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ABSTRACT

Diedrich, Thomas M., Onboard Load Sensor Prototype for Use in Freight Railcar Service.

Master of Science (MS), August, 2015, 124 pp., 4 tables, 62 figures, 14 references.
Determining the exact load carried by an individual railcar is crucial in the railroad
industry. With an accurate load measurement, the filling process can be optimized to provide
maximum cargo load without exceeding the loading thresholds set by the Association of
American Railroads (AAR). In addition to optimizing the cargo load, an accurate load
measurement will make it possible to identify any load imbalance in the railcar which has
detrimental effects on bearing. Previous work conducted with a strain-gauge-based load sensor
suspended between a thermoplastic steering pad and a bearing adapter provided accurate load
data in the laboratory setting. This thesis details the work performed to optimize the load sensor
for use in freight railcars, which includes developing a calibration procedure suitable for field
service. The thesis also summarizes the efforts undertaken to produce eight load sensor

prototypes in preparation for field testing on a freight railcar.
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CHAPTER I
BRIDGING THE GAP BETWEEN SEASONED SOLUTIONS AND CUTTING EDGE
TECHNOLOGY
Transportation of cargo by rail is the most efficient method currently in use. According to
CSX, “Trains can move a ton of freight over 480 miles on a single gallon of fuel.” [1]. Although
rail is arguably one of the most efficient methods of transportation, limitations do exist. For
instance, all systems of the railcar must work in perfect unison to ensure the safety of the cargo
as well as anyone in the proximity of the train. One of the main components of the suspension
system that can suffer catastrophic failure is the tapered roller bearing. Current solutions are in
place to monitor bearing health, however, studies have proven these methods to be crude and

ineffective [2].

In order to fully characterize the health of a railroad bearing, three areas must be of focus:
temperature monitoring, vibration analysis, and load measurement. The Railroad Research
Group at the University of Texas-Pan American has dedicated years of research and testing to
develop a complete bearing health monitoring system known as a Smart Adapter that
incorporates all three of these areas. This thesis focuses on the design and implementation of a
Smart Adapter Insert containing a strain gauge sensor capable of measuring the load applied to
the bearing, as well as two analog temperature sensors that capture the temperature of the

inboard and outboard curved portions of the bearing adapter. The insert will be a near-final stage



prototype that can be tested in the laboratory as well as field tested for accuracy and

survivability.

1.1 Importance of Load Measurement
The rail industry would like to improve upon the traditional ways of filling a railcar with
a higher accuracy than the crude method of filling a car up to the appropriate line, known as
volume loading. A simple and accurate sensor could be used to inform the buyer, and seller, of
the amount of cargo filled and use that information to bill the customer for the exact amount of
goods that was loaded. The sensor would also be able to inform the loading personnel when the
car has reached the maximum load during filling operations. This sensor would ensure that every

car is loaded to its full capacity and the train is running in the most efficient manner possible.

Apart from knowing the amount of cargo that was placed in the car, the sensor would
also be able to detect if any of the cargo is lost during transport or if a tanker car is leaking over a
period of time. The latter is crucial information when transporting hazardous or combustible
materials in the form of liquids or solids. In North America alone, four train derailments have
occurred due to oil-related leaks from oil tanker cars. Once implemented, this sensor would be

ideal for detecting leaks, and as a result, prevent derailments caused by dangerous material leaks.

The addition of an onboard load sensor would have the potential to identify and monitor
wheels flats as well as track defects to ensure the entire system is safe for transportation.
According to the Engineering Standard Rolling Stock (ESR) Wheel Defect Manual, railcars with
defective wheels may cause damage to both the track and the vehicle or lead to derailment [3]. If
the sensor is able to detect instantaneous spikes in load, which is a typical indication of wheel

and track defects, the problem can be addressed before any major issues arise.



An advantage of the sensor’s ability to output an accurate load measurement of the railcar
is being able to incorporate that load measurement into other aspects of the car such as breaking
pressure. A proportional breaking control system could be developed utilizing the sensor’s load
measurement of the railcar to determine and apply the appropriate amount of breaking pressure
needed to subdue the momentum of the railcar. Applying the appropriate breaking pressure is
imperative to the safety of the railcar and its cargo. If the wrong amount is applied, then wheel
flats can develop, which can then lead to track or railcar damage. The current technology
implemented in the field to determine breaking pressure simply outputs whether a car is empty or
loaded, which can either under- or overestimate the required breaking force. Employing the
information given by the sensor could determine the precise breaking force necessary to stop the

railcar, which would contribute to increased wheel life.

The sensor’s ability to accurately measure the load of a railcar provides endless
possibilities of safety features that can be added to the railcar to produce the safest and most
efficient trains on the tracks. Aside from efficiently transporting cargo across the nation, this
sensor would also save the rail industry millions of dollars by eliminating the need to request
cargo weigh-ins. Depending on the type of scale used to measure cargo load, the cost of
weighing an individual car can range from $100 to $500 [4]. Not only would the sensor provide
savings from weighing of individual cars, but prevent costly fines that would be applied to any
accidental overloadings that occur. Overloadings that could also possibly damage the track and

railcar making unsafe conditions for everyone.

1.2 Temperature Use
In addition to load measurement, the insert also has the capability of measuring the

adapter’s temperature in the inboard and outboard regions directly loaded by the rail car. This is



the region where the adapter and roller bearing cup make direct contact. An illustration of the
curved portions can be seen in CHAPTER II Figure 4(b). These temperature sensors are capable
of providing accurate temperature measurements without physically touching the bearing, and
because of the location of the sensors, the lag experienced during a temperature change will be

minimal.

Bearing temperature is typically a direct indicator of bearing malfunction. Some of the
most common problems that tend to increase operating temperature include spall formations,
grease deterioration, geometric inconsistencies of the bearing components, and overloading of
the bearing. Although high bearing operating temperatures do not indicate the exact cause of the
issue, it can be used as a warning indicator that suggests the bearing should be closely monitored
and further analyzed. Also, in extreme cases, if the measured temperature reaches AAR

thresholds, immediate action should be taken to prevent any train or cargo damage.

1.3 Positive Train Control

After the 1930’s, the rail economy was on a sharp decline due to the fact that the
investors’ return on investments was always below 3% [5]. This problem was the result of the
strict regulations the U.S. had placed on the freight rail industry. The regulations restricted the
rail industry from controlling shipping rates, among other aspects of the industry, as well as
making all business dealings public knowledge. However, thanks to the Stagers Act of 1980, the
laws were changed allowing the railroad to base their rates on market demand and conduct
confidential transactions. The act also recognized the railroad industry’s need to make a profit.
Although the Stagers Act of 1980 gave control back to the rail industry, congress still retained

the authority to protect shippers from unreasonable railroad pricing to ensure the railroads were



honest [5]. The aforementioned boosted the rail industry economy and made it, once again, a

service worthy of investment.

Although congress is a big supporter of rail, they are currently demanding better
awareness of train cars to ensure that fewer accidents occur. To accomplish this, congress signed
a legislation that mandated positive train control (PTC) be placed in all rail lines used for
passengers and toxic materials by the end of 2015 [6]. Although the rail industry has asked for an
extension to allow PTC to be further improved, the rail industry is still providing funding
towards better technology that can be placed on railcars. With a push from Congress, PTC has

provided a large market for advanced monitoring technology in rail.

1.4 Current Technology

One method to identify wheel impacts is the Wheel Impact Load Detector (WILD). This
system is the industry standard for monitoring and measuring wheel impacts. The first generation
WILD system was composed of strain gauges mounted directly on a section of rail. The strain
gauges were used to measure the force applied by wheel defects that crossed the track. The strain
gauge would then output a voltage that was correlated to the force seen by the particular wheel
defect. A computer would then determine if the train needed immediate action or was able to
continue operation. The second generation WILD system utilizes accelerometers, which are
mounted to the track, to measure the vibration caused by a wheel impact. That measurement is
then used to evaluate the size of the wheel defect. Figure 1 is a picture of the second generation
WILD system. Along with the instrumented track, the WILD system also needs an on-site signal
processor, a control PC, modems, Automatic Equipment Identification (AEI) and computers for

local or remote diagnosis and monitoring [7].



Figure 1: WILD System, Wheel Sensor (Left circle) and Accelerometers Installed on Track
(Right Circle) [7]

Weigh bridges are nearly identical to a WILD system with the exception that the bridges
exclusively use strain gauges to measure the entire weight of the car. This information is stored
in a database, and if any car is detected as overweight, then the data is sent to the appropriate
personnel to ensure the railcar is still safe. The appropriate owner is also notified and receives a
fine to ensure that future trains carry the appropriate weight, providing safety to the track,

tapered roller bearings and wheels.

Volume loading is the simple process of taking a known commodity and filling the train
car to an appropriate line that is typically used to approximate the full load. Although this
method is not exact, it is used when the density of the products does not change significantly,
such as grain or corn. This method rarely fills the train car to its maximum load because of the

human error involved in spotting when the car is filled. In order for an operator to load corn



within a +1% accuracy, they would have to correctly stop loading corn within 1.25 inches of the

corresponding line every single time.

The breaking system on a railcar plays a very important role in cargo transportation.
Functionality of the system can be the difference between a typical day and a catastrophe. In
order for a train to achieve maximum breaking effectiveness, the breaking pressure must be
adjusted according to how much load is carried by the train car. Safe transportation of goods
relies heavily on the proper functionality of the components that make up the freight car, an
example of such components are the wheels. Locking of the wheels could occur if too much
force is applied during breaking, which is why applying the correct amount of breaking pressure
to the wheels is of great importance. Current wheel breaking on conventional freight railcars is
achieved by using a double break cylinder with compressed air acting on a large cylinder for a
loaded railcar and switching to a small cylinder for a car in the unloaded state. An illustration of
the double break cylinder is depicted in Figure 2. Although, this breaking system is simplistic, it
can only be used for freight railcars operating less than 75 mph. For passenger trains, or high
speed trains, a proportional breaking system is needed to account for the exact amount of weight
applied to the train and apply a corresponding air pressure to ensure adequate breaking force.
The appropriate air pressure is determined by the amount of deflection measured from the
suspension springs [8]. This method of measurement can provide a close approximation to the

amount of mass in the car, but cannot be used to achieve accuracies in the +£1% range.



air admission only in “LOADED” positionsssasuuy,,,
[ ]

l...

air admission only in “EMPTY" position .\—

Figure 2: Double break cylinder [§]

A hot-box detector is an infrared based, non-contact, temperature measurement device
that reads the bearing temperature as the train passes over the sensor. Although hot-box detectors
were previously designed to flag bearings operating 170°F above ambient for immediate
removal, recent improvements to the system allowed for a comprehensive temperature
examination of all the bearings on the train and flag the ones operating above the bearings’
comprehensive operating temperatures [9]. These flagged bearings are known as “trended”
bearings. Once a bearing is marked as “trended,” the entire axle assembly is replaced. Then, at a
later time, the trended bearings are removed, disassembled and inspected. “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 common documented causes of bearing failure such as spalling, water
contamination, loose bearings, broken components, lack of lubrication, damaged seals, etc.” [10].
With 40% of the bearings being possibly healthy, a tremendous amount of time, effort, money,

and energy is wasted removing these possibly misdiagnosed bearings. If a new sensor were



developed that was capable of identifying high-temperature bearings while also determining
whether that bearing was, in fact, defective, then there would be fewer removals of

misdiagnosed, defect-free (healthy) bearings.

The goal of the Railroad Research Group at the University of Texas-Pan American is to
incorporate all of the abovementioned precautionary safety methods into a single railcar
monitoring device that can be placed on all railcars. This device will act as a complete health
monitoring system capable of measuring the weight of a car, detecting wheel and bearing
defects, while also monitoring bearing temperature. Once the device is manufactured, the Smart

Adapter will make any train utilizing this technology, the safest train on the tracks.

1.5 Building Towards the Future
This thesis is a continuation of the work done by Saenz [11] at the University of Texas-

Pan American, which created a working prototype of a load sensor that was able to produce a
useable signal with a steel insert design. Although the prototype was able provide a clean signal
clearly showing a response to the load applied to the bearing, the sensor still had room for
improvement. This thesis will optimize the load sensor to produce a steady signal during use. A
calibration procedure will also be devised to correlate the sensors output to the corresponding
load applied. Also eight prototypes will be manufactured and calibrated for use in an upcoming

field test that will validate the sensors performance and reliability.



CHAPTER II

LABORATORY SETUP AND INSERT DESIGN

Design changes and enhancements are imperative to improve upon the performance and
design of a sensor until the best possible accuracy is achieved with the simplest of designs that
lends itself to ease of manufacturability. However, determining what design changes will
produce a more accurate and repeatable sensor requires extensive experimentation. The
experiments must be completed on closely controlled test rigs capable of capturing the actual test
conditions in order to produce usable data that can then be properly evaluated. Using the

acquired data, educated decisions on the sensor development can be accomplished.

2.1 Experimental Setup

2.1.1 Typical Bearing Setup and Nomenclature

The main objective of the Smart Adapter is to produce a load sensor and two temperature
sensors embedded in-between the AdapterPlus™ steering pad and the steel bearing adapter in a
freight railcar. The final product will be a complete self-contained wireless unit reporting the
sensor readings to a central location. The typical assembly of a freight railcar truck can be seen
in Figure 3, where the AdapterPlus™ assembly is also highlighted. It should also be noted that a
total of eight AdapterPlus™ assemblies are installed on a single freight railcar. Preferably every
bearing would be equipped with a Smart Adapter to completely monitor each bearing as well as
produce a real time response for any load imbalances or shifts during operation on gradients and

around curves.
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Figure 3: Freight Railcar Components with AdapterPlus™ Steering Pad and Steel Adapter
Close-up [12]

The key to the success of the Smart Adapter Insert lies in the placement of the sensors.
For an accurate load measurement, the sensor must be placed directly in the path of the applied
load. In the assembly shown in Figure 3, the load passes directly through the steering pad to the
steel adapter and then finally to the bearing and wheel. By placing the smart insert directly
between the steering pad and the steel adapter, a portion of the applied load can be measured by
the sensor. The temperature sensors also need to be placed as close to the bearing as possible to
ensure an accurate thermal response. The AdapterPlus™ steel adapter is a cast iron component
that is in direct contact with the outer surface of the bearing cup (outer ring) via the curved inner
machined portions shown in Figure 4 (b). By placing the temperature sensors on the top side of
the adapter directly over the curved portions, the majority of the heat can transfer to the
temperature sensors with minimal thermal lag, thus, producing accurate temperature

measurements.
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c d

Figure 4: (a) AdapterPlus™ Bearing Adapter, (b) Bottom Side of Bearing Adapter Showing
Curved Portion, (¢) Smart Insert Prototype, (d) AdapterPlus™ Steering Pad

2.1.2 Single Bearing Tester

Experiments were conducted on the Single Bearing Test Rig at the University of Texas-
Pan American. The Single Bearing Tester, referred to as SBT, has many advantages that made it
the most suitable laboratory setup for conducting controlled experiments on the Smart Adapter
Insert. The SBT is capable of simulating conditions a railroad bearing would experience in field
service. The SBT allows for static testing as well as dynamic testing at speeds varying from 5 to
85 mph. Additional field service conditions can be simulated such as impacts due to wheel flats

or track defects, and lateral loading resulting from a train negotiating a curve. To apply the
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typical load a bearing experiences at 100% load capacity (34,400 Ibs or 153 kN), a hydraulic
cylinder is utilized. This hydraulic cylinder, along with additional equipment, known as the load
controller, was designed and fabricated at the University of Texas-Pan American. The load
controller provides an accurate and constant load by monitoring the output of the load cell and
actuating the hydraulic cylinder to maintain a specified load. The load controller can also actuate
the hydraulic cylinder to simulate the filling process of a freight railcar at different loading rates
ranging from slow filling (> 7 min) to fast filling (< 7 min). The hydraulic cylinder, load

controller, and other components of the SBT are pictured in Figure 5.

Rl
o

Smart Adapter
Impact Mechanism

Drive Motor + -

7

Figure 5: Single Bearing Test Rig with Annotations
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2.1.3 Data Acquisition System

All data was collected with a National Instruments™ cDAQ-9474 USB chassis along
with a NI 9205, 32 channel, £10V, analog input module. Data acquisition for the strain gauge
and temperature sensors were carried out at a rate of 50 Hz and post processed with a moving
average of 2 seconds or 100 data points. The cDAQ-9474 chassis can be seen in Figure 6, as well
as the additional slots where additional cards can be installed to provide a versatile data

acquisition device.

‘1 NATIONAL 3
| ' INSTRUMENTS

NI €D, 74
i Cor

Figure 6: NI cDaq-9474 USB Chassis with Removable Card
2.1.4 Load Controller

One of the difficult tasks of preforming controlled experiments was the ability to hold a
constant load on the SBT. The fluctuations in load were caused by the thermal expansion and
compression of the hydraulic fluid in the hydraulic cylinder. Initially, the load is set by pumping
an appropriate amount of hydraulic fluid to provide the pressure that corresponds to the desired
load setting. However, although the hydraulic cylinder valve is properly closed, changes in the
ambient conditions or in the overall temperature of the test rig would result in an increase or

decrease in the force applied to the bearing due to aforementioned thermal effects of the
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hydraulic fluid. In order to mimic the conditions the sensor would experience in the field, a

solution to the load fluctuation problem was needed.

The typical solution to provide a constant pressure in a hydraulic cylinder found in the
industry is to attach an accumulator to the line. A hydraulic accumulator is a pressure storage
device where the hydraulic fluid is held under pressure by a compressed gas. Thus, the
accumulator provides a constant pressure to the cylinder which, in turn, produces a steady force
on the adapter. However, this system would need to be manually adjusted for every change in

pressure, and requires expensive parts along with high pressure gasses.

Due to the complexity of the hydraulic accumulator, additional options were examined.
The ideal system should be capable of increasing or reducing the hydraulic fluid in the cylinder
by small amounts. Additionally, if the pressure could be controlled by a computer in order to run
a detailed testing plan, it would result in a much more accurate experiment. The devised solution
is to use a 1-'2 inch bore hydraulic cylinder to pump the small changes in hydraulic fluid to the
system. The hydraulic cylinder is driven by a linear actuator which transforms the rotational
movement of a DC motor to translational movement through a threaded rod. The system is able
to determine the load measured by the load cell, and determine whether the pressure should be
increased or decreased, then by sending a high or low signal to the motor controller the
corresponding amount of hydraulic fluid is pumped into the system to maintain the desired load.
The complete system is pictured in Figure 7 (Left) with annotations of the main components. The
motor driver which is the interface between the motor and the computer signal is shown in
Figure 7 (Right). The complete system is capable of providing a steady, accurate load to within

100 Iby, and can execute a preprogrammed test plan that consists of several loading and
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unloading cycles performed at different loading rates. The latter allowed testing to be conducted

after-hours and during the weekends, independent of continuous human supervision.

| Sl Y |
Motor Controller

Figure 7: Load Controller with Component Annotations (Left), and SyRen 50 Amp Motor Driver
(Right) [13]

2.2 Smart Insert Design
2.2.1 Strain Gauge
The basic premise behind the load sensor is a beam with both ends fixed and a distributed
load applied to the entire length of the beam. Any deflection in the beam is measured by the
strain gauge that is mounted to the side in tension. When the beam is deflected, a voltage change

is measured and can then be related to the load applied to the bearing. The strain gauge used is a
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full bridge, transducer class strain gauge with 350 ohm nominal resistance manufactured by
Micro Measurements. The basic schematic of the full-bridge transducer is seen on the left of
Figure 8, along with the strain equation that is capable of calculating the strain experienced by
measuring the voltage output of the sensor. For additional information on using the equation
refer to Saenz [11].The dimensions of the strain gauge, wire leads and labeling of the resistors on
the sensor is depicted on Figure 9. It can be seen that the full bridge is made up of four individual
resistors that change resistance based on strain experienced on the surface of the material to
which the gauge is mounted. Two of the resistors are the active gauges that measure the strain
experienced in the bending direction of the sensor; these resistors are labeled as R2 and R4. R1
and R3 act as temperature compensation for the material and will cancel out any changes in the

signal due to thermal expansion, through the appropriate wiring of the circuit.

Full-Bridge Circuit

Figure 8: Full-Bride Circuit (Left) and Full-Bridge Transducer (Right) [11]
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Vourt+ +3.3VDC

Figure 9: Full-Bridge Transducer Solder Pad Identification [11]

2.2.2 Previous Design

The final insert design (see Figure 10) developed by Saenz [11] was able to produce
accurate results in a static test, though the data required an additional correlation due to a
logarithmic increase in the sensor output over time. The additional step to correlate the static
load would require advanced computation on the unit, which would result in increased system
cost, and more energy consumption, thus, shortening the battery life of the unit once the wireless
capabilities were implemented. With a reduced battery life, the usefulness of the sensor is

compromised.
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Figure 10: Load Sensor Insert Prototype Developed by Saenz [11]

The transient increase in the sensor output can be noticed in Figure 11. By monitoring the
output voltage of the sensor when the load was held at 70,000 Iby, the sensor voltage should
remain constant. However, when looking at the data between 5.25 and 7.25 hours, the voltage
appears to have a logarithmic function with the voltage and does not remain constant. Saenz [11]
believed that the logarithmic function was caused by the creep of the elastomer pad, which gives
the appearance that the sensor experiences an increase in load although the load was held

constant throughout the test.

It was also observed that the sensor designed by Saenz was not accurate at loads under
50% of full load. Although the design by Saenz met the requirements which called for the load to
be read accurately (within 3%) at loads ranging from 70 to 100% of full load (25,000-34,400 lby),
a sensor capable of measuring the full load range, including an unloaded (empty) railcar (17% of

full load), is preferred.
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Figure 11: Load Insert Prototype Two Hour Sustained Load [11]

2.2.3 Resolving the Elastomer Pad Creep Problem

In order to resolve the creep issue, the mechanism for creep must first be understood.
Creep is one of the modes in which a material can respond to an applied external force. It is
described by Vincent [14] as: “In a physically stressful environment, a material can respond to
external forces by [feeding] the energy into large changes in shape and flow away from the force
to deform either semi-permanently or permanently.” With the design of the AdapterPlus™
Steering Pad, two areas experience the majority of the load. These high stress locations create an
area where the elastomer needs to find a low stress environment for the material to flow. The
Steering Pad is depicted in Figure 12 with the high stress locations marked in red, and the

direction of where the material is believed to flow is illustrated by the arrows.
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Figure 12: AdapterPlus™ Steering Pad with High Stress Locations (Red) and Arrows Point to

the Direction of Predicted Creep Flow

A special film by Sensor Products, Inc. Fujifilm Prescale® (referred to as pressure film),
was used to map the pressure distribution between the AdapterPlus™ Steering Pad and the Steel
Adapter. The pressure film is composed of two sheets, one sheet acts as the activator and has tiny
capsules embedded on the surface, and the second sheet absorbs the dye that is released when the
capsules rupture. Using a color scale, the pressure experienced in the area of contact with the
sheet can be estimated visually by the intensity. The film can also be sent to Sensor Producs, Inc.
to have a more detailed analysis conducted on the sample. The illustration of the resulting films
at various instances can be seen in Figure 13. The pressure film shows that at 50% load, the
majority of the load is carried by the interlocking ridges which are the red portions of the
AdapterPlus™ Steering Pad shown in Figure 12. What is also illustrated by the scan of Figure 13
(b) is that a minimal force is seen in the center of the AdapterPlus™ Steering Pad, where the
sensor is placed. Examining the scan of Figure 13 (d), at 100% of full load, the interlocks still

carry the majority of the load, however, a portion of the load is now distributed in the center.
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With the use of the pressure film, the scans provide evidence in support of the hypothesis that the

creep of the elastomer material was the cause of the increase in the sensor output during a

constant load condition.

1181

Figure 13: Pressure Film and Corresponding Scan. (a) 50% of Full Load Pressure Film, (b) 50%
of Full Load Pressure Profile Map, (c) 100% of Full Load Pressure Film, (d) 100% of Full Load
Pressure Profile Map [Courtesy of Sensor Product, Inc.]

In order to improve the sensor performance at loads under 50% and produce a signal that
is not affected by the elastomer pad creep, the insert required a redesign. The initial thought was
to increase the height of the sensor relative to the surface of the steel adapter; i.e., rather than
having the sensor even with the surface of the adapter, a shim would be placed under the load
insert to raise it above the steel adapter surface. In order to determine the appropriate height
above the surface that would yield the best sensor response, different thickness shims were
utilized ranging from 0.305mm to 0.405 mm (0.012 inches to 0.016 inches). The results of the

testing are provided in Section 4.1 Shim Testing.
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2.2.4 Flex Circuit

The flex circuit was designed to provide the essential wiring for a prototype design for
the smart insert. The insert design created constraints that the flex circuit needed to account for
in order to ensure reliability and functionality. One of the main functions of the flex circuit is the
location of the temperature sensor. The temperature sensors must be placed as near to the center
of each raceway of the bearing adapter as possible. The temperature sensors are also surface
mount parts which require copper pads to be placed so the sensors can be soldered in place. Even
though the flex circuit is a thin strip, it requires sufficient clearance in-between the top and
bottom parts of the insert to ensure that it does not get damaged by the high loads experienced in

operation.

Power Indicator

+5 VDC Reverse Polarity
Protection

Temperature Sensor Buffer Location

Line Driver Location

Temperature Sensor CcoM
Alignment Mark +SG

Load Sensor
Alignment Mark

+3.3+0.1% VDC
-SG

Dedicated, +3.3:0.1% VDC, 4ppm/°C Insert Alignment
Series Bandgap Voltage Reference Slots
For Load Sensor

Figure 14: Top View of Flex Circuit with Annotations [Courtesy of James Bantz]

The manufactured and partially assembled flex circuit can be seen in Figure 14 and

Figure 15. The pictures also include annotations describing the important features of the flex
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circuit. The top view of the flex circuit shows the unmounted locations of the differential line
driver for the strain gauge output as well as the locations for a buffer for each of the temperature
sensors. These components will aid in pre-amplification of the strain gauge signal which will
further decrease any noise in the signal. For further understanding of these components, refer to
Section 3.1 Load Amplification Schematic. Although the flex circuit contains mounting locations
for temperature buffers and line driver, they can be left unmounted to simplify wiring and power
requirements. A complete list of all pinout for the flex circuit is provided in Table 1 along with a
brief description of each of the wire functions. At this point, it should be noted that the flex
circuit design was done by James Bantz an electrical engineering graduate research assistant,

who was assisting with the instrumentation and signal conditioning needs of the research team.

Microchip TC-1047/6
Temperature Sensors

o IEHPINSUIY g

Figure 15: Bottom View of Flex Circuit with Annotations [Courtesy of James Bantz]
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Table 1: Flex Circuit Pinout with additional Notes.

Pin Wire .
Number Color Function Note

White .

1 +5 Volts Power for strain gauge and temperature sensors
Orange

2 Orange = Common Ground
White . . . .

+

3 Green 7.5 Volts Required for line drivers (Optional)

4 Green -7.5 Volts Required for line drivers (Optional)

5 V]gﬁie SG out (+) Positive differential signal for strain gauge

6 _ SG out (-) Negative differential signal for strain gauge

7 White TS Outboard P951tlve single ended signal for temperature sensor
Brown with respect to Ground

] TS Inboard P951tlve single ended signal for temperature sensor
with respect to Ground

2.3 Final Insert Design

With the favorable results obtained by the latest modification to the Smart Insert
determined in a later section (4.1 Shim Testing), a redesign of the sensor was appropriate. A
sensor redesign allowed for many improvements to the insert, such as a slight adjustment in
temperature sensor placement, optimization of machining time, and reducing raw materials. The
Smart Insert also needed modifications for the flex circuit to mount inside. The temperature
sensors were a critical issue, with slots needing to be machined to allow the temperature sensor
to be located as close to the adapter surface as possible. The insert also had an unnecessary
amount of material that protruded past the temperature sensor. Although the previous design was
symmetrical, the additional material was unnecessary. The new design reduced the length of the
insert to 4.15 inches from the previous 5 inch length. The reduced material also required less

machining to be conducted to the steel adapter. The dimensions of the lower plate of the insert
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can be seen in Figure 16. Additional dimensions of the Smart Insert as well as CAD drawings

can be found in APPENDIX G.

TRUE RO.102

Figure 16: Final Lower Plate Insert Design with Dimensions

Once the insert is machined the Smart Insert can be assembled. The flex circuit is aligned
with the machined dowel pins in the lower insert and adhered in place. The strain gauge,
mounted on the top portion of the insert, is soldered to the flex circuit and the entire assembly
can then be welded together. In order to weld the top plates to the lower plate great care must be
taken to ensure the heat from welding does not damage the flex circuit embedded in the insert. In
order to prevent heat from traveling to the flex circuit the smart insert was clamped between two
pieces of aluminum in order to act as a heatsink (Figure 17). The completed insert can be seen in

Figure 18.
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Figure 18: Final Smart Insert Design Welded Insert with Flex Circuit

27



Smart Insert

Machined Top

Accelerometer
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Additional Sensor
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Figure 19: Machined Class K AdapterPlus™ Steel Adapter with Annotations

The steel adapter had a series of machining operations conducted to accept the Smart
Insert. A critical machining operation preformed was surfacing the top of the adapter where the
insert will be embedded. The surfacing of the adapter was needed to provide an accurate
reference used to machine down to the appropriate depth with a high accuracy. The steel adapter
also required additional mounting locations to be machined for various other sensors used to
record data in the laboratory and field. The machined adapter along with annotation of the sensor

mounting locations is pictured in Figure 19.

Eight individual steel adapters and Smart Insert assemblies were machined and built for
the upcoming field test. Three of the assemblies were used to provide the results seen in this

thesis labeled Adapter A, B, and C.

28



Left Side Right Side

18!

Figure 20: Measurement Location for Insert Height Above Surface of Adapter (Left), Insert
Thickness Dimension Location on the Insert (Right)

Table 2: Measured Insert Dimensions

Height Above Surface of Adapter Actual Dimensions Measured*

(Thousandths of an Inch) (Thousandths of an Inch)
Left Side Right Side Average H I J K L
Adapter A 9 12 10.5 189 193 203 197 186
Adapter B 8 9 8.5 189 189 198 191 187
Adapter C 8 10 9 189 190 201 190 187
Targeted Value 12 12 12 188 188 200 188 188

* For Location of Measurement Refer to Figure 20

Even with extreme care taken during the manufacturing of the sensor to ensure proper
dimensions of the insert, final inspection of the insert revealed slight variations. In some
locations such as dimension “I”’ (see Figure 20 ), the insert of Adapter A was found to have a five
thousandths of an inch difference from the targeted value shown in Table 2. Another location in
the insert that was found to vary from the targeted value was the measured height above the
surface of the adapter. This is the critical dimension that provides the compensation effect for the
creep of the pad material. Each of the inserts in the respective adapters should measure 12
thousandths of an inch above the surface of the adapter, however the average height was

measured to be 9 thousandths of an inch.
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CHAPTER III

SMART INSERT CIRCUITRY AND CALIBRATION

A redesign of the instrumentation circuitry was triggered by the need to test eight Smart
Adapter Inserts simultaneously on a freight railcar for an upcoming field test. The redesign
allowed for several improvements to be carried out over the previous version. One of the main
disadvantages of the previous circuitry is the complexity of the system, needing extensive
knowledge of the hardware to install and setup. Additionally, the previous instrumentation
circuitry is only capable of handling two load sensors per board and the amplifier gain is fixed at
200 V/V. The new instrumentation circuitry offers a larger gain and improved sensitivity to
compensate for that lost when the sensor insert was welded together. Furthermore, the
instrumentation circuitry redesign allows for the signals to be transmitted through 80 feet cables
from the sensor insert to the data acquisition device without a considerable voltage drop that

degrades the signal.

3.1 Load Amplification Schematic
The initial schematic as well as component selection for the load amplification circuit
was completed by James Bantz III (a fellow electrical engineering graduate research assistant).
After the initial schematic was drafted, it was transferred into DipTrace, a printed circuit board
(PCB) design software, in order to create a clear schematic that could then be transformed into a
PCB to be manufactured. Once the initial schematic was generated, a few changes were made.

First, the gain of the load sensor was designed to be selectable by a jumper that could be
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switched from 400 V/V to 600 V/V. The second modification was to place a capacitor capable of
setting the cutoff frequency for the filter, or by moving a jumper, a clock frequency could be
applied in order to have an adjustable cutoff frequency. The final step of designing the load
amplification board was to replicate the circuit four times in order to make a single board capable
of handling four Smart Sensor Insert prototypes. The final schematic of a single load sensor
amplification channel is provided in Figure 21 and the complete circuitry of the board is given in

Appendix A.
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Figure 21: Single Load Sensor Amplification Circuit




3.1.1 Amplifier

In order to generate a useable signal from the strain gauge of the load sensor, the signal
needed to be amplified. The amplifier of choice was the INA 129 instrumentation amplifier from
Texas Instruments. The INA 129 is a low power, high accuracy amplifier with an adjustable gain
set by a single resistor. The change from the INA 131 to the INA 129 was prompted by the need
to increase the gain from the previous 200 V/V to an adjustable gain of up to 600 V/V.
Recommendations for the optimal gain setting will be discussed in CHAPTER V. The location

of the INA 129 can be seen in Figure 21, the integrated circuit (IC) labeled Ul.

3.1.2 Filter

After the signal is amplified, the next step in the signal conditioning chain is the filter.
For filtering, the MAX 294 8% order, low pass filter designed by Maxim Integrated Products Inc.,
is used. Figure 21 shows the filter IC labeled as U2. The filter is responsible for removing any 60
Hz interference in the signal that is produced by the AC power in the laboratory testing
environment. The cutoff frequency of the filter can be set by one of two ways; either by placing a
capacitor to the corresponding pin of a designated value determined by the datasheet, or by
applying a clock frequency to the clock pin of the amplifier. Additional information pertinent to
the filter can be found in APPENDIX D which contains the Max 294 datasheet. The benefit of
using a capacitor to set the cutoff frequency is the simplicity of design requiring only one
additional component; although, this permanently locks the cutoff frequency. By using a clock
frequency produced by a microcontroller, it is possible to adjust the cutoff frequency at any time
by changing the programming embedded in the microcontroller. The current design is flexible in
that it allows for further adjustments of the cutoff frequency to be investigated by applying the

cutoff frequency to an additional pin on the board. However, during normal operation, it is best
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to have the 60 Hz cutoff frequency set by a capacitor. It should be noted though that the filter
may be unnecessary in the final sensor design which will be powered by a battery; hence, not be
subject to 60 Hz noise found in the laboratory. It is highly recommended that the choice of

electronics utilized here be re-examined once the final self-contained wireless insert is produced.

3.1.3 Line Driver

With the smart insert located on a railcar, the signal must be sent to a data acquisition unit
located on the instrumentation car, which is the next railcar ahead of the test car. The signal from
the strain-gauge-based load sensor was not designed to provide a signal further than 20 feet.
However, a railcar is over 60 feet long, so the signal conditioning box must ensure that a solid
signal can be sent a distance of 80 feet to the data acquisition system in the instrumentation car.
The final component that the signal passes through before it is sent down the 80 foot cable is the
DRYV 134 line driver produced by Texas Instruments. The function of the line driver is to
improve the strength of the signal through the long cable length to ensure that the correct voltage
is recorded. Due to the fact that the line driver requires a high current signal into the integrated
circuit (IC), an operational amplifier (OPA 177 from Texas Instruments) was used to buffer the
voltage in order to provide the required current. The operational amplifier and line driver are

represented, respectively, as U3 and U4 in Figure 21.

3.1.4 Strain Gauge Instrumentation Circuitry

Integrating all the components, described in the previous sections, into a dual sided
printed circuit board (PCB) was the final step taken to accurately test the strain gauge in the
sensor insert prototype with the integrated flex circuit. The board is composed of a signal input
connector from which the signals are split and sent to the corresponding signal chain providing

the ability for four load sensors to be measured simultaneously from a single board. Finally, the
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signals are sent out through a connector on the opposite side of the board to the data acquisition
unit. The board contains a large connector used to provide all the necessary power for the circuit.
The complete board is pictured in Figure 22 along with annotations of each of the main

components, as well as, an individual signal chain highlighted by arrows.

Signal In |

""" Signal Out

B

Powerin

. Amplifier = Filter Op Amp Line Driver

Figure 22: Load Amplification Board with Annotations
3.2 Analog Temperature Sensor Circuitry
The circuitry for the TC 1047 analog temperature sensors was less complex than the
previously discussed circuitry for the load sensor. The temperature sensors output an analog
voltage that directly correlates to the measured temperature. However, by sending the signal over
80 feet of cable, the voltage drop would manifest as a decrease in the insert temperature, as well
as, have additional background noise picked up in the line. In order to negate the aforementioned

effects, additional circuitry must be placed between the sensors and the data acquisition unit.
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3.2.1 Line Driver

Similar to the line drivers used in the strain gauge circuit, the same integrated circuit (IC)
was used to boost the signal to account for the voltage drop that occurs over the 80 foot cable.
The line driver also transforms the single ended signal into a differential signal that is less
susceptible to background noise. Similar to the load amplification board, the sensor output must
first pass through an operational amplifier to buffer the voltage before it can be sent to the line

driver.

3.2.2 Temperature Sensor Signal Conditioning Board

The temperature sensor circuitry was built using a similar design to that utilized for the
strain gauge amplification board. The temperature sensor signal conditioning board is capable of
monitoring four Smart Inserts, each of which house two temperature sensors, for a total of eight
temperature sensors. Each channel requires two ICs to provide the proper signal conditioning
seen in Figure 23, which also depicts the final board along with annotations of the main

components.
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Figure 23: Temperature Sensors Signal Conditioning Board with Annotations

3.3 Calibration Methodology

Without a proper calibration, a sensor would output an inaccurate signal. In order to
transform the signal sent from the sensors into a comprehensible unit of measurement, a
calibration must be completed. Typically, a calibration for a load sensor is accomplished by
monitoring the sensor output while it is placed under several known load conditions. The data is
then recorded and a correlation is created that relates the signal output to the known loads. Since
the current system is a complicated assembly that involves multiple variables, the calibration
process is complex and requires several steps. The procedure used to properly correlate the

known load to the sensor output is explained in the following sections.
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3.3.1 Pad Settling

Before any calibration can be conducted, the AdapterPlus™ steering pad must be allowed
to properly settle into the steel adapter. In order to allow for the pad to settle, the assembly is
installed on the test rig and is placed in the fully loaded position (34,400 Ib¢ or 153 kN) for 24
hours. The settling allows the elastomer material of the pad to deform into the final shape during
usage, providing a steady signal output. Alternatively, the settling process can be completed in a
shorter period by operating the test rig dynamically at a speed of 50 mph for a minimum period
of four hours. The elevated temperatures seen in high speed operation allow the elastomer pad to

settle at a faster pace, which allows for more frequent laboratory testing to be performed.

3.3.2 Static versus Dynamic Testing

Dynamic testing is required when the desired use of the sensor is during operation.
Dynamic testing can cause instantaneous readings of the sensor to fluctuate over 1% of full load;
however, a one minute moving average of the sensor value can be taken to get a signal that is
typically within 0.5% of full load. Static testing, on the other hand, can produce a much more
constant reading (variation of 0.1% of full load) because the inherent vibrations and small
changes in load are not seen in a static condition. Testing in a static condition is consistent with
the typical loading or filling process experienced by a freight railcar. For example, a train pulls
up to a loading station, halts movement while the first railcar is loaded, and once it’s loaded, the
train slowly moves forward to allow the next railcar to be loaded. The aforementioned process is
repeated until all the railcars are full, then, the train proceeds to the desired destination for
unloading. Loading is never done while the train is in motion and, thus, the testing and

calibration should mimic as closely as possible the intended application of the sensor.
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3.3.3 Calibration Data Points

Depending on the desired application of the sensor, a calibration plan can be devised to
encompass the intended range of the signal. A second order calibration is used to correlate the
sensors output voltage to the known loads. In order to properly calibrate the sensor, a minimum
of three unique data points must be acquired. For the sensor to produce the highest possible
accuracy at full load, a three step loading calibration of 95%, 100%, and 105% load steps should
be used. The three previous loads will give the best accuracy for the sensor at full load, but that
would come at the expense of reduced accuracy for loads under 70% of full load. For the purpose
of developing the most versatile sensor, a full range calibration that is skewed to the higher loads
was used for the testing conducted for this thesis. The loads used for the calibration of the sensor
were 17%, 80%, and 100% providing a full range of the loads experienced by the sensor with

slightly better accuracy for the higher loads that fall between 70 and 100% of full load.
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CHAPTER IV

LABORATORY TESTING AND RESULTS

4.1 Shim Testing
In order to counter the effects seen by creep, the Smart Insert was raised above the
surface of the adapter in order to create a stress concentration in the center of the steering pad.
The stress concentration was an attempt to stop material from traveling toward the sensor under
steady loads due to creep at the interlocks, where stress concentrations were the highest. The two
opposing stress concentrations minimize creep at the sensor providing a constant signal
proportional to the total load. The predicted stress concentrations as well as the predicted

direction of the elastomer creep flow are shown in Figure 24.

Figure 24: Steering Pad with Stress Concentrations and Predicted Creep Flow Directions
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4.1.1 Shim A

The first set of testing was conducted using a shim with a thickness of sixteen
thousandths of an inch (0.405 mm) which raised the entire insert above the adapter surface. A
picture of the shim can be seen in Figure 25 and 26 showing the entire insert slightly raised
above the adapter surface. The sensor was held in an unloaded state of 17% load (5,850 Ibr or 26
kN) for 30 minutes and then increased to 100% load (34,400 Ibf or 153 kN) and held for four
hours. The test was conducted to monitor the step response of the sensor and to compare the
output to the previous sensor design. In the following graphs, the blue and red lines represent the
correlated strain gauge voltage and the load cell output respectively. Looking at the sensor’s
output, Figure 27, an initial overshoot is apparent immediately after the load was increased to
100% load. Following the initial overshoot the predicted load returned to an accurate steady state

value.

Figure 25: Shim A, 0.016 Inch Thick Aluminum Sheet

41



Load ] D/OFUJJ Load |

Figure 26: Shim A Installed with Adapter and Insert

Shim A

T T T T T T T
100 E—

S0

80

60

50

40

30

20

P £

— Strain Gauge

]O | 1 1 1 | 1 I
0 0.5 1 15 2 25 3 35

Time [h ]
Figure 27: Shim A Response Due to 100% Load Input

4

42



103 T T T T T T T T T

102 -

101

[

=

)
T

Load [ %Il'ull Load ]

— Strain Gauge

— Load Cell

96 | | | | | I I
0 0.5 1 1.5 2 25 £ 35 4 4.5

Time [h ]

Figure 28: Shim A Performance Expanded View

Figure 28 shows the overshoot portion of the same signal in greater detail. The figure
clearly shows that the Smart Insert initially experiences a 1.5% overshoot in load and then
proceeds to decrease to a steady state value. It can also be observed that approximately 30
minutes after the load reached 100%, the Smart Insert was within the targeted 1% error value.
The test showed that material creep in the elastomer pad, which introduced significant error with

the previous design, was mitigated with the addition of the shim.
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4.1.2 Shim B

With the excellent results obtained by Shim A additional testing was performed with a
slightly thinner shim with a thickness of twelve thousandths of an inch (0.305 mm). A decrease
in thickness was used in order to attempt to produce similar results as Shim A, but with less

overshoot and a decrease in the 1% settling time. The aluminum shim can be seen in Figure 29.

Figure 29: Shim B, 0.012 Inch Aluminum Sheet
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Figure 30: Shim B Performance

The correlated output obtained with Shim B (Figure 30) is similar to Shim A. However,
the initial overshoot was limited to a 1% error rather than the 1.5% seen previously with Shim A.
Figure 31 provides a closer look at the output where the entire portion of the test conducted at

100% load was held within the targeted 1% error.
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With favorable results obtained with testing going from the unloaded to loaded step test,
additional testing was done to determine the sensors response to intermediate load conditions.
The multiple step test was used to determine the static values of intermediate loads used in a
correlation. The first step from a steady unloaded car condition to 50% of full load was held for
15 minutes and then increased by 10% load every 15 minutes. The first results (Figure 32) show
a large overshoot when the load is increased at loads over 70%. The overshoot at these loads are
observed to be 4% or greater. The sensor also appears to experience a transition in response. For
the 50% load the sensor output increases slightly to the steady value, while at 70% the sensor’s

output is relatively flat and ideal. However, once the load applied is over 70% of full load the
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output produces a 5% overshoot and then settles to a steady state value. A possible explanation

for the overshoot was the large area experiencing the stress concentration above the insert.

4.1.3 Shim C

Due to the unintended overshoot during step testing with the use of Shim B a new design
needed to be considered to reduce the unintended effects. In order to reduce the size of the stress
concentration above the center section of the insert, only the center section of the insert was
raised with a shim twelve thousandths of an inch thick (0.305 mm). The shims installed on the
insert are shown in Figure 33. It was predicted that the modified design with a more localized

stress concentration in the center of the pad, as illustrated in Figure 34, should produce similar

results but with less overshoot for the higher loading conditions.

Figure 33: Shim C Insert Only
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Figure 34: AdapterPlus™ Steering Pad with Stress Concentrations and Predicted Creep Flow
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The multiple step test for the modified design is shown in Figure 35. The data shows that
for loads of 70% of full load and over, an initial overshoot is present, however the overshoot is
short lived and a steady state value can be seen after 30 seconds. The output of the Smart Insert
provided a signal that correlated much more accurately, with all the steps held to within £1%
error. The last portion of the test contained the step from 17% to 100% load. The sensor
produced a slightly different output then that of the shim A and B. Rather than having an
overshoot and then decreasing down to a steady value, the sensor slightly under predicted the

load, but within 5 minutes the sensor read an accurate steady state value.

4.2 Laboratory Testing

The typical test used to calibrate the final Smart Insert prototype consisted of a settling
portion, dynamic testing, followed by static testing. The test covered the entire range of loads
from 17% to 100% load with a focus on the loads over 70%. All the ramping rates were based on
a 7 minute ramp time from 17% to 100% or 4,080 Ibg/min (18.15 kN/min). The unloading time
was based on a 3 minute ramp from 100% to 17% or -9,520 Ibg/min (-42.35 kN/min). The
loading and unloading rate was provided by Amsted Rail® as typical rates in the rail industry for
the loading and unloading of grain. The settling period required a minimum of 18 hours at full
load while the tester was in operation at 25 mph. Once the settling was completed the dynamic
portion of the testing was conducted. The dynamic portion consisted of 3 loaded steps of 80%,
95%., and 100% held for 18 hours each. In-between each of the loaded steps, a 17% step was
held for 6 hours. Five minutes before any change in load, the test rig was halted. After the load
was changed, the test rig remained in a static condition for an additional five minutes. This was
an attempt to simulate a train coming into a loading station. The dynamic portion of the test was

used to calibrate the sensor. The static portion consisted of multiple loading and unloading cycles
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with dwells between 1 and 12 hours. Loading steps of 80% and 100% were used with a 17% load
applied between steps. The static portion simulates the sensors response while the train is
stationary, as well as, to determine the sensor’s ability to measure the load instantaneously

during a loading condition.

4.2.1 Adapter A

The results of the dynamic test for Adapter A show that the sensor produced a steady
signal for the loaded steps (Figure 36). The only portion of the test that contained notable errors
was the initial 100% step with an initial error of 3%, although the error dropped to a steady value

after 3 hours of operation.
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Figure 36: Adapter A Dynamic Testing at 25 mph

After approximately 77 hours of dynamic testing the static portion of testing was
conducted to monitor the sensor’s response (Figure 37). Upon inspection, the results shown for

the static test provide evidence of a large overshoot for the 80% and 100% steps of
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approximately 2.5% error. The 17% load step produced an error of almost 10%. Although the
error at the unloaded step is not critical the error is significant if the sensor is purported to be

accurate over the full range.
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Figure 37: Adapter A Complete Test

Figure 37 shows four loading steps that are labeled from 1 to 4. These four loading steps
were further analyzed to determine the sensors response during the loading portion of the test.
The ramps were first analyzed with a 3 to 5 minute window after the ramping was complete to
determine the error at different instances in time. Upon inspection Figure 38 shows the 80% step
of Ramp 1 with the errors labeled at various points in time after the ramp was completed. The
error immediately after the loading was completed was -1%. One minute after loading the error
was at -0.3% and after two minutes after loading the error was found to be 0.3%. Examining
Ramp 2 for the 100% loading ramp an initial error of -1% was found, but within one minute the

error was down to -0.2%. Two minutes after reaching full load, the error was at 0.1% and started
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to slowly increase to a maximum error of 2.5%. Similar results were found for Ramps 3 and 4 as

shown in Figure 39. For additional time periods after the loading portion has been reached along

with errors refer to APPENDIX H.
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Figure 38: 5 minute view of Ramp 1 (80% Load), and Ramp 2 (100% Load) for Adapter A

53



T T T ] T T T T T T T T T T T
: : 5 5 : : 5 5 ' i -0.8% -0.3% 0.5%
Ra 3 H : ! ' ' Ramp 4 H ! T 1
fzhp i -0.75% 0.25% 0.5% | E 100 f------neneeed R S
! ! : s : . ! ! / 0
|| I— RS ’ VRPN — | oot P SO et : : b :
: P ; : : : : ;
: / (SRS (RSN (FNSUSEUS. [SOPRSNPN (O, SO
i / : 3 :
: ) ; : 5 5 :
[&] i R/ S N R N R q
- 5 j i 5 ? i =
g /A : : : : : g
2 'll H 3
= 7 -
2 TOf--emmeeirmemmeey  4ad EESTTELLL LT LEREEEEL ey EEEEEELL e ST EERLEEE ERSSEEELLEE: o =
$ &
E / E
2 2
A St . L S S 1
3 TS S SN S S S
) : : : : Z R S S R R A
Load Cell Load Cell
T{V - & sessscansatesaossanssa RRT— Correlated Strain Gauge || g : : : Correlated Strain Gauge
1 I 1 T T T 654 L i) i L in z I T
6752 6753 6754 6755 6756 6757 6758 7301 7302 7303 7304 7305 7306 7307 7308
Time[ Minutes ]

Time[ Minutes ]
Figure 39: 5 minute view of Ramp 3 (80% Load), and Ramp 4 (100% Load) for Adapter A

4.2.2 Adapter B

With promising results collected with Adapter A, similar testing was completed with
Adapter B. Due to time constraints in testing the unloaded step between the 95% load and the
100% load step was not conducted. The loaded steps for Adapter B showed a much more
consistent reading over Adapter A (Figure 40). However, the beginning of each step had a small
overshoot and then settled within an hour to the steady state value. The 17% load steps for

Adapter B were also more consistent than the previous adapter and had a much higher accuracy

with fluctuations of 3% as compared to 5% for Adapter A.
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Although a higher accuracy was obtained at the full range of the sensor for the dynamic
portion of the test, looking at the static section of the test, the sensor experienced a higher
overshoot of about 3% error for the 80% and 100% steps (Figure 41). Similar to Adapter A, the

17% load portion of the static test experienced an increase in the predicted load of approximately

6% over the actual load.

The ramping portions of the test can be seen in Figure 42 and Figure 43. Ramps 1 and 3
show the 80% steps and are seen to have the most accurate results almost immediately after the
step has been completed. Ramps 2 and 4 represent the ramp for the 100% step and showed an
overshoot in the predicted load of 0.7% and 1% respectively. The overshoot is in contrast to the
results for Adapter A which undershot the actual load. In order to examine the response of the

sensor at additional time intervals after the ramping portion additional graphs can be found in

APPENDIX H.
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Figure 42: Ramp 1 (80% Load 5 minute view) and Ramp 2 (100% Load) for Adapter B
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Figure 43: 5 minute view of Ramp 3 (80% Load) and Ramp 4 (100% Load) for Adapter B

4.2.3 Adapter C

Adapter C was the final adapter tested to determine the Smart Insert’s reliability and
performance. The dynamic testing provided an accurate output for the insert that matched the
load cell value (Figure 44). The insert only experienced a slight overshoot for the 95% and 100%

load step. The 17% load data appeared to have an increased standard deviation, although when a

five minute average was taken the error was within =1%.

57



M’%\I Load l

Load] % paa |

28 MPH Dynamic Test

Corelated Load
110 T T T T T T T
100~
Aok i aand .
S0~ -
80— -
L] od =
0 -
50— _
0 —
3o -1
20 : E -
- - Load Cell
" | f | | | | I—Cumuedsmho-ge
10 20 30 40 50 &0 70
Time[ Hours ]
Figure 44: Adapter C Dynamic Testing at 25 mph
Entire Test
Comelated Load
o T T T T T T
2 4
100+~ - = =] f——em— -
v
%0}~ _
1 3
80— f—-’_— |
70 _
60— -
50— =
40— -
30~ _
\ \ \
200~ ~ L -]
= w—- w L - U u U J
—— Load Cell
- | | | | | — Correlated Strain Gauge
o 20 40 € 80 100 120 140
Time| Hours |

Figure 45: Adapter C Complete Test
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The entire test conducted on Adapter C can be seen in Figure 45 along with the labeling
of the ramping portion of the test. Adapter C produced a 2% overshoot for the 100% load static
portion of the test, the smallest overshoot seen from any of the adapters. For the 17% step

Adapter C produced similar results to Adapter A with almost 10% error. Although the overshoot
was considerably better for the long term static portion of the test the results came at the cost of
increased error in the ramping portion. Examining Figure 46 and Figure 47, the initial errors
immediately after the ramping occurred for the 80% steps of Ramp 1 and 3 were -2.5% and -
1.4% respectively. The sensor did provide an accuracy of 1% or better within one minute after
the load was reached. Inspecting the 100% loaded step, Ramp 2 and 4 had an initial error of -

1.7% to -2% error and required 3 minutes and 4.5 minutes respectively to reach within the
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Figure 46: Ramp 1 (80% Load 5 minute view) and Ramp 2 (100% Load 12 Minute View) for
Adapter C
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Figure 47: Ramp 3 (80% Load 6 minute view) and Ramp 4 (100% Load 12 Minute View) for
Adapter C

4.2.4 Summary

In order to better compare the data collected from the three individual Smart Adapters

Table 3 was compiled with all the errors. The top portion of the table contains the average errors
for the dynamic steps for each of the adapters. The lower portion of the table contains the error
determined for varying time intervals after the loading was completed. The time intervals used
are 1, 2, and 5 minutes. All the errors are highlighted by one of three colors. The green
highlighted cell means the value was within the targeted 1% error, the yellow highlighted cell
was within an error of 1% to 1.5%, and the red highlighted cell was within 1.5% to 2% error. All
of the adapters were within the targeted value of 1% for the dynamic testing for all of the loaded
steps. Adapter A also produced errors of less than 1% for the ramping portion. For Adapters B

and C the errors for the 80% steps were also within the target of 1% however, the 100% step

provided errors ranging from 1% to 2%.
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Table 3: Adapter Testing Error Summary

*Static Ramping Error: Average error determined after specified time once target load was reached.

4.2.5 Insert Response Due to Variable Speeds

Dynamic Adapter A Adapter B Adapter C
Step (Yopun Average Average Average
Load) Error (%) Error (%) Error (%)
80 0.07 0.14 -0.26
95 -0.50 -0.13 0.23
100 0.55 -0.02 -0.09
Ran]plng %Error* %Error* %Error*
Load |1 Min Avg 2 Min Avg 5 Min Avg1 Min Avg 2 Min Avg 5 Min Avg|1 Min Avg 2 Min Avg 5 Min Avg]
80 -0.50 -0.26 0.21 0.04 0.23 0.58 -0.54 -0.37 0.00
80 -0.19 0.06 0.53 0.21 0.42 0.70 -0.54 -0.27 0.20
100 -0.53 -0.31 0.08 1.48 -1.33 -0.93
100 -0.56 -0.37 0.04 1.19 1.43 -1.21
0-1% Error 1-1.5% Error

The majority of the testing previously conducted occurred at a constant load and speed.

The sensor would also have to operate in the field with varied speed of operation while the load

was held constant. In order to test how the speed affected the sensor performance, the sensor was

placed under a constant load condition with the speed of operation varied. The resulting test can

be observed in Figure 48. The figure illustrates the constant load held at 100% while the

correlated strain gauge is shown to vary between 4.5% of full load shown by the horizontal green

lines. The figure is sectioned and labeled for each portion of the test that experienced a different

operating speed. The speed was varied randomly from 5 mph to 50 mph with each step lasting

approximately 30 minutes.
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Figure 48: Adapter C Variable Speed Response

As the speed is varied the sensor experiences a change in load, however there does not
appear to be a clear indication as to why the sensor output would remain constant at some speeds
and decrease or increase at another. One of the previously unexplored variables of the sensor was
the temperature of the bearing pad assembly. With two temperature sensors embedded in the
Smart Insert the temperature effect could be explored. The correlated strain gauge output was
plotted along with the temperature recorded from the Smart Insert. The temperature axis on the
right side of Figure 49 was inverted to illustrate how the two signals track. Looking at the figure

it is apparent that the bearing temperature has some effect on the sensors output.
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Figure 49: Adapter C Response with Temperature Plot

In order to integrate the bearing temperature into the correlation of the Smart Insert a
multivariable linear regression was created. The multivariable linear regression took the strain
gauge voltage, as well as the bearing temperature to create a correlation that was capable of
predicting the load applied to the bearing. The correlation was then applied to the same data set
and shown in Figure 50. With the use of the multivariable linear regression the entire signal was

able to be almost completely contained within 0.25% accuracy as shown by the horizontal black

lines in the figure.
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Figure 50: Adapter C Multivariable Linear Regression
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CHAPTER V

CONCLUSION AND FUTURE WORK

Eight Smart Inserts were manufactured and tested to provide a steady signal in dynamic
testing at 25 to 35 mph in laboratory settings. The accuracy of the sensors was within the
targeted range of 1% with respect to full scale load. The electronics needed to continuously
monitor eight of the load sensors simultaneously was also built and tested to ensure a successful

field test, which will validate the accuracy and correlations obtained in the laboratory.

The current sensor design is a versatile unit capable of measuring static and dynamic
loads applied to a freight railcar bearing. Depending on customer specifications the sensor can be
calibrated to measure most accurately loads from 90% to 110% of full load, or slightly less
accurately a wider envelope of loads from 10% to 100% of full load. The sensor can be
correlated to a dynamic signal, as well as a static signal, or correlated to provide the most
accurate data for a loading situation to provide immediate feedback to loading personnel to

ensure the proper load was placed in the rail car.

With the use of the flex circuit the Smart Insert was able to provide an accurate reading
of the bearing cup temperature and capable of detecting slight changes in temperature at the
inboard and outboard location of the bearing. This information is useful for determining the
location of a defect in the bearing. With the flex circuit capable of handling the majority of the
signal conditioning onboard via the mounting locations for integrated circuity, a higher accuracy

signal can be obtained, along with very minimal additional requirements needed to create a
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completely self-contained sensing unit. The flex circuit also provided the essential wiring to
ensure survivability and reliability to the insert during prolonged operation. The final gain used
for the load sensor amplification circuitry was set at 400 V/V. The gain provided a voltage swing

of four volts from the unloaded to loaded state.

Further testing should be conducted examining the sensor’s response to impact loading in
order to determine if the sensor would be a viable solution for detecting wheel flats or rail
defects. The sensor should also be tested under lateral loading conditions in order to monitor the
signal’s sensitivity to this type of loading. These types of conditions would surely be experience
in the field and should be reproduced in the laboratory environment to determine if any

improvements in the design can be made.

Finally, detailed work should be conducted further analyzing the effects of bearing
temperature on the load sensor output. Studies should be conducted determining the best method
of applying a multivariable regression with the strain gauge output and the temperature of the
bearing to determine the most accurate load. Improved work in this subject could lead to higher

accuracies from the sensor with a larger range of loads for all conditions encountered in the field.
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TEMPERATURE SENSOR BOARD SCHEMATIC
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Burr-Brown Products
from Texas Instruments

&5

INA128
INA129

S80E0518 - OCTOEER 1335 - REVISED FEBRUARY 2005

Precision, Low Power
INSTRUMENTATION AMPLIFIERS

FEATURES DESCRIPTION

o LOWHOEESE L WOLITAGE . MV m: The INA12E and INA129 are low power, general
* LOW DRIFT: 0.5uW" C max purpose instrumentation amplifiers offering excellent
* LOW INFUT BIAS CURRENT: nA max accuracy. The versatile 3-op amp design and small size
® HIGH CMR: 120dB min make them ideal for a wide range of applications.
® [INPUTS PROTECTED TO =40V Current-feedback input circuitry provides wide
® WIDE SUPPLY RAMNGE: =2 25V to =18V bandwidth even at high gain (200kHz at G = 100).

® LOW QUIESCENT CURRENT: 700uA A single external resistor sets any gain from 1 to 10,000.
® 8-PIN PLASTIC DIP, S0O-8 The INA12B provides an industry-standard gain

equation; the INA128 gain equation is compatible with

APPLICATIONS the ADE20.

® BRIDGE AMFPLIFIER The IMNATZEINATZE is laser timmed for very low offset
& THERMOCOUFLE AMFPLIFIER woltage  (S50upV), dnft (D5pVI"C) and high
® RTD SENSOR AMFPLIFIER common-mode rejection (120dB at G = 100). It
® MEDICAL INSTRUMENTATION ocperates with power supplies as low as +£2 25V, and
® DATA ACQUISITION quiescent cument is only TODwA—ideal for battery-

ocperated systems. Imtemnal input protection can
withstand up to +40V without damage.

The IMAT2B/AMA 129 is available in B-pin plastic DIP and
30-8 surface-mount packages, specified for the —40°C
to +85°C temperature range. The INA128 is also
available in a dual configuration, the INAZ128.

4
MOTE: {1} INA12S: 24.7TK1 l'

Plegse be aware that an Imporant notice conceming avaliabiity, standard wamanty, and e In oifcal applcatons of Texas InsTuments
‘1'% semiconductor products and disciaimers thereto appsars at the end of this data sheet.

Al Tademarks are Ma propery of thelr raspactive owners.

FHOOUCTION DATA informetion i et o of pbledion debe. Producly EI Copyright & 195c-3005, Texa: Instruments Incomorated
vk ;ﬂ inciisde Wating of sl e, Ttx.l‘ih

INSTHRUMENTS

wwrw_H.oom
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ABSOLUTE MAXIMUM RATINGS!

Supply Voitags
Anaiog Input Voltage Range
Cutpist Shor-Clrcutt (o ground) . ................. Continuous
Cperating Temperatune  ...................

Siorage Temperatunz Range
JundcHion TEIT;IEI?U.II'E .............
Lead Tempersture (Soienng, 105)

11} Stresses above thess ratings may causs permanent GamEgs.
Exposura o absoilte maximum conditions for extended perods
may degrade device rellabilty, These are SITEss [atngs only, and
funciional operation of the device at thess or any other condiions
Dbeyond those specfied I nat implizd.

ORDERING INFORMATION

ELECTROSTATIC DISCHARGE SENSITIVITY

y
ii Ay ESD. Texas Instruments recommends that all
integrated circuits be handled with appropriate
precautions. Failure to observe proper handling and
imstallation procedures can cause damage.

This integrated circuit can be damaged by

ESD damage can range from subitle performance
degradation to complete device failure. Precision
integrated circuits may be more susceptible fo damage
because very small parameiric changes could cause the
device not to meet its published specifications.

Faor the most cument package and ordering information, see the Package Option Addendum located at the end of this data

shest

PIN CONFIGURATION

E-Pin DIF and 503

y E Tngw -
V-m E T W
w2 < v

W E E | Rt
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INA128
INAT29

SE2320518 ~ OCTOEER 1955 — REVIZED FEBRUARY 2005

ELECTRICAL CHARACTERISTICS
Bl Ty = +25°C, Vg = £15V, Ry = 10Ki}, unless olherwise noted.

IHAT2ER U INAT2EPA, UA
IHAI23R U INATISPA, UA
PARAMETER CONDITIONS [ ™iN TV MEAX MIN TP MAX UNIT
HPUT
st Voltage, AT
it Ty =+35°C +104+10055 EH-OOIE [Ty
ws Temperatune Ta= Ty 10 T HL2H2HG TR
ws Fower Supply W = 13 35V o H1BY I MG G T
Long-Tarm Sbisy HILHAIG ® wvimo
mpagance, Ditsrenty 1010 || 2 M 0| oF
Common-ttode N || oF
Common-Sode Voksge Range! 1) Vo m O Wej=2 ] z W
-3+ 2 = ® W
Safe Inpat Voltage ] = W
Common-Aode Rejecton Vg =130, ARg = LD
(=L R | Bo - T3 = - =]
GE= 10 00 106 a3 z [- =}
=100 120 125 Ho £l [= =]
= 1000 120 130 110 x d3
BAAE CURRENT -3 15 £l +10 (8
ws Terperaoae +30 ® BAPG
Offset Current 1 15 £l +10 (8
ws Terperatae £30 ® BAG
ROIEE VOLTASE, RTI G = 1000, Ry = 041
e 10HE 10 £l
o 100HE -] z
= 1EHZ -3 £l
fig = 1L1Hz o 10HZ oz z
Molse Cument
fmi0HZ o= = pANHE
= {EHZ o3 = pARHE
f5= L 1Etz b DMz ) -
QAN
{ain Equation, INA1ZE 1 = (SORCHRg) ® v
INA1ZS 1+ B8k Rg) = WA
FRange of Gain 1 10000 = = WAS
Galn Emor (=L R +#101 H1.02& = 0.1 %
=10 H 0= 0.4 £l %
=100 HILOS .5 = k]
&= 1000 s 3 z %
Gain vs Temperaturec?] Gmi £ £10 = x pomSs
SOkL} jor 49 411 Reskstance{ 203 +75 +100 z z pomsC
Mol IneasrEy Wi = 1360, G =1 £0.00011 +0.001 £l 002 % of FER
E= 10 +0.000% #1002 z 0.004 % of 73R
&= 100 +0.0005 #0002 = 41,004 % of FER
= 1000 £0.001 [ = x % of FER
MOTE' = Specification Iz same as INATZER, U or INATISE, UL
1 PPt Common-mode range vares with output woitsge — ses typical curves.
= Spechied by waler sl
13} Temperature coeficent of the SDRLE (or £3.£4K51) i=m In Se gain squation
) Moniinearty messursments in G = 1000 ars dominated by noise. Typical roninearty i <0.001%
3
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ELECTRICAL CHARACTERISTICS [continued)

Texas
INSTRUMENTS

e Bl

Al Ty = +25°C, Vg = 215% Ry = 10k, unless otherwise noted.

INATZER U INATZBPA, LA
INATZSR U INATZORA, LA
PARAMETER CONDITHINS MM TYP MEK MiIN TP Max UNIT
DUTPUT
Wioige: Fositve Ry = 10Kk we-14 W+ -05 L L W
Pl=gaive Ry = 10kLk =1+ 14 MN-1+=08 = = W
Load Capaciance Stakbilty 1000 = =
Bhort-Cirrult Cumend +5i-1E = ]
FREGQUENCY REEPTHEE
Sandwidth, -3dB G=1 13 z MHz
L= 1] To0 T EHz
G= 100 20 z EHz
&= 1000 prac } = EHz
Dhew Fake Wiy = 90V, G =10 4 = WS
Betting Time, 0.01% (=R | T = BSs
G=10 7 M s
G =100 E x s
G = 1000 =] x s
Owerioad Recovery 0% Crvmrdrive 4 z s
POWER 3UFPLY
‘vioitage Range +2.35 2H] 18 L L = W
(Current, Tokal Wipy =0V o0 £750 = = HA
TERFPERATURE RANGE
Spedfication —40 +85 x x L ]
Operating -40 +125 = = L+
LIy E-Fin CIP &0 L "GN
S0-8 30eC 150 = oW
MOTE"  « Specfication I same 2 INATZER U or INAIZSE, L
1 Fput COMMoR-mode range vares with output voltsge — ses hypical ourves.

! Bpechied by wafer best.

]

e Tempeatune: cosfident of the SO (or 29 2k00) = 6 e gain squabion
) Monlinearty measurements In G = 1000 ans dominated by nolse. Typical nonlinearty bs 20.001%.
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APPLICATIONS INFORMATION

Figure 1 shows the basic conneclions required for
operation of the INA128/IMA128. Applications with noisy
or high impedance power supplies may reguire
decoupling capacitors dose to the device pins as shown.
The output is referred to the output reference (Ref)
terminal which is normally grounded. This must be a
low-impedance  connmection to assure  good
common-made rejection. A resistance of B4 in seres
with the Ref pin will cause a typical device to degrade
to approximately 80dB CMR (G = 1).

SETTING THE GAIN

Gain is set by connecting a single external resistor, R,
connected between pins 1 and 8:

INA128:
50kL2
G= 14
Ra (1
INAT28:
G 14 040
a (2

Commonly used gains and resistor values are shown in
Figure 1.

The 50kL} term in Equation 1 (48.4k0} in Equation 2)
comes from the sum of the two intemnal feedback
resistors of Ay and Aj;. These on-chip metal film

resistors are laser timmed to accurate absclute values.
The accuracy and ftemperature coefficient of these
imternal resistors are included in the gain accuracy and
drift specifications of the INA128/NAT28.

The stability and temperature drift of the extemnal gain
setting resistor, Rig, also affects gaim. Rg's contribution
to gain accuracy and drift can be directly infermed from
the gain equation (1) Low resistor values required for
high gain can make wiring resistance imporant
Sockets add to the wiring resistance which will
contribute additicnal gain emor (possibly an unstable
gain emor) in gains of approximately 100 or greater.

DYNAMIC PERFORMANCE

The typical performance curve Gain vz Fregquency
shows that, despite its low quiescent current, the
INATZENMATZE achieves wide bandwidth, even at high
gain. This is due to the cument-feedback opology of the
input stage circuitry. Settling time also remains
excellent at high gain.

HOISE PERFORMAMNCE

The INATZBINATZE provides very low noise in most
applications. Low frequency noise is approximately
0.2p\V pp measured from 0.1 to 10Hz (G = 100). This
provides dramatically improved noise when compared
to state-of-the-art chopper-stabilized amplifiers.

s
BATEE: INA1ZE: LApF
c=1+5E o s&0 |4
& H-:; =
BA1ZE MA1ZE
DEBIRED | Ry | mEARERT HEAREST
GAIN VAT | K TR Ry | (£ 1% Rg {0 :
1 NC NC NC MG V= G (Vg — Vb
2 Soooe|  smme | 434k 425 5
£ 1250k 124 | 123m| 124
0 = T £ i
kil 13| zEm | 2800 IEK ;
=1 102% 1mx | 108 1 Lo Yoy
0 5051 51 4 ] 2
2m 2513 243 2es 245 3 o
] 1002 100 EE] 100 A ﬂ"E Rt J_
000 | Soos 435 435 425 =
o0 | 2=m 249 FE FrE]
S0 | 4000 10 558 Eh =
o0 | s 430 254 487 MOTE: (1) INA12S: 247k D

L —

Vi ——————

Also drawn In simpified form:

!

Figure 1. Basic Connections
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OFFSET TRIMMING

The INATZB/INATZE is laser timmed for low offset voltage
and offset woltage drft. Maost applications require no
extemnal offset adjustment. Figure 2 shows an optional
crcuit for fimming the output offset voltage. The voltage
applied to Ref terminal is summed with the output. The op
amp buffer provides low impedance at the Ref terminal o
presene good common-mode rejection.

Figure 2. Optional Trimming of Output Offset
Voltage

INPUT BIAS CURRENT RETURN PATH

The input impedance of the INA128/INAIZE is
extremely high—approximately 10700 However, a path
must be provided for the input bias cumrent of both
inputs. This input bias current is approximately +2nA.
High input impedance means that this input bias current
changes very little with varying input voltage.

Imput circuitry must provide a path for this input bias
current for proper operation. Figure 3 shows various
provisions for an input bias cument path. Without a bias
current path, the inputs will float o a potential which
exceeds the common-mode range, and the input
amplifiers will saturate.

If the diferential source resistance 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 resistors provides
a balanced input with possible advantages of lower
input offset voltage due to bias cument and better
high-frequency common-mode rejection.

Themccoupie g Mtz
+

Emn h
o— —_— I

%l { HatE
o—F 1 -

Canderdap provides
bias urrent retam.

Figure 3. Providing an Input Common-Mode
Current Path

INPUT COMMOMN-MODE RANGE

The linear input voltage range of the input circuitry of the
IMNAT2B/INAT2ZD is from approximately 1.4V below the
pasitive supply voltage to 1.7V abowve the negative
supply. As a differential input voltage causes the output
voltage increase, however, the linear input range will be
limited by the output voltage swing of amplifiers A5 and
Az 5o the linear common-mode input range is related
to the output voltage of the complete amplifier. This
behavior also depends on supply wvoltage—see
performance curves, Input Common-Mode Range vz
Ouiput Voltage.

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

LOW VOLTAGE OPERATION

The INATZBIMNAT2E can be operated on power supplies
as low as +2. 20V Performance remains excellent with
power supplies ranging from +2.258Y o +£18WV. Maost
parameters vary only slightly thmoughout this supply
voltage range—see typical performance curves.
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Owperation at very low supply voltage requires careful
attention i assure that the input voltages remain within i
their linear range. Voltage swing requirements of bl ""
intermal nedes limit the input common-mode range with
low power supply voltage. Typical performance curnves, % R =R

REFIDZ [3

“Input Common-Mode Range vs Output Voltage™ show —@v}' J:
the range of linear operation for +15V, £5V, and £2 5V Ly -
supplies. — | Phm
_ Cu
LY e |
+ —\/— =] Ra
E]
10001 = PHDD 3t P
BEEBECH
1A COEFFICENT
TYPE | MATERIAL TR Ry, Py
E + Chromel 5 £6.5K0
- Constantan
4 + ron 52 TEEKD
- Constantan
[ + Chromel EcH =
— AL
T + Copper =0 102%01
- Constantan

Figure &. Thermocouple Amplifier with RTD
Cold-Junction Compensation

By
CRATTT

oPAT31
Figure 5. AC-Coupled Instrumentation Amplifier oFRET:

OPAI2E

Figure 7. Differential Voltage to Current Converter

Ry = 5.5k

G=10

MOTE: Due o e INA1ZE'S curent-feedback
opoiogy, Vig IS approaimatedy 07 less Tan
the common-mode inpet volage. This DT offset
In s guard potendal ks satisfactory for many
= guaniing applications.

Figure 8. ECG Amplifier with Right-Leg Drive

n

83




APPENDIX D

84



APPENDIX D

MAX 294 DATASHEET

85



TE-0020: fer 20 0608

VAV > 4V

8th-Order, Lowpass, Elliptic,
Switched-Capacitor Filters

General Description

The MAXZEZMAKZDdMAXROT are easy-l0-use, Bih-
order, lowpass, eliptic, awiched-capacitor filkers that
can be sat up wih cormer frequencies from 01Hz o
25kHz (MAX2E3/MANZS4} o from O.1Hz to S0kHz
(MAX2GT).

The MAX203MAX2G7's 1.5 transition rafio provides
sharp roloff and -80dB of stopband reecton.  The
MAX294's 1.2 ransdion ratio provides the sieepes! rallaf
and -5A08 of siopband rejection. Al three fers have
fixed responses, 5o the design 1ask s limited to salact-
ing the clock freguency that confrots the tilker's corner
lrequency.

An axtarnal capacibor is used (o generate & clock wsing
the irternal oscillatorn, o an exernal clock signal can be
ugsed. An uncommitted op amp (nonirverting input
grounded) s provided lor building a continuous-time
lowpass fiter for postditeding or anti-aliasng.  Steap
rolledf &nd high order make these filers ideal for ant-
aliasing applicalons tha) require maximum bandwicth
and for communication applicatons that requirs fillering
signals in close prosimity withén the requency domaan.

Thie MAX 223RAAX 204 BAMIST are avallable n8-pin DIF
and 16-pin wide 50 packages, delivering aggresswve
perforrnance rom a liny area.

Applications
Diata-Acquigition Systems
Arti-Aliasing
DAC Post-Flltering
YolcaData Sigrel Fillenng
_________ Typical Operating Circuit
5
i [ 1 i | — mureur
A o
uom
| MAXIH |
an — Jay Lo T
D ¥
0 F]

e
Pil CONFIGURATHIN 15 8PN DIP.

Features

# Bth-Order Lowpass Elliptic Filters

# Clock-Tunable Corner-F Ram
O1rilo 2z (WAXGS MAXZOAMAKZS)
0.1Hz to E0kHz (MAX29T)

# Mo External Resistors or Capacitors Required
# Internal or External Clock

# Clock 1o Corner Frequency Ralio:
100:1 (MAX203/294) r-q} il
50:1 (MAX207)

# Oparate with a Single +5V Supply or Dual 5V
Supplies

4 Uncommitted Op Amp for Ant-Aliasing or
Clock-Noise Filtering

4 B-Pin DIP and 156-Pin Wide 30 Packages

Ordcring lnfumunn
"~ PAAT  TEMP.RANGE _ PIN-PACKAGE
[ MagacPa FCin+/0C 8 Plashc OIF
[MAXZIICWE  DCwmer0s WSO |
[maxessCD  0Cwetc Do |
MAXZD3ERA MICm+BSC___ BPasicDF |
“MPNZIEWE .mln_ﬁé‘c_ Ew wmw |
[ maxzmanta S5CI0125C  BGERDIFT
[Maxzmacen  0Cw+70C _ aRestcble
MAMPMOWE Gl +70C__ 16Wae§0
| mnzsacio TG0 Dice

Information condinued on f=sf page.
= Cantact factory fv dice spacifications
** Cantact faciony for gvalabiily and processng ke MIL-5TO-845

Pin Configurations

[OPEN

SWANLA

_ Maxim Integrated Froducts 1

For pricing, delivery, and ordering information, please contact Maxim Direct at 1-885-629-4642,

or vigit Maxim's website at www.maxim-ic.com.

L6CXVIN/PEZXVN/EGZXVIN
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8th-Order, Lowpass, Elliptic,
Switched-Capacitor Filters

ABSOLUTE MAXIMUM RATINGS

Supply VoRage [(V+ o W) . . L2
Input Yollage at Any Fin l"." 03\."1 2 \"|N sn:'.-"- + 0.3V
Comtinuous Power Dissipation

8-Pin Plastic D07 {derate 9.09mW"C above <TOCH . T27mW
18-Fin Wida 50 [derate 8 523mWi"C above +70°C) | TE2mN
8:-Pin CERDIP [merate & OOMW"C abowe +700G) EE0mi

Siremsag

GERENY Of The dewie af thess or dny other conatons

HAXEQWXMAXH?

Cpeating Teuq:.u':ﬂ.ru Flaru_,x's

MAXID C__
MAXZE_E__

MAXZE BMIA

Storage Temparature angs .
Laad Temperaburna {sosdesing, 10"5&&]

L
A0 o sBEC
=58'Cip +125"C
A5 CHo + 18070
+HEC

v thome Defed! undley "Absolure Masimum Ralings” mary Sause Darmaant damags i ihe deaod.  These an Sddsd sakngs pnly, ang Lockomal
dhose wdinsind i i apwaianal sacians o Md Specicatnns & nal oriphed Fxppsne B
AEECILTE MARTTLT Mg conaTons i elenoes pennos sy afiscr devce sy,

ELECTRICAL CHARACTERISTICS
[+ = 54, V- = -BY, filtar gutput maasured &l DT pon, 20800 Wad reaistor o ground al OUT, dous = 100kHz (MAXIOIMAKIES) ar
IGLs = Stz (MAKZST) Ta = Thar 32 Thaax, unless oiherwisa notad,)
| PARAMETER __ CoNDIIONS. M TP MAX | uwms
| FILTER MMETEHETI:!- L |
MAKPIIMAR DY 0 1-25k
CaomerFrequency Range 1 — H
=Y PR ozt [ 0 1-50k ‘
Cinc 1o Cornes | MARZIMAKEDR: | ' 1
Fragquency Aatn MAXIET 1 |
LI ek ] g
Cioeci 1o Ciorner I 1 .
Fraquency Tempao MAX204 L = PEAG
MAXZET 4
& | o2 a7 |
I IN D.‘:NF« | 0.2 0T |
[weorser, [ 012 011}
Iy = 0 BBEF; 012 017
|ty = DO35F, 0.12 0.17
MaNZES ey = DE9EF, 022 047 |
| ey = 1.000F, n.ge g 017 |
76 |
Ingeriion Gain Relalive b ar f
OC Gain (Nose 1] A4
a4 | o
ooz 047__|
-0.10 017
LIS
.0 017 |
1 007 017 |
MAEZM [ aye0894F, | 036 01E 047 |
[ s = 1.000F, S - R X :
| r= 1.200Fg -ap 54
frg = 1.270F 57 a2
| firg = 1.530F, &7 50
|_ fira = 2. B80F, &7 &l ;|
2 AN AXKLAA
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8th-Order, Lowpass, Elliptic,
Switched-Capacitor Filters

ELECTRICAL CHARACTERISTICS (continued)
e = BN, V- = By Ster output messuned ab QUT gir 20kE 15ad resiston to geound at OUT, fooe = 100k (WA AK D) o
LK = S0kHz {MAX2ST) Ta = Tran 10 Thiax, unioes slhansias roied |

B PARAMETER cONDTIONS | WM TP MAX | Unms |
me0dTrg | oW om o1 |
firg = 0.591Fg | LA I 1 B 1
| | 010 _ ooz o7 |
Ingertion Giain Aglative 1o Fo |
DEC Gan {hiate 13 g = 0.044F, LR | GRS | R e
| [contnuad) Bk I | s T A
| _ aag _t‘l ¥

[ ww=o7seF, | 040 01z a1
A

| Passband Rippie

[OwpwbCswng |

[ Outpus Ofet vonage | IN=
O Insprtion Gain with

L6ZXVIN/P6ZXVIN/EGZXVIN

 [mwesa

| e
TSR e b o RNERE S
[CockFeedieougn | Tazeasc f— —
| CuipwiOrvoCopabdty | 1 20
CLOCK

e ns C*.&II&F o | . ! 2
:mm;r_ = o RDEERGRE o of A . S8 g WS

Internat Gecillator ' " S -
A, [ | m_ em | om

Clach Input {Nate 2} Ry e R |
Hgh — S {_ it wm e o = oo
Lo I i, e A S v N

Tatal Harmonic Detaton L aE
g hgiss | Ta=+28°C

[ uNCoMMITTED OF AMP_
LT —
, Ouiput Oreve Capabiliy | o =sa e = o e ]
CowpwoCsweg | T N me—a

, GainBardwidlh Proqus) | * i
PU“HH_EMHE_&ITE

Supply Mokaga
f-’-Ll'JSJF'P_'L

Sngia Supsly

| 42375 15

W=OvGNDove2 | 4% R 11

| |___':'_+_—,';_'a:,_'.';-5\r Wopp =OWBOBY | o _ S0 2
Suppiy Gurrani [ Ve = 23759 v- o 2375%, [ B
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8th-Order, Lowpass, Elliptic
Switched-Capacitor Filters

e b o
1 i oax i o & _|- I
i 5 g G I g T
- H po im
o In1ye
¥ L3 ey, 00029, ol
LT TR | o g B
£ v ?u., iuF
i i

i CONFISLRATIOR 15 8- O
Figura 3 +5V Singlp-Supply Oparanion

n
T ]
i PO ok
1 w4 [P
WFRUT iy T . .
/_‘J “ oureut
15EgF s i |

A AN AN i

MK

PRCORFEURATIINGS 3-AN DR

Faues 4, Lincommifisd Op A Confiqured as a nd-Crar
Bliftanwseth Lowpass Fiter (Fa = T0RHZ)

same migmateh in a ladder filter design will spread s
eod gulr a3l polas.

Clock-Signal Requirements
The MAXPIIMAXIOAMANZGT maximum recom-
mendad clock fraguancy & 2.5MHz, producing a cutoff
Irequancy al 25kHz for the MAXZE3MMAK204 and S0kHz
torthe MAX29T. The CLK pincan be driven by an external
clock or by the imemal gsciliator wilh an external
capaciar, For exdernal clock applicatons, the clock
circuitry has been designed to interface with +5V CMOS
fogic, Drve the CLK pin with a CMOS gate powsred from
O ancd + 5V whwes using aither a single supphy or dual £54
supplss. Vanying therate of an sxtema! clock will dynami.
cally adjust tha fiter's corner fraguency.
When using e mbemal oscilater, 1he capacitance [Cosc)
on e CLK pin delermines the oscillator frequency:

]

BCoscior)

Tha siray capacitance at LK should be minimezed, aince
itwill atfect the intemal oacillator frequency.

stk =

AAAXILA

Applications Information

Power Supplies
Thee MAX203RAANZDAMANIGT operate from ether dual
oF Singie powes Supplias. Tha dual-supply votage range
= *2 375V 10 45,5V (0. 1pF bypass capacstors from each
supply io GND are recommended). When using a single
supply, tie the Y- pin to ground and bias the GND pin 10
1hi rred-sunply point using a resistor-dvder network, as
shiwm in Figure 3.

Input-Signal Amplitude Range

The ideal inpul-signal range is cetermined by observing
al whal vollage leval the sgnal-lo-nofse plus distortion
(SIMAD] ratio 18 maximized for a given corner frequancy
The Typical Operaking Characlenalics show the
RAAK2GFMAK 24MAN 29T THD + Moisa responss as the
inpil signad’s peak-to-paak amplitude & varied

Uncommitted Op Amp

The uncommitted op amp has 18 nonimderling input
connected 1o the GND pin. and can be used to build &
18 of gnd-order contruous-tme lowpess fiter,  This
fizer ks intended for anti-aliasng spphcations preceding
tre awichec-capacitor filker, bul 0 can be used as a
post-difler 1o reduce clock noise. Figure 4 shows one of
wany lillers that can be builtwith this op amg: a 2nd-oroer
Butterworth filter with 8 10kHz comer frequancy and an
input impedance grestar nan 2P0 Table 1 gives alber-
native COMponen vaies tor dilferent comar requencies
of the same Butlerwaoh filkes

Table 1. Enmpnmnl ?ﬂm hr Figure 4's Filter

[Cormer Frag. | # m | o1 | oz |
[ e _Ll_u Lo el | @ | & |
L - T 1U_I_bga [ 3p |
I ____._en_l_an_etl 1 6ap | 330D |
il e - aird
s p |

T 7] _i_-'_.._l “33n_ [ 150 |
| _mo | = | 2 2 | in_| 15
[ 50 Tz [ 20 [ 2 [swn| 18]

NOTE: Some approcrations have been mada in ssieciing
praterrad campen snl valuss

The passband error caused by a 2nd-order Buttanwonh
can be calculaled using the forrmada;

Galn Beror - 1n¢g[1 +|r|f-]‘*-: de
LVE

L6ZXVIN/PEZXVIN/E6ZXVYIN
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MAX293/MAX294/MAX297

8th-Order, Lowpass, Elliptic,
Switched-Capacitor Filters

Asthe passhand ripole of the MAX2EEMAK 20 A ZGT
alliplic filters is of the order of H31dB. it i5 roemally
appropriate to keep the passband errors of any
anti-aliasing fifter at or below this laval. This is
achieved by choosing the cormer frequency of
Flgure 4'a Butterwortn filter (f8) tobea nigher than the
corner fraguency of the elliptic swilched-capacitor filbes
(B by a factor of 2.5 or more. A factor of 5 or mong is
recommendad to avold problems with component
leterances, i &, kB » (S)icE)

When using the uncommitted op amp as a post-filtes 1o
reduce clock noisa, keep the lilter's inpul impedance
abow 20kE 10 Svoid excessive 10ading of e swilched
capacitor filer, Nobe that the op amg experiences
some clock feadibrough. so il is genarally mare uselul
for anti-aliasing than for clock-roise attenuaton.

DAC Post-Filtering

When using bhe MAX203MIAK 2NN AGT tor DIAC post-
fitering, ynchronize the DAC and the filter clocks. I

____ Pin Configurations [continued)

clocks are not synchronized, beat frequencies will Blies
into tve desired passband. The DAC's clock should be
generated by dividing down the swiched-capecics
liter's clock,

Harmonic Distortion
Harmanig distorbon anses fom nonlingaribes within the:
lilter, These nonlineariles genarate harmonics when 8
pura sing wave s applied o the filler inpuwt. Table 2 liste
typical harmonic  distortion  vefues for  the
MAKPLEAMAX 24 M AKEDT with 8 1kHT SVD-p Sine wisg
input signal, a 1MHz clock frequency, and a 20k} loed

Table 2. Typical Harmanic Distartion (dB)

_ Ordering Information {continued)

‘ - | _PART _ TEMP.RANGE  PINPACKAGE |
[ MOCOS,  MrCw AFC B PeatigQIF |
I : [MACHMEWE = MGk AT TEWideS0
[ e '.‘_ 1E] WE WUAIEBEAA SECio+125C 8 CERDIP™ j
| ol 2 e T N T
| ts (3] saaoasnfivl & MAQITCHE  OCIor70C  16WdeSO
| i I S L MAGIIGD  OCI+ioC  Dws
| watl3) oy [ o0 MAGTEPA _ AUCI85C_ 8PRHICOP
OPh- |5} Hj T [Waxzarewe AU Gie +5 T 16 Wide SO '
' e[ ] e [macorwa— sscevmc acener |
| KB L - Contact factovy for dice speciications
= Camiact factary for avalabliy and procassing i WIL-ST0-853
‘ WIDESD
Mgehtr cavmmal @4 M oAl puaer
L EL T LT ES
8 Maxim Integ Products, 120 San Drive, Sunnyvale, CA 94086 408.737.7600

ed trscemark of A 15 I
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OPA177

T

Precision
OPERATIONAL AMPLIFIER

FEATURES

® LOW OFFSET VOLTAGE: 251V max

& LOW DRIFT: 0.3uvEC
® HIGH OPEN-LOOFP GAIN: 130dE min
@ LOW QUIESCENT CURRENT: 1.5mA typ

® REPLACES INDUSTRY-STANDARD OP
AMPS: OP-07, OP-T7, OP-177, ADTOT,
ETC.

DESCRIPTION

The QOPAILTT precizion bipolar op amp feanme very
low offiet voltage snd dnft Laser-mimmed offset,
drift and input bias comrent virmaally eliminate the need
for costly external tmmming. The high performance
and low cost make them ideally suited to 3 wide range
of precision instmmentstion.

The low gquiescent omrent of the OPALTT dramat-
cally reduoce warm-up drift and emors due to thermo-

W+ [N

APPLICATIONS

® PRECISION INSTRUMENTATION
® DATA ACGUISITION

@ TEST EQUIFMENT

@ BRIDGE AMFPLIFIER

® THERMOCOUPLE AMPLIFIER

elecmic effects in input interconnections. It provides
an effective aliemative to chopper-stabilized amplifi-
ers. The low noise of the OPA1TT maintains acooracy.
OPA1TT performance gradeuts are available Pack-
aging options inclode &-pin plastic DIP
and 50-8 surfice-mmmt packapes.

L.

r R |
A4l

Trm = m Ty
1 :];—0 g W
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=
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Imterrabonsl Arport ndaatrtal Park + Malllag Addewic PO Bae 11400, Pecson, AZ B5F34 - Sowet Addimaa: 8730 4. Tusicn Biwl, Tocaon, AX BETOE + Ted: (E30) TaE-1011 - Teex SE-BE3-1110
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OPA177 SPECIFICATIONS

AWy m 215V, Ta = #25°C, uniess ofenwise noied.

DPATTTF OPAITTO
FARAMETER CONMDITION L L] TF Ly WM P MAK UNHITE
OFFBET WOLTAGE
Input Ofset Violtupe 10 F—] 20 50 [T
Long-Term Input OffsefT o3 [ [IRT L -]
Woitspe Stahilty
Offeet Adustment Riange R = 20RL} £3 *® my
Fower Supply Rejection Ratio Wy = 23V o 2BV 115 1= 10 LF.z] dB
HPUT B4AE CURRENT
Input Ofset Current o3 15 x® 25 nA
rput Blas Cument 0E £3 *® 28 nA
HOIZE
Input Mictse Woftage THz bo 100HZ= -2 150 ® *® RS
Input Motse Cumment 1HE o 100HE 4= ® pAMmE
HPFUT IBFEDANCE
rput Resistance Difizrential Mode™ % 42 185 * hE2
Cormmon-Miode: 200 * (et ]
MPUT VOLTAGE RAKRGE
Commor-idode Input RangsH® 13 +14 E * L'
Common-Modes Rejection 130 140 115 * dE
OPFEN-LOOP GAIN
Lanpe Sigral Volage Gain 5110 12000 2000 6000 Vi
CUTPUT
Cuiput Volage Ewing Ry = 10k HZE £14 * * W
Fy = Zx0 HZE 13 *® x® W
Fy & 1k 2 25 x x® W
Operriloop Cutput Resistanoes & x® i
FREGUENCY REEPONEE
Elew Rate Ry = 2k a1 o3 * * Wips
Cioted-Loop Bandwidn G+l 04 0E » - e
POWER SUPFLY
Power Consumplon Wy= £15V, Mo Load 40 &0 * * mw
Wy = f, No Load 45 * * i
Eupply Curment Wy = 215V, Mo Load 2 x * mA
ALV w 2SN, 307G 5 T, 5 +857C, unless ohensise nobed.
OFFEET WOLTAGE
Input et Yolkage 1= 40 1| 00 u
Awerage Input Ofset o1 o3 o7 iz [T =)
Yoltage Drift
Power Supply Rejection Ratio Wy = 3V o 218 110 1z0 106 1S dB
HPUT B48% CURRENT
nput Ofset Current oE 232 * L5 nA
Ayerage INput Offest Cument 15 40 * 55 pAFC
Dra
rput Blas Cument o= =4 ® 6 nA.
Average Input Blas Curent g8 40 is = pAMC
Dt
HPUT VOLTAGE RANGE
Common-Mode Input Rangs 13 135 * * W
Common-Modes Rejection W= E1IV 120 140 190 * - -]
CPFEN-LODF GAIN
Large Sigral Violiage: Gain Ry = 20, V= 210 2000 E000 1000 4000
OUTPUT
Cutpt Voiage Ewing Ry = 2kl 2 13 ® * W
POWER BUPFLY
Power Consumpdon Wy = £15W, Mo Load &0 5 x ® i
Euppiy Curment Wy = £15Y, Mo Load 2 = E & m&

¥ Same 35 tpectfication for produdt b et

MOTEE: {1)Long-Tesm input Ofset Volage Esabilty refers to the averaged tnend line of Wog vs Ime over extended periods after the frst 30 days.of operation. Exvcluding
the Inkal Four of cparation, changes In V., during e frst 30 oparating days ane Symically ss San 20y, (2) Sampls basted () Guarantsad by design. (4) Guaransesd

by CMIRR fest condition. (5) To insurne high open-ioop gain Sroughout the £ 100 culout mnge, A, b bested af 800 <, < O, O 5 Wi, 5 =100, and—1

{6} Gunranieed by end-point Bmits.

OPA1TT

[~}

& W= +10W.
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PIN CONFIGURATION

ABSOLUTE MAXIMUM RATINGS

Power Supply \Volage £IT
Differental inpul Woltage £
I e .. Wy
Oulpmt Byt Ce0m. Confnuous
Operating Temperahre:

Plastic DIP [P, S0 §8) e oo —40°C o +85°C

By (PDIFY forcnw

By (BOICH eI G
Stomage Tempembne:

Plastic DIP [P, 808 {B) e e e =55°C o #1257
Juncion Termperaturs: =507
Lead Temperafurnes | 1]

[scidering, 3s) B package

PACKAGE/ORDERING INFORMATION

PACHADBE

DRAWING | TEMPERATURE
PRODUCT PACKARE HUMEER"! [FRAMGE
OPAITIFE B-Pin Plasiic DiF oos —4FC io =850
OPAITTGR B-Pin Plashic DiF oos —4C io =850
OPAITTTGE B0-E Surtsce-kount 182 —&"C 10 +E5°C

HNOTE: (1] For detallsd dRwing and dmension table, please see end of dat
shest, or Appendix C of Bur-Srown 5 Cala Sook.

ELECTROSTATIC
DISCHARGE SENSITIVITY

Any integrated cinouit can be damaged by ESD. Bumr-Brown.
reconmends that all inteprated cirouits be handled with
approprizte precandons. ESD can case damage ranging
from subtle performance degradstion to complete device
failure. Precision integrated cirouits may be moTe suscep-
thle to demage because very small parametric changes
could canse the device not to mest published specifications.
Bur-Brown's standard ESD test method comsists of five
10007 posidve and negative discharges (100pF in series
with 1.5k)) applied o each pin

Failme to observe proper handling procedures could result
in =mall changes to the OPA1TT s input bias ooment.

The mformation prowided hersin ks beleved o b reliabie; Foweyer, BUSR-SRCWA assumes no respons biy forinaccurades or omissions. BURR-SROWM assumes
na responsibilty for e use of this formation, and all use of such information shal be entirely at B user's own risk. Prices and spedifications are subject o change
‘wihout notice. No patentrights or Boeneses bo amy of B dnoults described Fensin ans Implled o granted D amy third paety. BURR-SROWN dosss not authorize or warmant

any EURR-BROWN product fior use In [Te support desices andior sysiems.
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APPLICATIONS INFORMATION
The OPALTT is unity-gain stable, making it aasy to use and
free from escillations in the widest range of cirooioy. Ap-
plications with noisy or high impedsnce power supply Lines
may require decoupling capacitors close to the device pins.
In mwst cases (L1uF ceramic capacitors are adequate.
The OPALTT has very low offset voltage and drfi To
achieve highest performance. cironit layout and mechanical
conditions nmst be optimized Offset woltage and drift can
be degraded by small thermoelectric potentials at the op amp
inputs. Comnections of dissimilar metals will zenersts ther-
mel potential which can mask the ultimate performance of
the OPALTT. These thermal potentials can be made to cancel
by assiming that they are equal in both input terminals.
1. Eesp connections made to the two input temminals close
togather.
Locate heat sources as far as possible fom the cimcal
3. Shield the op amp and npaut cirootry fom sir omrents
such as cooling fams.

=]

OFFSET VOLTAGE ADJUSTMENT

The OPALTT has been laser-rimmed for low offset voltage
and drift so most cironits will not requite external adjust-
ment Figure 1 shows the optional comnection of an external
potentometer to adjust offset voltage. This adismient should
oot be nsed o conpensate for ofsets created elsewhere in a
sysiem since this can introduce excessive temperanre dnf.

INFUT PROTECTION

The inputs of the OPA177 are protected with 5000 senies
imput Tesistors and diode clamps as showm in the simplified
circuit diagram. The inputs can withstand +30% differential
imputs without damaze The protection dindes will, of course,
conduct omrent when the inputs are overdriven. This may
dishurb the slewing behavior of unity-gain follower applica-
tome, i will not damagze the op amp.

Trim Range |5 approximale’y =3.0mi

FIGURE 1. Optional Offses Nulling Circit.

NOISE PERFORMAMCE

The noise performance of the OPALTT is optimized for
circuit impedances n the range of 2k} to 50k{}. Total noise
in an application is a combinaton of the op amp’s imput
voltage noise and imput biss oETent noise reactng with
cirowmit impedsnces. For applications with higher source
impedsnce, the OPAG2T FET-input op amp will pensrally
provide lower noise. For very low impedance applications,
the OPA2T will provide lower noise.

INFUT EIAS CURRENT CANCELLATION

The input stage base ourrent of the OPALTT is imternally
compensated with an equal and opposite cancellation omr-
rent The resulfing input biss omrent is the diference
between the inpuf stage base omment and the cancellation
current. This residusl mpus bias cument can be positive or
negstve.

When the bias omrent is cancelled m this mammer, the input
bias owrent and mpas offset cument are approsimately the
same magmimde As 3 resalt it is not necessary to halance
the D resistance seen at the two input terminals (Figare X).
A resistor added to balance the inpuf resistances may ach-
ally increase offiet and noise.

_‘llf"lﬁl'_

Ry

Py =Ryl Ry

L]

Comentonal op ampafth
et blas cument
canceiation resision.

_J|I|||.J||I'_

"""'muuu.mt
—  canoeiston meistorrested

[1=]

OFATTT with mo extemeal
iz cument cancedation
resishor,

FIGUERE 2. Input Bias Cumrent Cancellation.

OPAITT
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pm— Product \ww Sampi & Technical w Toois & Suppon &
F

Frolder = = Buy Dataurments Soflware Coarrrunity
TNSTRE”“SUMENTS DRV134, DRV135
SH050845 —JANUARY 1995—REVISED DECEMSER 2014
DRV13x Audio-Balanced Line Drivers
1 Features 3 Description
+  Balanced Output The DRYV134 and DRWY13S are differential output

2 ; s s amplifiers that convert a single-ended input to a
Low Distortion: 0.0005% atf =1 khz balanced output pair. These balanced audio drivers
+  Wide Output Swing: 17Vrms into 600 O congzist of high performance op amps with on-chip
+ High Capacitive Load Drive precision resistors. They are fully specified for high
: ; i : performance audio applications and have excellent ac
e e \ specifications, including low distorion (0.0005% at 1
*  Wide Supply Range: +4 5V to +18 V kHz) and high slew rate (15 Vips).

B i - +5.2
Low Quiescent Current. +5.2 mA The on-chip resistors are laser-trimmed for accurate

* B-Pin DIP, 50-8, and S0L-16 Packages gain and optimum output common-mode rejection.
+ Companion to Audio Differential Line Receivers: Wide output veoltage swing and high output drive
INA134 and INAT3T capability allow use in a wide variety of demanding

applications. They easily drive the large capacitive
loads associated with long audio cables. Used in
combination with the INA134 or INA13T differential

+  Improved Replacement for S5M2142

2 Appllcatlcns receivers, they offer a complete solution for
* Audio Differential Line Drivers transmitting analog audio signals without degradation.
* Audio Mix Consoles The DRV134 is available in B-pin DIP and SOL-16
+  Distribution Amplifiers surface-mount packages. The DRV135 comes in a

space-zaving 50-8 surface-mount package. Both are
= specified for operation over the extended industrial
* Dynamic Range Processors temperature range, —40°C to +85°C and operate from
+ Digital Effects Processors —55°C to +125°C.

*  Telecom Systems

* Hi-Fi Equipment

* Graphic and Parametric Equalizers

Device Informationt"

*  Indusfrial Instrumentation s i o SO%.
DRV134 S0OIC (16) 10.30 mm = 750 mm
DRV135 S0IC (B) 480 mm x 381 mm
{1} For all available packages. see the crderable addendum at
the end of the datashest.

4 Simplified Schematic

-

m—l—vw—
"

An IMPORTAMNT MOTICE at the end of this data sheet addresses availability, wamanty, changes, use in safefty-critical applications,
intelectual property matters and other important disclaimers. PRODUCTION DATA.
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DRV134, DRV135

SHOS0E4E —JANUARY 1955—-REVISED DECEMBER 2014

& Pin Configuration and Functions

Top View 8-Pin DIPS 08 Top View S0L-16
o
5 e [1° ] we
Moo |1 B | v
“a I: :‘ Yo NG E El NC
Serma E Z‘ +Sanse — —
A, | 3 14|+,
e 7] o - =
Senza |4 13 | +Sarse
4 5 | v L— —
B |: :| . Gnd | & 12| Ve
" v
NG| T 10 | HC
NG | & 9 | NG
MOTE: NC - Mo intemnal connection
Pin Functions
FIN yo DESCRIFTION
NAME DIP-& and 50-8 S0L-16
Gnd 3 5 - Ground
+Sense Fi 13 | Sensing, non-inverting input
—Senss 2 4 | Sensing, inwerting input
Vs g 12 - Positive supply
V- 5 11 - Megative supply
Vin L [i] | nput
=Ny 1 3 o nverted, balanced diffierential output
g | 14 0 Balanced differential output
NC - 1,2.7.8.8,10,16,16 - These pins should be left unconnected

CODyTgnt © 19562014, TEX3S IRSTUMENES INCOMporated

Product Folder Links: DRV134 DRV13S

Submit Documentsfion Feedback 3
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i3 Texas

INSTRUMENTS
DRV134, DRV135
SHCS0S4E —JANUARY 1955—REVISED DECEMBER 2014 www.tl.com
T Specifications
7.1 Absolute Maximum Ratings
over operating free-air temperature range (unless ctherwise noted) ™
MIN MAX UNIT

Supply voltage, Vs to V- 40 v

Input woltage range V- W

Qutput short-circuit (o ground) Continuous

Operating temperature 55 125 "C

Junction temperature 150 "C

(1) Stresses beyond those listed wnder Absolute Maxdimum Ratings may cause permanent damage io the device. These are stress ratings
only, which do not imply functional operation of the device at these or any other conditions beyond those indicated under Recommended
Operating Conditions . Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability.

7.2 Handling Ratings

MIN MAX UNIT
T Storage temperature range —55 125 G
H.."I'H:'I body model (HBM), per ANSVESDAMJEDEC J5-001, & —2000 2000
Viesny | Electrostatic discharge i T - v
: Charged device model I1|CDM: per JEDEC specification =600 i i]
JESD22-C101, all pins'’

{1) JEDEC document JEP 155 states that 500-V HEM allows safe manufacturing with a standard ESD control process.
{2) JEDEC decument JEP 157 states that 250-V CDM allows safe manufacturing with a standard ESD control process.

7.3 Recommended Operating Conditions
over operating free-air temperature range (unless otherwize noted)

MIN NOM MAX UNIT
T Specification temperature range —40 85 "
Ta Operation temperature range Fati] 125 "C
Ve Positive supply 4.5 18 1B v
V- Megative supply -5 -18 -18 v
4 Submit Documentafion Feedback Cogyright © 19982014, Texas Instruments. Incorporated

Product Folder Links: DRV134 DRVY3S
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DRV134, DRV135

HH05034E —JANUARY 1956-REVISED DECEMISER 2014

7.4 Electrical Characteristics

At T, =+25°C, Vg =218V, R = 600 O differential connected between +Wg and -V 5. unless otherwise noted.

FPARAMETER TEST CONDITIONS MIN TYF MAX UNIT
AUDIO PERFORMANCE
THO+M  Total Hammonic Distortion + Noise f = 20Hz to 20kHz, Vi = 10Vrms 0.001%
f = 1kHz, Vo = 10Vms 0.0005%
RTO™  Moise Floor 20 kHz BW -8 dBu
RTO""  Headroom it 7 dBu
INFUT
Fi'h nput Impedance ! 10 ki
I nput Cument Vi =707 V -1000 700 1000 BA
GAIN
Differential
nitial [{#Va) - VeV 5.8 8 o8
Error Wiy = 210V 2% £0.1% 2%
Error ws Temperature 10 ppm/C
Single-Ended Vi = 25
nitial 5.8 a dB
Error 2% #).7% 2%
Ermor vs Temperaturs +10 ppm™C
Monlinearity 0.0003 % of F5
QUTPUT
COCMR  Common-Made Rejection, f= 1kHz See Figure 25 45 a3 dB
SBR Signal Balance Ratio, f= 1kHz See Figurs 28 a5 54 dB
Qutput Cffset Voltage
Voou'®  Offset Voltage, Common-Mode V=0 -250 50 250 mV/
Offset Voltage, Common-Mode vs +150 pviec
Temperature
Vpo'®  Offset Voltage, Differential V=0 -10 i1 10 mV
Oifset Voltage, Differential vs Temperature 15 pviec
PSRR  Offset Voltage, Differential vs Power Supply [ Vg = 245V to £18V B0 110 dB
g Positive . (W) -3 [(W4}-25
COutput Violtage Swing, Fra—— MNo Load™ N2 (V)15 W
mpadance 50 0
Gy Load Capacitance, Stable Cperation Cy Tied to Grownd (each output) 1 uF
lzo Short-Circuit Cument 5 mA
FREGUENCY RESPONSE
Small-Signal Bandwidth 1.5 MHz
SR Slew Rats 15 Wips
Setlling Time: 0.01% Vour = 10V Step 2.5 us
Cweroad Recovery Cutput Owverdriven 10% 3 us
POWER SUPPLY
Vg Rated Voltage 18 v
‘oltage Range =4 5 18 W
Ig CQuiescent Current lg=0 -6.5 +5.2 55 mh
(1) dBu = Hlog (Vmms M.7748); RTO = Refermed-io-Output
(2} Besistf-rs: are Imt;-‘rnz!l_):!'ufd but have £20% absolute value
o) Vet N2 g
{5) Ensures near operation. Includes common-mode offset.
CopyTight & 19562014, Texas Instuments Incorparated S if Documentshon Feedback 5

Product Folder Links: DRVI3Y DRV13S
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DRV134, DRV435

SBOS0S4E —IAMUARY 1958 —REVISED DECEMBER 2014 WL Com

Electrical Characteristics (continued)

At Ta=+25°C, Vg =218V, Ry = 600 0 differential connected between +V5 and -V 5. unless otherwise noted.

PARAMETER | TEST CONDITIONS MIN TYP MAX UMIT
TEMPERATURE RANGE
Specification Range -0 a5 “C
Operation Range -85 125 C
Storape Range -85 126 "C
B Thermal Resistance | B-Pin DIP 100 CW
S0-B Surface mount 150 T
S0L-18 Surface a0 Ch
mount

7.5 Typical Characteristics
At Ta=25°C, Vg =218V, Ry = 600 0 differential connected between +V5 and —V . unless otherwise noted.

a1 i —F—T—F T m T —T—— T
Saa Figura 3 for Test Cimui Diffo rental Moda [ SaaFigura 3 for Test Cimuit Difforental Moda
& Ry =R;= R == jnoload) Vo= 10V Fic Ry =R, =R, == jnolaad) g = 1
B: R, =R, =6000.R, == Mo Cabla [B: Ry =R, =600 R, == :l.‘l.'l'-.l-:lq:m
C:R, = Ry ==, R, = 6000 | A [C:R, =Ry ==, R, = 6000 M=
o y
# = o
Z ] y F M
* 00m = 0.0nM
g &
3 ¥
iC [
DR 34 Ouput DRV134 Output
0.0001 LLiilni 0o L1l
20 100 L3 10k 20k 20 100 1k 1k 20k
Fraquancy (Hz) Feoquancy (Hz}
Figure 1. Total Harmonic Distortion + Moise vs Frequency Figure 2. Total Harmonic Distortion + Moise vs Frequency
i = 0.0 e T T
W ar -+ Graundad Singlo-Ended Mada E Soa Figura 3 for Tost Gt ——Differential Mode =
A R, = 8000 {250 # mbla) Vo= 10ms :_n,_i.g,--.g_,-:gl == (nalaad) —— V= iVrme -
B R, = = {nocabla) B R =R == R = 6000
a0 _
= #
# £ g A [ma catla)
z R R = . P . "-:f’:
3 3 B =} o H
T _,.r;"" ] 5
F oo |
e i
B {5008 cabla)
DRV 134 Ousoet INA 137 Ouiput | | ‘ |
0.0001 - noopy L1
20 100 L3 10k Ak 20 10 1k 1k 2k
Fraquancy (Hz) Froquanay {Hz}
Figure 3. Total Harmonic Distortion + Noise Figure 4. System Total Harmonic Distortion + Noise
ws Frequency vs Frequency
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8 Detailed Description

8.1 Overview

The DRVY134 and DRY135 consist of an input inverter driving a cross- coupled differential output stage with 50 Q
sernies output resistors. Characterized by low differential-mode cutput impedance (50 Q) and high common-mode
output impedance (1.6 k), the DRY134 and DRV 135 are ideal for audio applications.

Excellent internal design and layout techniques provide low signal distortion, high output level (27 dBu), and a
low noise floor (-98 dBu). Laser timming of thin film resistors assures excellent output common-mode rejection
(OCMR) and signal balance ratio (SBR). In addition, low dc voltage offset reduces emors and minimizes load
curents.

The Functional Block Diagram section shows a detailed block diagram of the DRV134 and DRV 135.

8.2 Functional Block Diagram

1uF

o

s | {11}

W W
o

1uF

Je 3

DRVI34 —A—
DRVI3S
— - s | g
Az ~ y 3 W
M + {14y
— ;
% L} (13} +Sensa
10k0
4 =
Wy, © == ik = __E G =68
[ ‘\hu'.'i"l' 1 f 2 Sansa
k! son ‘:“
Gand 0
&) @)

Vi —t
gm-.n

Al mskions 30k unisss oferwiss indicated. ==

8.3 Feature Description

8.3.1 Audio Performance

The DRVY134 and DRY135 were designed for enhanced ac performance. Very low distortion, low noise, and wide
kandwidth provide superior performance in high quality audio applications. Laser-timmed matched resistors
provide optimum output common-mode rejection (typically 68dB), especially when compared fo circuits
implemented with op amps and discrete precision resistors. In addition, high slew rate (15 V/ps) and fast settling
time (2.5 ps to 0.01%) ensure excellent dynamic response.

The DRV134 and DRV135 have excellent distortion characteristics. As shown in the distortion data provided in
the Typical Characteristics section, THD+Neize is below 0.003% throughout the audio frequency range under
various oufput conditions. Both differential and single-ended modes of operation are shown. In addition, the
optional 10pF blocking capacitors used to minimize Voo ermors have virtually no effect on performance.
Measurements were taken with an Audio Precision System One (with the intemal 80 kHz noise filter) ugsing the
THD test circuit shown in Figure 24.

Copyright & 1996-2014, Texas InsTuments Incorporated Submif Documenfation Feedback 11

Product Folder Links: DRV134 DRV135

104




) T
INSTRUMENTS
DRV134, DRV13S

SBOS0848 —JANUARY 1393—REVISED DECEMBER 2014 wwwt1.COm

Feature Description (continued)

Up to approximately 10 kHz, distortion iz below the measurement Bmit of commonly used test eguipment.
Furthermore, distortion remains relatively constant over the wide output voltage swing range (approximately 2.5
Y from the positive supply and 1.5 V' from the negative supply). A special output stage topology vields a design
with minimum distortion variation from lot-to-Jot and unit-to-unit. Furthermeore, the small and large signal transient
response curves demonstrate the stability under load of the DRV 134 and DRV 135.

+18y

Test Paint

o
R | O
B o

Figure 24. Distortion Test Circuit

8.3.2 Output Common-Mode Rejection

Output common-mode rejection (OCMR) is defined as the change in differential output voltage due to a change
in output common-mode voltage. When measuring OCMR, Vy, iz grounded and a common-mode voltage, VCM,
iz applied to the output as shown in Figure 25 Ideally no differential mode signal (VOD) should appear.
However, a amall mode-conversion effect causes an emor signal whoze magnitude iz quantified by OCCMR.

X
M
X"
S000

+18y

"__Lm_—
I Vg = 1Vp-p

Q
18y

Figure 25, Output Common-Mode Rejection Test Circuit

8.3.3 Signal Balance Ratio

Signal balance ratio (SBR) measures the symmetry of the output signals under loaded conditions. To measure
SBR an input signal i=s applied and the outputs are summed as shown in Figure 26 Vgyur should be zero since
each output ideally iz exactly equal and opposite. However, an emor signal results from any imbalance in the
outputs. This emor ie quantified by SBR. The impedances of the DRV134 and DRV135's output stages are
closely matched by laser timming to minimize SBR emmors. In an application, SBR. also depends on the balance
of the load network.

12 Submit Documentation Feedback Copyright & 1938-2014, Texas Instruments Incorporated
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Feature Description (continued)

18

Figure 26, Signal Balance Ratio Test Circuit

8.4 Device Functional Modes

8.4.1

Differential-Output Mode

In differential-output mode, the DRY134 (and DRV135 in 50-5 package) converts a single-ended, ground-
referenced input to a floating differential output with +6 dB gain (G = 2). Figure 27 shows the basic connections
required for operation in differential-output mode.

MNormally, +V, is connected to +5Sense, -\, is connected to —Sense, and the outputs are taken from these
junctions as shown in Figure 27.

W W
ufF 9 1ufF
: 5 (i 8 |(12) l
DRVII4 ——
DRV13S
—— W= o
A2 » VW 2 0y
W + 08
s !
d IIII I." {13} +Sanza
J Emm \/
4
VY T W——W— = L G =188
Vit | 2 Serma
i . 500 T'
N ———————— =V,
&) W e :
¥
WW—r
%10‘.&
Ml mseions 30D unBss oferwiss indcated e

Figure 27. Basic Connections for Differential-Output Mode
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Device Functional Modes (continued)
8.4.2 Single-Ended Mode

The DRVY134 can be operated in single-ended mode without degrading output drive capability. Single-ended
operation requires that the unused side of the output pair be grounded (both the Vg and Sense pins) to a low
impedance return path. Gain remains +6 dB. Grounding the negative outputs as shown in Figure 28 results in a
non-inverted output signal (G = +2) while grounding the positive outputz gives an inverted output signal (G = -2).

Mg w2y

Figure 28. Typical Single-Ended Application

For best rejection of line noise and hum differential mode operation is recommended. However, single-ended
performance is adequate for many applications. In general single ended performance is comparable to
differential mode (see THD+N typical performance curves), but the common mode and noize rejection inherent in
balanced-pair systems is lost.

14 Submit Documentafion Feedback Copyright & 19362014, Texas Instruments Incorporated
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9 Application and Implementation

NOTE
Information in the following applications sections is not part of the Tl component
specification, and Tl does not warmrant its accuracy or completeness. Tl's customers are
responzible for determining suitability of components for their purposes. Customers should
validate and test their design implementation to confirm system functionality.

9.1 Application Information
Decoupling capacitors placed cloge to the device pins are strongly recommended in applications with noisy or
high impedance power supplies.

For best system performance, it is recommended that a high input-impedance difference amplifier be used as the
receiver. Used with the INA134 (G = 0 dB) or the INA137 (G = #6 dB) differential line receivers, the DRV134
forms a complete solution for driving and receiving audio signals, replacing input and oufput coupling
transformers commonly used in professional audio systems (Figure 29). When used with the INA137 (G = -6 dB)
overall system gain is unity.

9.2 Typical Application

9.2.1 Cable Driving Application

The DRV134 is capable of driving large signals into 600-0 loads over long cables. Low impedance shielded
audio cables such as the standard Belden 8451 or 9452 (or similar) are recommended, especially in applications
where long cable lengths are required.

For applications with large dc cable offset emmors, a 10-pF electrolytic nonpolarized blocking capacitor at each
sense pin is recommended as shown in Figure 29,

DRIVER

[ R

i ol RECEIVER

JoamEn |y BALANCED ez

F—] = CABLE PAIR 2

. =
Vi, O S £ o
+
A"
P 1 1
A, AT =

KAISE =1 My =2V,
A il B0 e o il atia BARIZ I = D M Ve

Figure 29. Complete Audio Driver and Receiver Circuit

8.2.1.1 Design Requirements

Congider a design with the goal of differentially transmitting a single ended signal of up to 222 dBu through 500
ft of cable with no load at the receiving side. The signal at the end of the cable 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 iz reqguired to put out a single ended signal 0 dB with respect to the input signal and accommodate
inputs with peak to RMS ratios of up to 1.5 for the maximum 22.2 dBu range established above.

Copyright & 19552014, Texas Instuments Incorporated Submif Documenfafion Feedback 15
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Typical Application (continued)
9.2.1.2 Detailed Design Procedure

The dBu is a common unit of measurement for input sensitivity and output level of professional audio equipment.
A 0 dBu signal dissipates 1 mW into a 600-Q resistive load; therefore, a 0 dBu signal comesponds to
approximately 0775 Vrys. Equation 1 shows the relationship between the signal level in dBu (denoted by Ly)
and the signal level in Veus (denoted by x).
f x "\
L, =20logs| ——
: ‘Dgll\.. 0775 J (1)

Faor this design, the single ended input signal of 22 2 dBu comresponds to 9.98 Vg, as shown in Equation 2.

oy
V =077 10 |_ 998 Vi,
v (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 Vpeax as calculated in Equation 3.
v -15(0.08)= 1407 V,,,, (3)

IH PEAK

The DRY1234 is chosen to convert the single ended input signal into a differential signal and the outputs of the
DRWV134 will be connected to one end of the 500 ft cable. In order to prevent clipping and distortion of the input
=ignal, the power supply rails for the DRV134 are chosen az 3 V above and below the peak calculated in
Equation 3. The 3 ¥V margin is derived from the output voltage swing specification given in the Electrical
Charactenstics table. The supplies selected are 18 V for ¥+ and —18 \V/ for V-,

Finally, the INA137 is used at the end of the 500 ft cable in order to convert the differential zignal output of the
DRY134 into a single ended signal that is 0 dB with respect to the input signal.

Figure 30 shows the system diagram.

+ 18 +18Y
o s}
Wi O
Figure 30. Diagram of System Based on DRV134 and INA137
18 Submit Documentation Feedback Copyright & 1998-2014, Texas Instruments Incorparated

Product Folder Links: DRVI3Y DRV13S

109




APPENDIX G

110



APPENDIX G

INSERT CAD DRAWINGS

111



SHEET OF 1

as Pan American

TR O
PartD

University of Tex,

Lower Insert Plate

TITLE
=

[SCALE

7/22/2015

| Thomas Diedrich
(CHECKED
[AFFROVED

TRAWH

)

10575

09375

4875

09375

0
g
=) d:'__f
"\ = o
; =
o S — Eg
o ]
o 2
i
B 7
r/_ P
i ; N
=i e 14 ; =
! ! >
3 B A
8 :
]
P) )
5
=) n
] (R,
o]
|
f
A
. i
b i i =
P “u . " S 5 . _/'l
0
A
i
R =] L
] = E
-

*All dimensions labeled are inches

112



I01 ..._|._.m_. _

T
pa|quIassy sa1ed dol 3
AT ON SMa = rd
CRACREAY |
sbumesq ped aield dog O
|
FJUIL
UEL ™S I)
UEDLBLLIY UBE SEX3 L 40 AYSEAI [Rrared LPLIPSI SPLLGL |
\.\\!..r{:{..:..
e
o
v
o
7
P
€ =
S e
o . f/f,/,ﬂ/
5o //,f//ﬂx/f /;/M\\\
y SN
o i
< )
~. o
;Nﬂfﬁ/ o
Gy, \\\\
ReF

= [=—5LE60°

52T

a1e[d do] 12[pewig

uotog Jursuag

a1e[d doJ 1231e]

SE'T

- —

[

*All dimensions labeled are inches

113



APPENDIX H

114



APPENDIX H

ADDITIONAL SENSOR RAMPING FIGURES
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Figure 51: Ramp 1 (80% Load 15 Minute View) and Ramp 2 (100% Load 15 Minute View) for
Adapter A
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Figure 52: Ramp 3 (80% Load 15 Minute View) and Ramp 4 (100% Load 15 Minute View) for
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Figure 53: Ramp 1 (80% Load 1 Hour View) and Ramp 2 (100% Load 1 Hour View) for
Adapter A
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Figure 55: Ramp 1 (80% Load 15 Minute View) and Ramp 2 (100% Load 15 Minute View) for
Adapter B
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Figure 56: Ramp 3 (80% Load 15 Minute View) and Ramp 4 (100% Load 15 Minute View) for
Adapter B
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Figure 57: Ramp 1 (80% Load 1 Hour View) and Ramp 2 (100% Load 1 Hour View) for
Adapter B
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Figure 58: Ramp 3 (80% Load 1 Hour View) and Ramp 4 (100% Load 1 Hour View) for
Adapter B
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Figure 59: Ramp 1 (80% Load 15 Minute View) and Ramp 2 (100% Load 15 Minute View) for
Adapter C
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Figure 60: Ramp 3 (80% Load 15 Minute View) and Ramp 4 (100% Load 15 Minute View) for
Adapter C
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Figure 61: Ramp 1 (80% Load 1 Hour View) and Ramp 2 (100% Load 1 Hour View) for
Adapter C

120



Load[ (yol"ull Load ]

G2 " SR S S S R SR S
70F----- | L— frmmeees R L frmmeees IR LI
U7 MR RN SRRFRAPN SNSRI RNVIINSE SNRNUINE WRSIS R .
60 f-----p--mm--- .': ........ eeemnin O .': ........ I, PO
L33| I R— demmnneee R S R IR LA—
Load Cell
: : : Correlated Strain Gauge

50 ! A | L T T =~ T

2170 2180 2190 2200 2210 2220 2230

Time[ Min ]

Load[ o/"’l-‘ull Load ]

Ramp4 ¢ ¢+ | 0
e e
Krf 0.20% 0.60% | 0.70%
7 0% 1 NS SR UM S S .
A [ . NURPSNE SRS SRS O SO
L N -
] R A R R SETEREEE
1.+ S R HES. emnenne- dosssssssdbscssumsisssan

: : Load Cell

Correlated Strain Gauge

2720 2730 2740 2750 2760 2770 2780

Time[ Min ]

Figure 62: Ramp 3 (80% Load 1 Hour View) and Ramp 4 (100% Load 1 Hour View) for
Adapter C
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APPENDIX I

ADAPTER CORRELATIONS

Table 4: Second Order Adapter Correlation

Sensor Correlation
X, e X; Gain

V/V)

Adapter A 039 7.19 -15.58 400
Adapter B 0.86 -0.92 -5.83 400
Adapter C 0.03 10.00 -28.70 400

Load(Kips)=Xi-V+Xa-V+X;
V = voltage output of sensor
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