
condifions mmnt be optamized. Cffust voltage and drift can
be degraded bv umall thermoslecmic potentialy af the op mmp
gt Conpectons of dovunale metaly will peoerate ther-
mal potennal which can mmk the witmate parforzonce of
the OPA]TT. These termal potentials can be oude to cancel
by awuring that they sre sgual in both inpuat termunals
1. Esep connections made 1o the two mpur termmaly close
toprihel
2 Locass beat sowces & far 5 posuble fom the crincal
mp CIFOETY
3, Shield the op amp and mput coomery Som air currents
such a1 coohing fans

OFFSET VOLTAGE ADJUSTMENT

The OPA1TT has been lnser-mmemed for low offser voltage
mad dnfy o most covmes wall Bot equive exernal adjuas-
ment Figure | shows the optionsl connection of m exrernal
potennamener 1o sdysr offser volage This adpesment thould
mof e wsed 10 compenmate for offers crested elsewhere m a
system since this can mevoduce excessive tempersmre drift.

INFUT PROTECTION

The mpwms of the OPALTT mre protecied wath 3000 senes
mpur resicers s dunde clamep ps showmn mothe simphifed
coromt dhaprem The mpor con withsnd + 30V defferennal
mpurs withowr demare The prowecoon diodss will of course,
cominT urem when the mpors are overdrren. This may
disnerb che dewine behaior of mmery-gzam fiollower apphics-
oons, b will ot demsse te op ZmD

|

i
E

+5

FIGURE 1. Opticaal Offset Nulling Circuit,

NOISE PERFORMANCE

The poise performance of the OPALT7 is optimized for
circuit ipedance in the rangs of Jk() to 50k{). Total noive
in mn applicanon is a combination of the op amp's input
voltage motse and mput bis cETes! nole meacting with
cirouit impedances. For applicatons with higher source
rpedance, the OPASYT FET-imput op anyp will genernlly
provide lower poise. For very low impedance applications,
the OPA2T will provide lower noise.

INPUT BIAS CURRENT CANCELLATION

The impur stage base owrrent of the OPALT7 is invernally
compensyted with an equal and oppesite cancellanon cur-
remt. The resulone impur bias cwrent is the dference
betwesn the input stage base current and the cancellation
orent. This residusl impaw biss currest can be positive of
negyOve

When the biss curvent b= cancelled in this mammer, the input
same magmmde As a result It is nor necessary o balance
the DN resistance seen at the rwo inpur termynals (Figare 1)
A resistor added o balsnce the mpur resistances may scm-
ally merease offter and notse.

-

R =R iR

Comvesfiora op 2T &
Eai i CarEnE
‘Ceiaon PRSIy

_ﬂM_.

FIFRE 2. Inpuwr Biss Curent Concellstion

OPA1TT

168




m Prochia - ATy & Tnidunizsl Tocks & Supger &
A o .!-I'Tﬂm Discaimes Folwirs Coaremumity

¢ IINMELE IMENTS DRV134, DRV135
SHOSIE — JAMUARY 1906—REVISED DECEMBER 2014

DRV13x Audio-Balanced Line Drivers

1 Features 3 Description
»  Balanced Output The DRV134 and DRV135 are differential output
2 : = ampliiers that convert a singhe-ended input to a
Low Distortion: 0.0005% atf =1 kHz balanced output pair. These balanced audio drivers
*  Wide Output Swing: 17Vrms nio 500 O consist of high performance op amps with on-chip
* High Capacitive Load Drive precision resistors. They are fully specified for high
+  High Slew Rate: 15 Vips performance audio applicaticns and have excellent ac
= - specifications, including low distortion (0.0005% at 1
* Wide Supply Range: £4.5 V to £18 kHz) and high slew rate {15 Vips).

& Lo CaResonnt COmmne. 25 2 M The on-chip resistors are laser-timmed for accurate

* B-Fin DIF, 50-8, and SOL-16 Packages gain and optimum output common-mode rejection.
*  Companion to Audio Differential Line Receivers: Wide output voltage swing and high oufput drive

INA134 and INA13T capability allow use in a wide variety of demanding
+  Improved Replacement for SSM2142 applications. They eeeilly drive the e capaciie

loads associated with long audio cables. Usead in
combination with the INA1T34 or INAT3T differential

2 hpplica'tinns receivers, they offer a complete solution for
+ Audio Differential Line Drivers fransmitiing analog audio signals without degradation.
* Audio Mix Consoles The DRV134 is available in B-pin DIP and SOL-16
+ Disfribution Amplifiers surface-mount packages. The DRV135 comes in a
+  Graphi rane i space-saving 50-8 surface-mount package. Both are

H_: ol P s e specified lor operation over the extended industrial
* Dynamic Range Procsssons temperature range, —40°C to +85°C and operate from
* Digital Effects Processors —55°C to +125°C.

+  Telecom Systems
* Hi-Fi Equipment
*  Industrial Instrumentation

Device Information!”
FART NUMBEER FACKAGE BODY SIZE [NOM)
DRV 308C [18) 10,30 i & 750 mam
DRV 500C (B) 400 mm x 3,01 mm

{1} For all avallable pachages, sze the orderable asdendum at
thie end of the dalashest

4 Simplified Schematic
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An IMPORTAMNT MOTICE at the end of this dats shest addresses availabilty, waranty, changes, use in safety-orifoal apphoations.
intelectual property matien and ofher important disclaimers. PRODUCTICN DATA.
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& Pin Configuration and Functions

DRV134, DRV11S
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Tog View B#in D04 Top View BOL-
5 w [7] ] ne
Ya |2 o Y we [z ] [15 | nc
Bomn | 2 T i Larmn = =
s |3 LI
| 8 | v s .
o X -Senss | 4 11 | +5ams
o] =
Wiu E £ ¥ Gnd |4 12 | v
L] -
Vis |8 "l
e k—
e |7 10 | NG
- —
NC L ¥ | NC
NOTE: NC - Mo mermal connection
Pin Functions
PIN
¥ DESCRIPTION
MNAME DIP-& and 50-8 SOL-16
Gind 3 3 - Ground
=Herse 7 13 [ Sensing, non-nvemng mput
=Carae 2 4 I Sensing, imverting nput
e [ 12 - Fositre supply
e -} 11 - Megatve supply
.!H & L] | Input
=y 1 ! O |Inveried, balanced dSgrential cutput
#Wy -] 14 O | Balanced arfferential outpat
NC - 12.7.80.10.15.18 = These pins should be left unconnecied

Copynght & 1558-2014. Teuas MaTUMESE INGparaled
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7 Specifications

7.1 Absolute Maximum Ratings
over operating free-air iemperature range (uniess othensise noted) m

Supply voitage. Ve 1o V=

IrgLt veitage range

MIN
V-

Dutput short-gircuit (o ground)

Cperabng termoeralure

48

'c

Junction lermparanine

150

"C

(L1} mimmmwrmuummn- may case permanent damags 1 the devies Thess are STeSs raongs
only, which go rot mply functional operaton of the Sevice at hase or any other condhors beyond those nodvated under Recommended
Operating Condifions | Exposure 0 absoluie-madmum-rated condfions for extended periods may affect device relabliy

7.2 Handling Ratings

MiN MaX UM
Tag Slerage temperature ) 125 C
mfl body modsl (HEM), per ANSVESDWUEDEC J5-001, a8 -2000 2000
Vws: | Elvsiostafc decherpe device model (COM), per JEDEC speciication -500 200 !
22-C101, all plru"'
(1) JEDEC dooument JEF 155 states that 500-V HEM allows safe manufachuning with & standard ESD conbrol process
{2y JEDEC dooument JEP 157 states that 250-V COM sliows sale manufacturng with o standard ESD control process.
7.3 Recommended Operating Conditions
OvEr operaing fee-air [@mparalure range (uniess olhensse noled)
MM HOW MAX|  UNIT
™ Spect| | lemiperalure range 40 L1 a"
Ta Ciparahon Wemparature rangs =58 125 "
e Positve Supply 48 18 18 v
W= MNagative supply 4 8 =18 =18 v

4 Submi Documentabon Feedback
Product Folder Links: DRV DEVIIS
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7.4 Electrical Characteristics

Al Ty =+28°C, Vg =218 V, Ry = 800 0 dufferental connected betwesn +\Vg and -V, unbess sthensise noted.

PARAMETER TEST COMDITIONS [ MM TYP  MAX| UNIT
AUDID PERFORMANCE
THO+N  Total Harmonic Distortion + Moise 1= 20Hz to 20KHz. Vg = 10%PmMS 0.001%
= liHz, Vo = 10Wms 00008%
RTO™  Moise Floor 20 kHz BW 04 dEu
RTO™!  Headroom THRLN < 1% i dBu
INPUT
Zn nput Impedance = 10 [T+]
In Input Cument V=707V =1000 +700 1000 WA
GAIN
Diferennal
nial [I+¥gh = =V alfVin 5a 8 -
Emar Wi = £90V 2% A% 2%
Ermor ws Temperature 10 ppm/*C
Single-Ended Wiy = 8V
insal 58 8 =8
Ermor =M% ™% 2%
Ermor va Termperature 10 ppmC
Noalmearty 0.0003 % of FS
OUTPUT
OCMR  Common-Mode f= 1kHz Ses Figure 24 4 L] a8
SBR  Signal Balancs Ratia, | = 1kHz Ses Figure 28 38 4 [
Qutput Ofset Vaolage
Voeu'®  Ofisst Valage, Commen-Mode V=0 =250 50 1| v
[ Ofsst Volage, Commen-Mods v =150 G
Temperature
Veg™'  Ofiust Volage, Diferential V=0 =10 11 10 mv
[ Ofsst Vokage, Oiferential v Temperaturs ] WG
PSRR  Ofuet Vohage, Diferential vi Power Supply | Vg = #4 5V 1o 218Y (] 110 a8
p——— Mo Lead™® g:; - : :::: - :: v
Impedance 20 o
Cy Load Capactance Stable Operation €y, Toed to Geound (sach output) 1 wF
™ Shori-Circull Cument 184 rr,
FREQUENCY RESPONSE
Smal-Signal Bandwdtn 1.8 Wiz
SR Slew Rabe 15 Wi
Swttling Time: 0.01% Waur® 10V Step 28 ™
Overioad Recovery Dutput Overdrven 10% 3 s
POWER SUPPLY
Vg Rated Vohage 418 [
Veltage Range w5 il v
Ig Quiescent Current lo=0 5.8 52 55| mA
(1) dBu = JBog (Vrms 0.TT40) RTO = Referred-io-Oulput.
{2) PResistors are rabio matched but have 120% absciute value.
) veou i o'
13)  Ensures near operabion. Inchsdes common-mode offset.
Copynght © 1986-2014, Texss Ineumests Incarporated Submi! Docurnentaion Feedback 5
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Electrical Characteristics (continued)
At Ta=+25C. Vg =218 V, R = 600 [} differental connected betwesn +V/g and —V .. unless otherwise noted
PARAMETER [ TEST COMDITIONS 1] TYF MAX| UNIT
TEMPERATURE RANGE
Specification Range —40 BS o
Operation Ranges 55 125 C
Storage Range =55 125 ‘C
B Therma Resstance | B-Pin DIP 100 "CW
S50-8 Surface mount 150 "o
S0L-18 Surface i W
TRt
7.3 Typical Characteristics
At T, =25°C, V= 218V, R, = 800 O differential connected between +V 5 and =V, unless otherwise noted.
as 0.
Sow Figurn 3 for Tt Ciut [ Gnw Figura 3 for Teed Chaouit ta} wrin | Mo
& B =R, =B, == faoload) [& & =R, =R, == jnaioad) iy = W
R =R, =600 R == [ & =R, =600 R, == L) & canie
Cof, = Ry == B, = A0B0 [C: R, = Ry == B, = BOB0 A=
£ 7 il
Z aom z  aom
3 3 —
IR Owmpuit DH 3L Ot
R I dsjapin a0am I i ninjip
FLi| 100 1 ik A m 100 b Ik 2k
Fraqumncy (] Emquancy ()
Figure 1. Total Harmonic Distortion + Moise va Frequenoy Figure 2. Total Harmaonic Distortion + Moise vs Frequency
K] I3 e e e e ]
A g o g Breurded Sangie- Endod Meda F Son fagarn 1 for fes Comat —(utiereniial Mose =
A G000 {208 mie) Vig ™ 10ma Fach, =iy R == (nokoad) f— vp=10vme 3
B, v = jnocmia) T By =iy = = Ry a0
asi _
3 £ I
¥ Ao canie)
1*'; 1 - ; Lom gy 4
: ] E : TR -
Z s i i i
= = 1L UL
B S00E can ed
LLE LI
ECITErT o O [ []]
amm amm
1 10 s ([T 10 s I 20k
FrapiEncy | Frauandy (Fl2)
Figure 3. Total Harmonic Distortion + Nomse Figure 4. System Total Harmonic Distortion + Noise
¥s Frequenoy vs Frequency
. Submit Documentatan Feedback Cooynget © 19982014 TEEES NENUMEE naporaled
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g8 Detailed Description
8.1 Owverview

The DRY134 and DRV135 consist of an input inverter driving a cross- coupled differential output stage with 50 O
senes output resisiors. Characterized by low differential-meode output impedance (50 ) and high common-mode
output impedance (1.6 k), the DR134 and DRV 135 are ideal for audio applications.

Excellent intermal design and layout techniques provide low signal distorfion, high output level (27 dBu), and a
low noise floor (-88 dBu). Laser timming of thin film resisiors assures excellent output common-mode rejecion
{OCMR) and signal balance ratio (SBR). In addition, low dc veltage offsel reduces errors and minimizes load
cuments.

The Functional Block Diagram section shows a detaied block diagram of the DRYV134 and DRYV135.

8.2 Functional Block Diagram

V- Wa
w ¥ e wF
— g
-L_-i & | i1 Ll (814 T
DRVIa4
DRVIIE
i O W,
{4
T
MY sSansa
4
W O 9 G v el
2 Sarma
L]
Goa 2 : oMy
Bl ™

A1t w1l v ol aramen vl

8.3 Feature Description

8,31 Audio Performance

The DRY134 and DR'/135 were designed for enhanced ac performance, Very low distortion, low noise, and wide
bandwidth provide superior performance in high cuality audio applcations. Laser-iimmed matched resistors
provide optimum output common-mode rejection (typically E84B), especially when compared to circuits
implemented with op amps and discrete precision reslstors. In addition, high slew rate (15 Vigs) and fast setiing
time (2.5 ps 1o 0.01%) ensure excellent dynamic response.

The DRV 134 and DRY135 have escellent distortion characteriatics, As shown in the distorlion data provided in
the Typical Characteristics section, THD+Noisa is below 0.003% throughout the audio fréquency range under
various output conditions, Both differential and single-ended modes of operation are shown. in additon, the
optional 10uF blocking capacitors used o minimize Vecy ermors have virtually no effect on performance
Measurements were laken with an Audio Precision System One (with the intemal 80 kHZ noise Mer) using the
THD test circuit shown in Figure 24,

Cooynght & 1958-0014. Teuss MeTUmests Incomarated Submit Docurmentason Fesdback "
Produel Folger Links. DRVIS DRI

174




) Tous
INSTRUMENTS
DRVY34, DRV13S

SBCSOSEE —JANUARTYT 1598 REVISED DECENBER 2014 [ e Wi ]

Feature Description (continued)

Up o approximately 10 kHz, distortion is below the measurement limit of commonly used test eguipment,
Furthermore, distortion remains relafively constant over the wide cutput voltage swing range (approximately 2.5
V from the positive supply and 1.5V from the negative supply). A special output stage topology yields a design
with minimum disterton variation from kot-to-lot and unit-to-unit. Furthermore, the small and large signal transient
response curves demonstrate the stabiity under load of the DR 134 and DRV 135,

L1

Figure 24, Distortion Test Circuit

8.3.2 Owuiput Common-Mode Rejection

Output common-mode rejection (CCMR) is defined as the change in diffierential output voltage due to a change
in output common-mode voltage. When measuring OCMR, Vi, is grounded and a common-mode voltage, VCM,
ie applied fo the ocutput ae shown in Figure 25 |desily no differential mode signal (WVOD) should appear
Howaver, a small mode-conversion effect causes an smor signal whose magnitude is quantified by OCMR.

IyF
l :E Vo 1D

Wy —

Figure 25, Output Common-Mode Rejection Test Circuit

B.3.3 Signal Balance Ratio

Signal balance ratio (SBR) measures the symmetry of the oulput signals under loaded conditions. To measure
SBR an input signal iz applied and the outputs are summed as shown in Figure 26. Vioyr should be 2emo since
each output ideally is exactly equal and opposite. However, an emor signal results from any imbalance in the
outputs, This emor iz quantfied by SBR, The impedances of the DRY134 and DRV135's ouiput stages are
closely maiched by laser timming to minimize SBR emors. In an application, SBR also depends on the balance
of the ioad network.

2 Submi! Documentaton Fesaback Copynget & 15982014, TENESs INSnumenls Inporaled
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Feature Description (continued)

Yy 1
&
_i Gl
J ]
S
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i

T

Figure 26. Signal Balance Ratio Test Circuit

8.4 Device Functional Modes

B.4.1 Differential-Output Mode

In differential-output mode, the DRY134 (and DRV135S In S0-8 package) convens a single-ended, ground-
ratarenced Input 1o a foating diflerential autput with «& dB gain (G = 2), Figure 17 showa the basic connactions
required for operation in differential-output mode.
Hormally, +Vg is connected to +Sanse, <\ i connected o -Sense, and the outputs are taken from these
junictions as shown In Flgurs 27.

Ll

Ve

DRV134, DRV135
1556 4

i ¥ v 1
-_..4l._n h_l'
7[ 8| o i |'
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A3 Vi O Wy
. 4 [
T
- g
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v, O = ‘ﬁlh'l. . .Jl*l.!l. ! G = el
1 [ 1 Wt 1 Bewe
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’ VWA
10
0 i D e ) e o el 7'_:

Figure 27, Basic Connactions for Differential-Output Mode
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Device Functional Modes (continued)

B.4.2 Single-Ended Mods

The DRV134 can be operated in single-ended mode without degrading output drive capability. Single-ended
oparaton requires that the unusad side of the output pair be grounded (both the YV and Sense ping) fo a low
impedance retumn path. Gain remaine «& dB. Grounding the negative outputs as ahown in Figure 28 results in a
non-inverted output signal (G = +2) while grounding the positive oulputs gives an inverted output signal (G = =2).

Figure 28. Typical Single-Ended Application

For best rejection of lime notse and hum differential mode operation B recommended. However, single-ended
performance is adequate for many applicaions. In general single ended perormance is comparable to
differential mode (see THD+N typical parformance curves), but the common mode and noise repciion inherent in

balanced-pair systems is loal

Copyrght © 1998-2014. Texas Ingrumenis noomoraled
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9 Application and Implementation

NOTE
Information in the following apphications sections ie not part of the TI component
specification, and Tl doea not warrant ite accuracy or complstenasa. Tl's customers are
responsible for determining sultabdity of components for their purposes. Customers should
validate and test thair design implementation to confirm system functionality

8.1 Application Information

Decoupling capacitors placed close to the device pins are strongly recommeandsd in applcations with noiay or
high impedance power supplies.

For best aysiem performance, it is recommended that a high input-impedance difference amplifier be used as the
receiver. Lised with the INA134 (G = 0 dB) or the INAT3T (G = *6 dB) differential line receivers, the DRV 134
forms a complete solution for driving and receiving audio signals, replacing input and cutput coupling
fransformers commaonly used in professional audio systems (Figure 29). When used with the INA13T (G = -8 dB)
overall gysten gain i unity

9.2 Typical Application

9.2.1 Cable Driving Application

The DRY134 ia capable of driving large signals into 600-0) loads over long cables. Low impedance ahislded
sudio cables such as he standard Belden 8451 or 9452 (or similar) are recommended, especially in applications
where long cable lengths are required.

For apphcations with large dc cable offsel errors, a 10-uF electrolylic nonpolanzed blocking capacitor al sach
sange pin ks recommended s shown in Figurs 26,
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Figure 2%. Complete Audio Driver and Receiver Circult

2.2.1.1 Design Reguiremenis

Conslder a design with the goal of differentially transmitting a single ended signal of up to 22.2 dBu through 500
ft of cable with no load at the receiving side. The signal at the end of the cabée should have no more than 0.002
percent of total harmonic distortion plus noise (THD+N) at 10 kHz and less than 0.0005 percent of THD+N for
frequencies between 20 Hz and 1 kHz

The system is required to put out a single ended signal 0 dB with respect to the input signal and accommodate
inputs with peak to RMS ration of up to 1.5 for the maximum 22.2 dBu range established above.

Copynght & 1936-1014. Texas InsTurents incomorgted Suhmut Docurnentason Feedback 15
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Typical Application (continued)
3.2.1.2 Detailed Design Procedure

The dBu ks a common unit of measurement for input sensitivity and output level of professional audio eguipment
A 0 dBu zignal dissipaies 1 mW into a 600-0 resistive load; therefore, a 0 dBu signal cormesponds 1o
approoamatedy 0.775 Vs, Equation 1 shows the relaionship between the signal level in dBu (denoted by Ly
and the signal level in Ve (denoted by x).
=200em | |
L. =20l 7| i
For this deaign, the single ended input signal of 22.2 dBu comesponds o 998 Vgye as shown in Equation 2.

i
v, —0.774 165 ]-93; Vo
i (2)
Given that the system must accommodate for 22.2 dBu signals with up to 1.5 of peak to RMS ratio, the
maximum peak input signal is 14.97 Vpcax a3 calculated in Equation 3.

Vi e =150 98)=TaST V. ()

The DRY 134 is chosen lo converl the single ended input signal into a differential signal and the cutputs of the
DRY134 will be connected to one end of the 500 ft cable. In order to prevent clipping and distorion of the input
signal, the power supply rails for the DRV134 are chosen ss 3 V above and below the peak calculated in
Equation 3. The 3 V' margin ie derived from the output voliege swing specification given in the Elecfical
Characteristics table. The supplies selected are 18 \/ for V+ and -18 V for V-

Finally, the INA13T iz used at the and of the 500 f cable in order fo convert the differential signal output of the
DRY134 into a single ended signal that is 0 dB with respect o the input signal.

Figure 30 shows the sysiem diagram.
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Figure ). Diagram of System Based on DRV134 and INA13T
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