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MULTI-FUNCTION LIDAR SENSORS FOR NON-CONTACT SPEED AND
TRACK GEOMETRY MEASUREMENT IN RAIL VEHICLES

Shannon A. Wrobel
ABSTRACT

A Doppler LI ght DetectionAnd Ranging (LIDAR or lidar) system is studied for the
application of measuring train ground speed in @&oantacting manner, as an alternative
to the current train speed measurement devices asiaitheel-mounted tachometers or
encoders. The ability to accurately measure trpged and distance is a critical part of

monitoring track geometry conditions.

Wheel-mounted tachometer speed measurements bftdndte due to wheel vibrations,
change in wheel diameter, or wheel slip affecting mmeasurement accuracy. Frequent
calibrations are needed to account for changes lmeelvdiameter due to wear.
Additionally, the high levels of vibrations at tineel can cause occasional mechanical

failure of the encoder.

This thesis examines LIDAR as a non-contact trpges measurement device as a direct
retrofit for wheel-mounted encoders. LIDAR uses plep technology to accurately
measure train speed. The LIDAR system consistswof laser sensors and can be
installed on either the car body or the truck oa timderside of the train. The sensors
measure the true ground speed of each rail, fromhatme track curvature can then be
assessed based on the difference between theandheft rail speeds. The LIDAR train
speed, distance, and curvature results are thelnaged against encoder readings and

other conventional train measurement devices.

Various tests were performed, including field-tegtionboard a track geometry railcar
operated by Norfolk Southern for evaluating thecaffy, accuracy, and durability of the
LIDAR system; and laboratory tests on a 40-fool painel for assessing the ability to

obtain measurements at super low speeds.



The test results indicate that when compared wttleroconventional means used by the
railroad industry, LIDAR is capable of accurateleasuring train speed and distance
from speeds as slow as 0.3 mph and up to 100 m@dditionally, the curvature

measurements proved to be as accurate as Inerdasiement Units (IMUs) that are

commonly used in track geometry measurement railcar
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Table 1: The mid-chord offset calculations andeaiflvalues [43]
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1.1 Thesis Overview

LIDAR, or Light Detection and Ranging, is a non-tamt speed measurement system.
LIDAR utilizes the Doppler Effect, in which the LAR sensor emits laser light onto the
rail at a set frequency, which is then reflectedko@ the sensor with a phase shift based
on the relative speed of the track. The Doppléit sbceived by the sensor is used to
accurately determine the train’s speed [1]. Othesk speed measurement systems in use
by the U.S. railroads today include encoders, GRfslar, and ground truth measurement
systems, often generate speed measurement err@ro dilip, wear, train vibration, or
mechanical issues encountered throughout trairs.tys a non-contact measurement
system, the LIDAR sensors eliminate these issueseer, the LIDAR system is able
to accurately measure speed over a wider rangeth®anther systems, from speeds as
low as 0.3 mph to those as large as 100 mph. litianldo speed measurements, the
LIDAR sensors can accurately determine distance task curvature through post-
processing. Speed, distance, and track geometrgurezaents are a critical part of track
analysis for track safety. Thus, LIDAR’s reliabjliand versatility could make it a

practical and superior alternative to current tradasurement and testing technologies.

1.2 Objective

The primary objectives of this study are to:

1. Demonstrate the applicability of LIDAR to determitrain speed, distance, and

track curvature for railway applications.
2. Prove LIDAR'’s ability to measure speed, track ctuve, and distance accurately.

3. Determine the preferred installation setup and emiguration for the LIDAR

system on the track geometry car through rigorauway conditions.



4.

Establish if LIDAR is capable of replacing wheelambed encoders and Inertial
Measurement Units (IMUs) currently used to meastam speed, distance, and

track curvature on track geometry cars.

Describe the potential advantages and disadvantaigée LIDAR system and
discuss future goals to develop LIDAR as a marketthy, non-contacting,

multifunctional sensor system.

1.3 Approach

In order to determine the capabilities, applic#ypiland accuracy of LIDAR for railway

applications, the following steps were taken:

1.

2.

Upon completion of preliminary LIDAR lab and tratésts, the LIDAR system
was mounted to the underside of the track geonwetryo test the LIDAR system
out in the field. The LIDAR system was mounted eitho the truck or the car
body of the track geometry car to assess the acgarad durability of the system
over a significant number of miles at high speeats$ @nder railway conditions.
Additionally, slow speed LIDAR testing was compbbteat the Railway
Technologies Lab by using a ‘track trolley’ on aoghpiece of track with the
lenses facing gauge corner. This allowed the LIDgyRtem to be assessed for
reliability and accuracy in measuring speed anthdce at low speeds.

The data procured over these tests was analyzedigirpost-processing to
determine the train speed, distance, and trackatum®. The LIDAR results are
then benchmarked against encoder and Inertial Meamnt Unit (IMU) data.

1.4 Outline

Chapter 2 provides an in-depth overview of Doppl&AR and its applicability in

railroad applications. The current methods of tepeed and curvature detection are then

discussed. Lastly, a thorough literature studyhefdifferent applications of LIDAR and

the various techniques to measure train speedwandtare used throughout the years is

presented.



Chapter 3 describes the LIDAR tests setups orréol geometry car and in the Railway
Technologies Lab (RTL), as well as the post-pracgssomputations and code.

In Chapter 4, the results of the field tests depich Chapter 3 are compared to the

conventional railroad measurements.

Chapter 5 illustrates the major findings, conclasicand recommendations for future

work.

1.5 Contributions

The main contributions of this study are:

1. Development of an advanced and accurate system dasure train speed,

distance, and curvature with the LIDAR sensors.

2. Demonstration of the viability of LIDAR as a comroily viable product, with
further developments for multipurpose use in thievegy industry for low and

high speeds.

3. lllustration of LIDAR’s potential to measure tra@tignment and other track

geometry measurements with further testing.



2.1 LIDAR

2.1.1 Doppler LIDAR Technology

LIDAR directly measures speed in a non-contactirgner by use of the Doppler Effect.

The Doppler LIDAR sensors operate by emitting agleinlaser pulse at a specific

wavelength towards the object of interest; therlas¢hen reflected back to the receiver
at a different wavelength, creating a Doppler SAifte combination of the travel time of

the laser pulse and the Doppler shift allow for $ipeed of the object to be determined
[1]; in this case, a moving railcar relative to ttrack. Incidentally, this is the same

technology that law enforcement uses to catch spgeflivers.

Figure 1 displays the concept of using LIDAR seador determining rail speed. The
Doppler LIDAR sensors can be attached to the umtkersf a track geometry car with
two laser beams facing the left and right railie dashed arrow indicates the outgoing
LIDAR beam, and the dotted-dashed arrow shows @neesbeam reflected back to the

sensors, which detect the Doppler shift for eadh ra

Left Lens Right Lens

Figure 1: LIDAR concept for measuring speed in a ne-contacting manner for
railroad applications



The LIDAR Doppler shift data is then passed throagiigh Fidelity RF device to
produce the left and right rail frequency data.sTdta is then processed into a National
Instruments (NI) PXI central processing unit (CP&h,shown in Figure 2. The PXI CPU
has been specifically configured for this studygenerate a Fast Fourier Transform
(FFT) of the LIDAR signals. The FFT transforms tinequency data to determine the
velocity for the left and right rails in real tim@/ith the velocity from each rail, the PXI
then calculates the track speed, based on the geveralocities from both rails.
Additionally, the track curvature can be determinmmsed on the speed difference
between the two rails. The track speed and curgatesults are then displayed onto a
monitor and saved to a hard drive. The saved dam the hard drive is post-processed
to establish further capabilities of the LIDAR syst beyond speed and curvature. In
particular, the travel distance is ascertained ugino post-processing, similar to the
distance measured by a conventional encoder. Addillly, during post-processing, the
LIDAR data is assessed for potential detectionkti@gnment results. As a non-contact
measurement system, the LIDAR sensors prove toeliable and accurate in rail
measurementsThe goal is to utilize LIDAR as a direct retrofdarfencoders and IMUs
on a track geometry car, allowing the system to unmanned for several hundreds of

miles.
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Figure 2: System-level block diagram of multifuncton LIDAR sensors for non-
contact speed and complex rail dynamics measurement
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2.1.2 LIDAR Technology Benefits
The benefits of LIDAR technology, as compared vefisting track speed and curvature

measurements, particularly for high speeds andéwated safety environments, are:

1. A non-contact measurement technology that elimgtte many speed-dependent

design complexity, reliability, maintenance, andcuecy (slip) issues and

limitations (e.g., vibration) of mechanically coatiag or axle-linked tachometers

(analog or digital).

2. A non-contact, Doppler measurement technology with:

a.

Inherently high accuracy that is speed-independamd, has an absolute
scale factor (580KHZ/mph) which is not subject teaw track speed (slip

and data rate), spatial resolution/standoff (Radaryironment, etc.

Continuous, consistent operation over a wider rafdeack speeds (creep
speed to hundreds of mph) that exceeds any -curtechnology
(analog/digital tachometers, radar, GPS, etc.)

Consistent track curvature measurement at far slspeeds than possible
with Inertial Measurement Units (IMUs) that are agoonly used in track

geometry rail cars

Suitability for autonomous operation in genericamwe service or high-
precision track metrology applications, e.g., Autoous Track Geometry
Measurement Systems (ATGMS)

Capability for detecting auxiliary parameters cati to autonomous, in-
motion safety and just-in-time maintenance in Hggeed Rail or Intercity
Passenger Service; for example, instantaneousattuiey GPS position
correction (PTC), and possibly rail condition atabdity.

3. A non-contact, optical measurement technologyukas the following:

a.

Telecommunications wavelengths at 1.5um:

i. Highest, inherent eye safety



ii. 10,000 times higher spatial precision and speedracyg relative

to Radar
lii. Demonstrated performance in rain against wet/ice¥ssurfaces

iv. Reduced cost components with increased Mean Timatire
(MTTF) and suited to environmental extremes as @yeg with

typical laser optics.
b. Telecommunications optical fibers:
i. Flexible, arbitrary mounting locations for easigstem integration
ii. Fixed, no-maintenance internal optical alignments.

c. Coherent detection, resulting in larger dynamiced&bn ranges than
conventional intensity-based optical metrology semsused for rail

applications:

i. Reduced maintenance — tolerant of dirtier lenseas wimdows,

rain, mist, etc.

ii. Reduced diameter optics (1/4 — 1in) and/or incréasm-contact

ranges (millimeters to meters)

iii. Detects scattered light sensing on all surface madgegrock, steel,
ice/snow, etc.), roughness (e.g., shiny or coaesa],colors (e.qg.,
light or dark) while rejecting sun or artificial ghting (e.qg.,

headlamps, etc.).

2.2 Speed Measurement in the Rail Industry

Railway transportation systems most commonly measain speed with axle encoders
(also known as tachometers, odometers, or gensyaflinese encoders are attached to
the end of the solid axle wheel of the train, aswsh in Figure 3. Encoders record
distance traveled as the train moves along tha tracks by determining the number of
wheel rotations and multiplying this by the circem&@nce of the wheel. Additionally, the

encoders can measure the distance between tramspood beacons in very small



increments known as a ‘foot-pulse’. The ‘foot-puldemarcation provides a visual for
any distance error build-up and need for recalibnabver time. Based on the distance
results from the encoder, the train speed can lasdetermined by differentiating the
distance results. However, the encoder often geeererrors over time due to slip,
wheel/rail wear, and other factors, which requiresjuent recalibration of the encoder.
This error build-up propagates into the distance apeed measurements, creating

inaccuracy and unreliability in encoder measurement

Currently, there are magnetically-driven and opityedriven tachometers that are both
utilized in the railway industry. Magnetically-dea tachometers generally produce more
errors than optically-driven devices, and are aalgable of measuring direction/speed in
one direction. Optically-driven tachometers canordcdata at very slow speeds, thus
making them more accurate than magnetic units. thafdilly, the optically-driven
encoders can measure data when the train is mémiwgrd and backward [2].

There are several other methods that have beeneatty various U.S. railroads to
measure speed; these include GPS, Doppler RadamtjalnMeasurement Units, and
several others. These methods will be discussddriner detail in the Literature Study

section.

|

. Encoder

LI 4

Figure 3: An encoder/tachometer attached to train \ueel



2.3 Curvature Measurement in the Rail Industry

Common practice to determine track curvature inrdikindustry consists of utilizing
Inertial Measurement Units (IMUs). Inertial measueant units are comprised of three
accelerometers and three gyroscopes to measuractaerations experienced by the
train, as well as the pitch, yaw, and roll of theirt. Figure 4 presents the orientation of
pitch, yaw, and roll. Upon encountering a curvee tinain yaws and experiences
centrifugal forces, which are recorded by the IMhls, the degree of curvature of the
track can be calculated accordingly [3].

Figure 4: Yaw, pitch, and roll of a plane in a simliar fashion to a train [4]
The IMU is attached to the truck of the track getsnear near the wheel axle. The
installation of an IMU relative to an encoder’s gganent is presented in Figure 5. This
figure also displays other track geometry car ¢egtipment mounting including Doppler
radar and GPS, which will be discussed furtherldibe IMU system mounted directly
to the truck proves advantageous as it eliminatgsbady dynamics experienced by the
train, thus presenting a more accurate representati the track geometry. However,

IMUs often experience issues in accurately detengincurvature at low speeds.
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Additionally, if the IMU is damaged repairing it issually expensive and very time

consuming.

Further details of inertial measurement units atictiomethods used to determine track

curvature are presented in Section 2.4 of thisghes

i GPS

GPS | Receiver l
Antennal . 4
Gyro ~f— DSP
Accel | j Tach.
Interface

i)

; Generator

Figure 5: The IMU installed on the bogie in front d the encoder (axle generator)
and the placement of other test equipment on a tr&cgeometry car

2.4 Literature Study

2.4.1 Approach

Relevant studies, articles, and papers discusséaigriiterature review were primarily
procured by searching through Google Scholar aadvilginia Tech Libraries Summon
Database. The search was conducted using the fatiokeywords: “Doppler LIDAR,”

“velocity devices,” “train speed measurement,” ¢ikacurvature measurement,” “track
geometry measurement,” and so on. Articles [5], [B], and [8] were particularly useful

not only because of their subject matter, but beeat their related references as well.

2.4.2 LIDAR

Wandinger [5] provides an overview of the inventminLIDAR dating back as early as
the 1930s. The first documentation of the use @AR principles was in the early

1930s, when scientists first attempted to use belaght beams to measure air density

11



profiles in the upper atmosphere. Then, in 1938,the first time cloud height was

measured using light pulses.

The term LIDAR arose in 1953 when Middleton andll8ms created a method of using
a light pulse transmitter and a receiver to deteenthe height of an object [9]. However,
it wasn’t until 1960 when the laser was invented #me modern LIDAR technology

came about. Subsequently, LIDAR lasers rapidly bmecased in a number of different

fields of research.

There are two main types of LIDAR that are curngntded: incoherent (or direct energy)
detection, and coherent detection, which use Dopplephase shift measurement as
described in [10]. There are three main types diecent LIDAR systems: Range

Finders, DIAL, and Doppler LIDAR. Range finders arsed to measure the distance
from the LIDAR device to a solid target. DIAL (Défential Absorption LIDAR) utilizes

two different LIDAR wavelengths to measure chemamahcentrations in the atmosphere.
Doppler LIDARs measure the velocity of a moving estjbased on the Doppler shift
when the laser is reflected back from the movingati11]. Of these, the focus of this

literature study will be on Doppler LIDARS.

One application of Doppler LIDAR sensors is to ntoniwind speeds for air traffic
safety. Inokuchi et al. [12] discuss the effectvirid turbulence on the number of aircraft
accidents, and determined that detecting the wingutence in advance is a crucial part
of aircraft safety. In order to detect wind turtnde, originally Radio Detection and
Ranging, or RADAR, was used onboard aircrafts, this showed inconsistency in
detecting sudden wind turbulence in areas withdotids or rain. In 2007, the Japan
Aerospace Exploration Agency tested Doppler LIDARaircrafts to replace Radar [12]
by emitting a laser pulse, which is reflected off ar particulates in the wind to
determine wind speed. The LIDAR showed promise etecting wind turbulence
onboard aircrafts and proved to be much more relitdan Radar. Similarly, in 2002, the
Hong Kong International Airport utilized Doppler DARs to identify terrain-induced
wind shear, which affects airplane landings an@défis. The LIDAR was attached to the
ground traffic control tower of the Hong Kong Imational Airport to assess

departure/approach airway lanes for wind shearghit study, the LIDAR provided
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accurate detection of the wind shear and is stilremtly used at the Hong Kong

International Airport [13].

Additionally, Doppler LIDAR sensors are used to sw@& offshore wind speeds for
production of wind turbine energy. Koch et al. [4id Pichugina et al. [15] discuss the
use of LIDAR onshore and onboard ships, respegtitel determine wind speeds for

turbine energy with reasonably good accuracy.

LIDAR is also capable of measuring wind speed ial tene. This is evident in [16],

which describes that in the 2008 Olympics in Chtha,competitive sailors used LIDAR
as a means of detecting wind speed in real time d$sisted the sailors in determining
the wind speed and the direction of the wind muwdter and more accurately than with

buoys.

Apart from wind speed detection, LIDAR was alsodubg the NASA Langley Research
Center to evaluate helicopter speed in 2009 [Ti/{hils test, NASA mounted the LIDAR
towards the nose of the helicopter in the whiteesighl housing shown in Figure 6. Six
tests were completed on the helicopter in ordexb@in not only the helicopter’s speed,
but its altitude as well. The results for both speead altitude were compared to GPS

readings and showed excellent correlation for Inodlasurements.

Figure 6: The LIDAR mounting for helicopter speed esting [17]

LIDAR sensors are most widely known for speed de&iacin vehicles for law

enforcement purposes. LIDAR is currently used asltarnative to Radio Detection and
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Ranging (Radar) for police to detect motor vehggeed. Radar, which has been used by
police since the 1950s, and LIDAR, which came alod®©91, both have advantages and
disadvantages. For instance, LIDAR’s small laseanbbés capable of targeting a single
vehicle in high traffic areas, whereas Radar ehmgg-frequency radio waves in a cone-
shape, which is more likely to hit a multitude djjects, thereby affecting the speed
readings. Although LIDAR proves superior on crowdedds, weather conditions such
as fog, rain, and snow can affect the LIDAR’s aacyr The accuracy of Radar devices,
however, is unaffected by weather, but it can redithee range of Radar. Both these
devices are still commonly used by law enforcemieat,LIDAR seems to be growing in

popularity [18, 19].

2.4.3 Train Speed Measurements

Detecting train speed and location is a cruciat patrain control and protecting trains
from colliding or derailing. Since trains were fixgssed, there have been several different
methods to measure train speed, each of which ddwantages and disadvantages.

One of the first documented systems to measura speed was in 1856, in which
McRea [20] suggests using a magnet, battery, andamga circuit to detect each

revolution of the train wheel through electromagsmat For each revolution of the wheel,
the magnet and battery are separated and causeed spdicator to move a certain
distance relative to the distance traveled by theek A method similar to this was used
in 2011 by an electromagnetic speed-measuring mota train speed is measured with
a wheel gear attached to the train axle and twapg®f coils with a magnet inside an
axle box. For each wheel rotation, an electromotoree proportional to the speed is
produced in the coils, which provides a speed nreasent [21].

Mirabadi et al. [6] and Vantuono [2] provide a dgstion of several other modern speed
measurement techniques, including tachometers aodens, GPS, Inertial Measurement

Units, and Doppler radar.

Tachometers or encoders are the most commonly tuasedspeed measurement devices
today. The encoders are attached to the train wihéeland record speed/position based

on the wheel rotations. The robustness and relahif encoders make them very
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desirable for train speed measurement [22]. Enspdeywever, are often limited by
resolution, sampling time, electrical noise, ang@phg and sliding between the wheel
and the track [6]. Due to the fact that the encasla@ttached to the wheel, slipping and
sliding alters the distance and speed measurena@ntgenerates inaccuracies. Several
studies have worked towards correcting this sl glip error in the encoder. Saab et al.
[23] suggest using a Kalman filter to observe theesl and acceleration readings. Then if
the velocity readings meet a certain condition, wakcity results are adjusted by using
linear interpolation between the speed before dtat ¢he slip/slide error. lkeda [24]
studied a system called Computer and Radio AideainT(CARAT) to detect train
distance in order to analyze slip/slide error ahohieate these errors from the results.
Allota et al. [25] recommend utilizing an algorithifmat estimates the train’s speed and
position during start/stop accelerations by uswg tncoders placed on two different

axles.

GPS devices are also used to measure train speedigtance. GPS systems are most
often used to determine train location to prevesititons and allow for appropriate
spacing between trains. The train location is defteed using at least four satellites and
evaluating the travel time between each of thdlgateand the GPS receiver (mounted to
the top of the train car) based on the locatiorthef satellites. The speed can then be
calculated directly by using the Doppler principd. GPS devices are beneficial for
determining a train’s location and speed for sugplieations as the Alaska Railroad’s
Collision Avoidance System (CAS), which allows disghers and trains to monitor train
locations and improve safety [26]. GPS systems rsueral disadvantages, however.
First, the GPS satellite signal available to théliguknown as Standard Positioning
Service (SPS) is ‘dithered’ by the military, whildwers the accuracy of the readings, in
order to prevent overuse of the system. The begttavancrease the accuracy of SPS is to
use a Differential GPS (DGPS) as shown in Figur@he DGPS requires a stationary
land-based transponder to reduce the dither eanar generates an accurate measurement
within cm [27]. Without a DGPS, the accuracy of a GPS@mia m, which means
that it cannot distinguish between two paralleinttaacks. Additionally, a GPS does not
receive a signal underground or in tunnels. This significantly limit the availability

and accuracy of the GPS signal in certain areas [2]
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Figure 7: Differential Global Positioning System todetect train location [6]

Another commonly-used method of measuring trainedpis an Inertial Measurement
Unit (IMU). IMUs typically consist of both an acesbmeter and a gyroscope.
Accelerometers measure the inertial forces expee@rby the train, from which the

acceleration can then be derived. The acceleraitimen integrated to obtain the speed
and position of the train. In order to accuratebtedmine forward train speed, the
accelerometers should not be sensitive to vertwal lateral accelerations. Also, the
accelerometer sensor must be perfectly horizoatalbid detecting accelerations due to
gravity [22]. Gyroscopes measure angular rotatibrnthe train. Currently, Spinning

Wheel Gyros (SWG), Ring Laser Gyros (RLG), and FiBgtic Gyros (FOG) are the

most common gyroscopes used to identify train imtatOf these, FOG gyros are the
most popular because they are small, light, cheaad,do not consist of moving parts.
One of the major benefits of an IMU is that it is&lf-contained system which does not
require a line of sight and can operate in any heratonditions and underground [6].

One of the main studies on inertial sensors fon speed measurement is discussed next.

In 2008, Mei and Li [28] proposed using two indransors mounted to two different
bogie frames to indirectly measure speed. The mtwh bounce accelerations from the
IMUs are filtered, and the motion of each bogiestimated. From the estimated motion
of the bogie, the track irregularities could alsdetermined. Then the acceleration data
is integrated to determine the train’s velocityeTesults of this study produced accurate
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results and eliminated encoder slip errors. Thenndawnfall of the study was that at

slow speed testing, where the system incurredaydeld affected results over time.

A few months later in 2008, Mei and Li [29] moddi¢he proposed IMU measurement
system from [28]. Similar to their previous studi§ei and Li propose using two IMUs

attached to two bogies to measure speed. This ,shalyever, focused on calculating
train velocity and overlooked the track irregubamistimations. The hope was to improve
slow speed test results from the previous studusTthe filtering process was simplified
to use a frequency range appropriate for evaludtimig speed over a wide range. The

results of this study provided accurate speed t®esukn at low speeds.

Additionally, there have been several studies tcasuee train speed using Radio
Detection and Ranging (Radar). Radar is the mastasito LIDAR, as they both use the
Doppler Effect. Radar, however, emits radio wavesead of a laser beam at a moving
object and the waves are reflected back creatiDgmpler Shift, from which the object
velocity can be calculated. From the velocity regdi the distance and acceleration of
the vehicle can be assessed by integrating anereliffiating the speed, respectively. The
main disadvantage of radar is that the speed rgadian be affected by the stop/start
acceleration of the vehicle, body vibrations, aratiation in surfaces [6, 30]. The

following studies further elaborate on Doppler ragsa speed measurement device.

In 1995, Siemens AG tested a 24 GHz Doppler radar rfon-contact railway

applications. The Doppler radar was tested on Fremzl German railways, where the
radar showed some variation in readings based dacguand weather conditions. Once
the data was passed through the signal processoradar generated results within 1% of

the actual speed measurements [31].

In 2006, Kakuschke and Richter [32] completed im-lests to develop a signal

processing algorithm which allows radar to autooadlly measure vehicle speed with

higher accuracy than compared to an odometer.ditiaw, the radar devices were tested
for durability and reliability in a variety of cliates, and proved their ability to measure
vehicle speed accurately in most weather conditions
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In 2007, Lv [33] discussed the applications of atbafd radar design, and tested a

prototype for potential use on the Chinese Natiétalways, with good results.

One of the lesser known devices utilized to measare speed is an eddy current sensor.
Eddy current sensors are capable of detecting alpaeick work structures, such as
switches and clamps, by assessing the magnetstarse along the track. In order to
calculate speed, two identical eddy current senam@sattached to the underside of the
train separated by a distan¢cas shown in Figure 8. As the two sensors passatrack
structure (e.g. clamp, switch), the travel timenmsstn the two sensors, is estimated by

a correlator. With the travel time, the train vélpcan be determined with [34].
The drawbacks of the eddy current sensors aretlibatpeed is not constantly recorded,
and that the eddy sensor velocity equation assuheedrain is moving at a constant
speed. This can lead to inaccuracies in the spatg dnd another device is needed to

determine speed if the eddy current sensors arpassing a track structure.
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Figure 8: Two eddy current sensors to determine trim speed [34]

One of the first studies on eddy current sensors w@mpleted by Engelberg [34].
Engelberg assessed eddy currents for the purposeeasuring train speed in 2000 by
completing field testing with the German Rail Autitya From the test, he determined
that the eddy current sensors are suitable fomgest the rail environment and under
various weather conditions because of the sensobastness. His initial testing also
showed promise in the eddy sensors to accuratééecidelamps and switches and thus be
used to accurately calculate speed.
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In 2002, Geistler [35] further evaluated the eddyrents for not only speed detection,
but also train location as well. Geistler analy#eel eddy current signal readings as they
passed switches, crossing, clamps, etc. and creal®ok-up chart for ease of mapping

and location detection.

As a way to compensate for some of the shortcomimigghese different speed
measurement devices, a number of studies suggest nmltiple sensors to obtain the
most accurate speed results ( [2], [6], [21], [43P], [36]). Combining several of the
speed measurement devices will greatly improve oreagent accuracy and provide a
reliable means to monitor the train speeds andabpdrains safely. However, using
multiple systems increases the cost and maintenahdke measurement devices. A
succinct and accurate system is the best optioglitbly measure train speed.

2.4.4 Track Curvature Measurements
Track curvature measurement is an essential partragk geometry testing and
maintaining rail functionality. The main methodsr fmeasuring track curvature are

described below.

One of the first techniques to measure track cureatvas to use the Hallade Method
known as a mid-chord measurement. The Hallade rdethas developed by Emile
Hallade in the early 1900s [37]. This method uitiza chord of a certain length stretched
from one point on the gauge face of a curved cadriother, as shown in Figure 9. Then
the versine or length from the center of the chorthe rail is measured, and the radius of
curvature can be determined based on the Pythagofeaorem in the following

equation:

— (1)

where is the chord length andis the versine [38].

19



PI

PT

2

Figure 9: The concept of a mid-chord offset measumeent [39]
For railway applications, a 62ft chord is most oftesed to make a mid-chord
measurement because each inch from the midpoift) ¢81the rail is equal to 1 degree
of curvature. The calculations and values for thd-ohord offset measurements with a
62ft chord are shown in Table 1. The radius ig fiaculated in this table by using the

degree of curvature as shown here:
— (2)

where is the degree of curvature ( [40], [41]). Forwaly applications, the degree of
curvature is the central angle based on a 100ft@nce the radius is determined, the

total intersection angle, shown asn Figure 9, can be calculated as follows:
! 3)

As shown in Table 1, this calculation assumes acchength of 62ft to measure across

the curved track. With known, the versine is calculated as follows:
"# $% ! 4)

From these calculations and Table 1, it is cleat thith a 62ft chord, the versine in
inches and the degree of curvature are nearly elguntz Figure 10 illustrates how the

62ft chord length measurements are taken to meésutecurvature [42].
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Table 1: The mid-chord offset calculations and tald of values [43]

AssUMe Deé:]free Convert Calculate Calculate |, Ca_llculate “V” V

“cn Curve Degr(_eesto _ ‘R, (_3: inft.,, V= ~in
(D) Radians sin(D/2)=50/F 2R sin ( /2) R(1 - cos (/2)) inches
62 1 0.0174532935729.650674/0.010820957 0.08 1.01
62 2 0.03490658%5 2864.934425/0.021641406 0.17 2.01
62 3 0.0523598781910.077501/0.03246084 1 0.25 3.02
62 4 0.06981317 1432.68541@.043278753 0.34 4.03
62 5 0.0872664631146.2792810.054094636 0.42 5.03
62 6 0.104719755955.3661305/0.064907979 0.50 6.04
62 7 0.122173048 819.020412 | 0.075718276  0.59 7.04
62 8 0.13962634 716.7793513.086525016 0.67 8.05
62 9 0.157079633637.2747422/0.097327689 0.75 9.05

The chord measurements can be taken by hand asibg track geometry cars equipped
with loading devices and a transducer to make a-ainafd measurement. Special
attention is needed for the filtering effect in ptldord measurements taken on the track
geometry car, however [44]. The chord measuremargscontinued along the track
length to obtain accurate overall curvature reaglingt this technique fails to obtain

local curvature variations.

Figure 10: Curvature measurements using a 62-fooehgth chord [42]

21



Track curvature is most commonly measured usingnantial Measurement Unit as

mentioned previously. An IMU uses an acceleromitaneasure centrifugal forces, and
a gyroscope to measure rotational forces. Wheania frasses through a curve, the IMU
detects the changes in the inertial forces, whsatonverted into curvature readings. The
advantages and disadvantages of IMUs have preyidesin discussed in Section 2.4.3.
There have been several studies assessing thgy @it precision of inertial sensors in

measuring track curvature, as well as methods poawe these measurements.

In 1991, Martell [7] discussed the applicability af LTN-90-100 strapdown inertial

system for the purposes of measuring train traakature. The curvature was tested
using a light rail transit vehicle, where the imdrstrapdown unit was placed on the floor
in the center of a vehicle. The results indicatest the inertial measurement system is
capable of measuring track curvature; however, sygtem also detected the hunting

motion in the train, which was incorporated in thsults and caused inaccuracies.

In 1998, ENSCO worked on developing a Multiple ®erisertial Measurement System
(MSIMS) for track navigation and condition monitagi MSIMS uses
MicroElectroMechanical Systems (MEMS) acceleronsetéo generate linear and
rotational data without the use of a gyroscopes Tould significantly reduce the cost of
a typical IMU. The system also demonstrated thesipdgy of accurate operation at
speeds lower than 10 mph, whereas most IMUs beawaceurate around 10 mph [45].

Another study of track geometry analysis using IMidss completed by Weston et al. in
2006 [46]. The study utilized a gyroscope attactedhe bogie of the train and two
accelerometers placed inside the left and righe &xixes. The curvature readings from
this experiment presented some ‘snaking’ by thaebafpng the track. The ‘snaking’ is
most likely due to track alignment issues. A furtlstudy was completed in 2007 by
Weston et al. to determine the root cause of thekisg, and to elaborate upon the

system’s abilities [47].

Boronakhin et al. [48] in 2011 also used a MEMS INtiJdetect track geometry and
specifically assess the effect of train vibratiams track geometry and deformation

measurements.
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Despite some issues with the inertial measuremeitg, the overall capabilities of IMUs

to measure curvature and track geometry have prdesteficial to many railway

companies. For this reason, IMUs have been useal mumber of track geometry cars,
including Amtrack’s high-speed track geometry measwent car No. 10002 [49], and
FRA’'S/[ENSCOQO'’s track geometry vehicle T-2000 [50].

Another method of measuring track curvature is lay wf GPS, which can be used to
track an object’s position and thus detect cunaatttowever, as mentioned previously,

one of the primary downfalls of GPS is its low m@&asnent accuracy.

In 1993, Leahy et al. [51] verified this low acceyain their findings to measure ralil
profile with a GPS. In this study, the GPS produadtbrizontal accuracy of 2-5 meters,
but this can be reduced with filtering techniqueewever, in filtering the GPS data,
imperative track details are minimized or remowvexhf the results. As such, Leahy et al.
determined that another measurement device is dedanprove upon the curvature

accuracy.

A few years later in 1996, Euler and Hill [52] inoped upon Leahy et al.’s study [51]
and utilized a DGPS to increase the curvature measnt accuracy down to a few
centimeters. A DGPS utilizes an onboard GPS deanicka stationary reference station to
correct the errors. The onboard GPS in this cagem@unted to the center of a railroad
survey cart in order to produce an accurate maghefcenterline of the railroad. This
system generated very accurate results, but watetinby speed and distance from the

land-based reference station.

Trehag et al. [8] attempted to enhance this contefiter by reverting back to standard
onboard-mounted GPS and using a first-order piesslinear polynomial representation
with an advanced filtering processing. This allofes the GPS device to measure
curvature along long distances and at high spdmddijnal curvature results were within

& m of the reference track charts (far higher tharésults of [52]).

There have also been some studies that attemptezbriine the benefits of the

vibration-free GPS devices with the detail-orientedrtial Measurement Units ( [53],
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[54]). Both of these studies presented good acguaad repeatability in track curvature

measurements.

Later in this thesis, the LIDAR curvature measuretsevill be evaluated against IMU

readings as a competitive benchmark.
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3.1 System Description

As mentioned previously, the train speed, distanoé, track curvature are measured by
attaching two LIDAR sensors to the underside ofttha, one facing each rail. From in-
house knowledge, it was determined that the besilteeare obtained by facing the
LIDAR lenses at 60° from the horizontal, and witfoaal length of about 21 inches from
the rail. The mounting system is made of 80/20 oftetl Aluminum, which proved
adjustable and durable for the railway environmésdgts. The LIDAR mounting
installation on the track geometry car is displayedrigure 11. Once mounted, the
LIDAR lenses are connected by optic fibers to thatidhal Instruments PXI CPU
equipped with RF circuits from Yankee Environmer@gktems (YES). The PXI is then
connected to a Keyboard, Video, and Mouse (KVMiligplay and record the real-time
LIDAR readings. The PXI CPU (left) and KVM (righgre shown in Figure 12. The
KVM displays a Yankee Environmental Systems dewatbpabView code specifically
made for LIDAR purposes to calculate and show thentspeed and track curvature
instantaneously. With the LIDAR system synchronizeith the PXI/KVM, the entire
system is able to run autonomously and record IDAR data for 2 to 3+ weeks at a
time. After a few weeks, the data is saved to a ldsive and erased from the PXI, to be

analyzed by the Railway Technologies Lab (RTL).
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Figure 11: The LIDAR mounting setup on the track gemetry car

Figure 12: The PXI (left) and KVM (right) equipment utilized in parallel with the
LIDAR sensors

3.2 System Track Geometry Car Installation
The LIDAR system can be mounted on the truck orbibey for the train. Mounting the
system to the truck reduces the effects of thebcaly dynamics on the results, while

attaching to the car body provides a more accusgrgesentation of the train movement
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through curves. Both of these mounting setups weseed and will be discussed in

further detail later on in this thesis.

In addition to the variability in mounting the LIDRAsystem, the lenses can be set up to
face the Top of Rail (TOR), gauge corner, or weblaiif Figure 13 shows the different
beam alignment configurations. Similarly, Figuredidplays the TOR, gauge corner, and
web of rail beam configurations from a side anglbich illustrates how the optic fibers
connect to the back of the lenses. In preliminastihg, each of the beam alignments is
tested to determine the signal strength while @ngsspecial track work, over varying
surface roughness, and reliability through curyeisial testing with the beam alignment
facing the web of rail demonstrated numerous signgpouts when passing special track
work, such as levels and switches. As a resultithrity of the testing discussed in this

report will consist of the beam alignment eithagifig TOR or gauge corner of the rail.

Figure 13: TOR, gauge face, and web beam alignmentgere tested to select the best
performing configuration
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Figure 14: A side view of the TOR, gauge corner, ahweb of rail beam
configurations showing the optic fiber connectionso the lenses

3.3 Field Testing

3.3.1 Truck-Mounted LIDAR System Testing

The first phase of testing consisted of installing LIDAR system to the truck or bogie
of the train. In this case, the LIDAR lenses aierted to face the Top of Rail as seen in
Figure 15. This lens configuration was chosen bseaduring curves, the truck yaws
considerably, which would affect the focal lengfittte beams if the lenses were facing
web or gauge corner. The TOR lens orientation detnated consistency in both speed

and curvature measurements.
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Figure 15: The truck-mounted LIDAR system with thelenses facing the Top of Rail

Figure 15 shows that one of the lenses is covemedni explosion-proof protective
housing and the other lens is left unprotected. &@osion-proof housing consists of a
specifically-made borosilicate glass cover, whiobréases the beam signal strength by
more than 45% over using a standard glass covsttofg signal is necessary to produce
accurate results from the LIDAR system. The explegiroof housing with the
borosilicate glass cover is shown in Figure 16. Tiker LIDAR sensor remains
uncovered by the explosion-proof housing to compére signal strength and
performance between the two housings in railwaydaamms. Over time, dirt and debris
build up on the lens, and the hope is to deterrttiemost effective housing to retain
signal strength. The build-up of dirt on the lefdaight lenses over the entire train trip is
shown in Figure 17. The large amount of dirt buwiful-significantly affected the signal
strength, and thus in the following test, the glesger is removed and the housing is

modified, which will be further discussed later.

29



t : ,‘,.‘('
Figure 16: Explosion-proof protective housing secung the LIDAR lenses onboard
the track geometry car

Figure 17: The dirt build-up over the entire truck-mounted test train trip

This test was run over several miles of railwaghkrio test the durability and reliability

over long periods of time. The system was testest the following routes:
o0 Roanoke, VA to Narrows, VA (early-February 2012)
o Ft. Wayne, IN to Chicago, IL and back (mid-Febru2gy 2)
o0 Various locations on the Eastern seaboard and Mit{frebruary to May 2012)

Throughout the test, the LIDAR setup remained ungkd to prove the dependability of
the system over long train trips. The system a&taimed accuracy through inclement
weather and various special track work.
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3.3.2 Car-Mounted LIDAR System Testing

Further testing involved mounting the LIDAR systdm the car body of the train,
whereas in the previous test, the system was tnmknted. This test aimed to evaluate
the applicability of the car-mounted LIDAR systenor fspeed and curvature
measurements. Additionally, for this test, the beare directed at the gauge corner of
the rail. Figure 18 presents the car body-mounystes on the track geometry car. In
the last test, the lenses faced TOR due to thengaexperienced by the truck, however,
the body-mounted system is unaffected by this isEhis means that aiming the lenses to
gauge corner should generate accurate curvatwksas the body-mounted test, as well
as show variability in LIDAR beam alignment.

Figure 18: The car-mounted LIDAR setup with the lerses facing the gauge corner
The housing covers for this test were modified ézrdase dirt build-up and increase
beam signal strength. By removing the glass comehe housings from the previous test
and replacing it with a metal cover with a cutobbat 1 inch in diameter, the beam
signal strength is no longer obstructed. PositivBoa hosing is also attached to the
explosion-proof housings to prevent dirt and delmisn building up on the LIDAR
sensors, as in Figure 17. The updated housingsyrshioFigure 19, are attached to both
lenses in this test.
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Figure 19: The modified lens housings with the corectted positive air flow supply

The track geometry car traveled over an extensiveuat of miles to test the abilities of

the LIDAR system over various track work and enmimental conditions. The body-

mounted testing took place on railway track from:

(0]

(0]

Roanoke, VA to Bristol, VA (early-July 2012)
Danville, KY to Chicago, IL (July 2012)
Ft. Wayne, IN to Charlotte, NC (August 2012)

Binghamton, NY along the Midwest/East Coast tord@, VA (September to
October 2012)

Similar to the previous test, the LIDAR system wias altered over the test and remained

unmanned for constant results over time. The residlthis prove LIDAR’s capability to

measure speed and curvature in various mountingpsetver long periods of time and

mileage.

3.3.3 Laboratory LIDAR Testing

A 40-ft panel available at the Railway Technologliesh is used for slow speed and

distance measurement testing with the LIDAR sensdmsimage of the setup for slow

speed measurement testing is displayed in Figur@l2® LIDAR sensors are mounted on

to a ‘track trolley’ with the laser beams againifgcthe gauge corner. For these tests, no
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LIDAR housings are used due to the fact that thetsiail is indoors, so there is limited
debris. Also similar to the previous tests, the AP lenses are connected to the PXI
through optic fibers, and the results are displagadthe KVM as they are processed
through the YES code.

Figure 20: LIDAR sensors setup on ‘track trolley’ for short rail testing

An encoder is also attached to the ‘track trolleybenchmark the LIDAR measurements.
Figure 21 displays the encoder setup on the ‘trsokey’ to obtain a means for
comparison for the LIDAR slow speed testing. Unlie the train, the encoder is not
attached to the wheel for the short rail testingfead, it is connected to the axle through

a 1:1 gearing ratio to measure the distance aneblspe
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Figure 21: Encoder setup on the ‘track trolley’
The tests on the short rail took place at the RajlWechnologies Lab in February, 2013.
The trolley was moved 6 feet back and forth onghert rail, and the test focused on

speed and distance testing.

3.4 Field Test Data Processing

After the LIDAR data is processed as in Figuret2s isaved to a hard drive and sent to
the Railway Technologies Lab, which is a part & enter for Vehicle Systems and
Safety (CVeSS) at Virginia Tech (VT). The data gstssof speed recordings for the right
and left rail, signal intensity, Full Width at Hallaximum (FWHM) of the frequency
response, GPS location, and the PXI estimated tuezaUpon acquiring the saved
LIDAR data from the track geometry car, RTL anab/#lee data by passing it through the
RTL's own Matlab code.

The Matlab code imports the LIDAR data and procesbe data through a number of
commands to determine the train speed, distance¢avature. A flow chart of the steps
taken in the code to output the results is showRigure 22. Initially, the code takes in
the imported data and attempts to reduce the raidedropouts in the speed readings.
The dropouts and noise are due to various issumefyding the train vibrations or
discontinuities in the LIDAR signal due to dirt ltup or special track work. A series of
if-statements in the code sifts through the vejodita for any abnormal values. In the

flow chart, this series of if-statements are endasethe large shaded box. The first if-
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statement assesses the FWHM divided by the veléaitgach rail, and if this value is

too large, the current velocity is replaced witl firevious velocity. The intensity of each
LIDAR lens is then analyzed over the entire triptHe intensity is below a certain

threshold, the previous velocity value is utilizédlditionally, change in speed between
the previous speed and the current speed is exdmaseshown by the following

equation:

Tt (®)
where ( is the speed at the present time step, agd is the speed from the last time
step. If the change in velocity indicates a shdrange, the preceding velocity reading is
interchanged for the current velocity. The thrededbr each of these if-statements vary
depending on the lens configurations and mountmgrbperly regulate the data for
irregularities and cleanup the results. The daten tipasses through a third-order
Butterworth low-pass filter to eliminate any resatlunoise left from the if-statements.
Once the data is filtered and eradicated of extramenoise, it is passed through the

equations for speed, distance, and curvature. DhHewing equations are taken or

derived from[55]. The centerline velocity (V) can be calculatedhwit

*+

(6)

where _ is the velocity from the left rail, and is the velocity from right rail. The
centerline velocity is the average between the dpeadings for each rail throughout the
train trip. The train distance is calculated byngsihe centerline velocity in the following

equation:
/o0 11, 7 (

in which is the centerline velocity at a specific data poih is the change in time
between data points, aritlis the total number of data points. Track curvatocan be

determined by evaluating the change in speed bettieeleft and right rails with

3 ),

(8)

where4 is an essential scaling factor that varies basethe mounting setup and lens

configuration. This scaling factor is multiplied Ilye difference between the left and
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right rail velocity, and then divided by the cefitex velocity from Equation (5) to obtain

track curvature. In a curve, the outside rail @hhiail travels faster than the inside rail to
compensate for the extra distance. As suchs positive for right-hand curves and
negative for left-hand curves. An alternate metfowdcomputing track curvature is to use

the quarter length analysis method

* 5
«)

(9)

where6 is the rail gauge, which is generally about 5@&éhes. In this equatior, is
assumed to be constant, however, in actualityrdiiegauge fluctuates along the track.
This affects the results of Equation (8), makingnthless accurate. For this reason, of the

two track curvature equations above, Equation @9 wutilized on the Matlab code.

The code then outputs the results in several pbotssplay LIDAR-recorded train speed,
distance, and track curvature. The LIDAR resulesthen compared to encoder and IMU

readings recorded over the same trip.
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Figure 22: A flow chart of the code processes
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4.1 Truck-Mounted LIDAR System Measurements

The test data from the truck-mounted system desdrib Section 3.3.1 is analyzed for
accuracy in detecting the train speed, distance, tasmck curvature. Each of these
parameters is then analyzed against standard nefanseasurements used on track

geometry cars.

4.1.1 Speed Measurements

The LIDAR speed results are compared against teedspalculations derived from the
encoder distance readings. The LIDAR system anemiceder were both attached to the
same track geometry car over the test route mesdigmeviously. During this trip, the
encoder was installed onto a wheel on the left sfdbe track geometry car. The encoder
speed measurements were calculated in LabView bifipiying the instantaneous
encoder foot pulse readings and the sampling frequeln addition to the encoder, a
Global Positioning System (GPS) was also mountedlatds the top of the track
geometry car similar to the placement in Figurd@tae encoder and GPS acted as means

for competitive benchmarking.

In Figure 23, the left rail, right rail, and cerltee LIDAR speed measurements are
compared to the raw encoder and GPS speed measuseifieis is shown over a portion

of the truck-mounted trip described earlier, in @rhihe train traveled from Roanoke, VA
to Elliston, VA (approximately 20 miles). All of ¢hdevices show similar trends in the
figure, however, the raw encoder data clearly digpllarge amounts of high frequency
content. In order to increase the accuracy of theoger on a track geometry car,
encoders are typically set to produce as many a30QQ0pulses per wheel revolution.
Although this increases the accuracy of the ensdealso increases the likelihood for
the encoder output to contain high signal noisene®adly, the raw encoder data is filtered
significantly to obtain the overall trend of theswudis. Additionally, the GPS curve

presents areas where the data seems to spike aedatge inconsistent results. These
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peaks in the GPS data are believed to be due malsigterference or the train travelling
through a tunnel. Overall, compared to encoders @R& devices, the LIDAR system
displays accuracy and reliability in measuringrirgppeed over long distances.
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Figure 23: A comparison of the LIDAR, encoder, andsPS speed results from
Roanoke, VA to Elliston, VA

Figure 24 presents a comparison between the filtereeoder data and left rail LIDAR
speed data as the train traveled from Roanoke, d/Blliston, VA. The left rail LIDAR
signal was used for consistency since the enced@ounted to the left side of the train.
In this figure, both the encoder and LIDAR datasetse both filtered with a third-order
Butterworth filter with 0.01 Hz of the Nyquist fregncy. The LIDAR data is displayed in
green, and the encoder data is shown in black. rékelts in this plot show a close
correlation between the two devices. A close-upheffilter encoder and LIDAR speed
measurements is presented in Figure 25. The zogiwtdllustrates that the LIDAR
system still presents a small amount of noise, thist could be reduced with further
filtering. Over the two-mile distance, the encoded LIDAR speed results follow similar
trends, but are not an exact match. The variatetwéen the results may be due to the
larger amount of filtering needed to eliminate tiwése present in the encoder results and

wheel slippage throughout the train ride. In gehdrawever, this shows that the LIDAR

39



Speed

Distance (mi)
40

system produces speed measurements that are wsey td the encoder measurements

over a wide range of speeds.
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Figure 25: A close-up of the LIDAR vs. encoder speemeasurements



4.1.2 Distance Measurements

The LIDAR distance data was determined by usingafqo (5) in Matlab to integrate
the speed data over time. The distance resulthharecompared to the encoder results as
shown in Figure 26, which displays the distanceliregs over the same distance and
section of track as shown in Figure 23. The LIDARa@hce results for the right, left, and
centerline rails are used to compare against tlieedan readings. From the figure, the
LIDAR results appear to be directly overlapping #mecoder distance readings. For a
closer comparison, Figure 27 presents a close-uppeotlistance measurements over a
two-mile distance. The close-up view shows thatdistance results from the LIDAR
and encoder readings are extremely close ovemtbanrtile stretch. The two devices do
not appear to slightly diverge until near the fouite mark. The difference in the distance
measurements is most likely caused by wheel slppagr the tracks, thus affecting the
encoder results. The LIDAR system displays itsigbiio measure distance with the

same, if not better, accuracy as the encoder.
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Figure 26: LIDAR vs. encoder distance from RoanokeyA to Elliston, VA
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Figure 27: A close-up comparison of the LIDAR vs.mcoder distance measurements

4.1.3 Curvature Measurements

The LIDAR results are assessed for ability to meagdrack curvature accurately. The
curvature results were calculated by using the ghan speed between the two wheels,
as mentioned earlier in Equation (6). The track/ature measurements from the truck-
mounted LIDAR system is compared to the InertiabBBl@ement Unit curvature readings
in Figure 28. This figure displays the track cuwatfor the same section of track as
shown in Figure 23. The right-hand curves are s ied by positive curvatures, and the

left-hand curves are depicted by negatives cureatur

The IMU and LIDAR curvature data follow similar eature trends throughout the 20-
mile distance. However, the LIDAR data does shomemscillations in the curvature

measurements. The oscillations could be causedédwyoboth of the following:

1. The truck experiences yaw throughout the curvechvishifts the relative angle
between the two LIDAR beams and thus generatesufitions in the curvature
results.

2. The LIDAR system measures curvature with extrentegih spatial resolution,
which enables the system to detect local variationthe track geometry. The
IMU measures track curvature based on lateral $oesel thus does not pick up
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local curvature readings. The LIDAR data can kerdd to reduce the local track
geometry readings to generate results that pripnaigplay the overall track

geometry.

These fluctuations are more apparent in Figuren®2@re the track curvature is displayed
over a 1.5-mile section of track. Determining tloeirse of these fluctuations is outside
the scope of this paper, but an initial evaluatafnLIDAR alignment detection is

presented later on. Future studies will investighte source of the fluctuations, and if
they are determined to be from local variationsalignment issues, the applications of

the LIDAR system could be extended to include trge&metry measurements.

Figure 28: A comparison of the IMU and LIDAR curvature readings from Roanoke,
VA to Elliston, VA

43



Figure 29: The IMU and LIDAR curvature from Roanoke, VA to Elliston, VA over
1.5 mile stretch

The IMU data utilized in Figure 28 and Figure 2@\pdes the overall track curvature,
but is not an absolute frame of reference for thue track curvature. One way to
accurately measure curvature is to use chord measmts. As mentioned in the

literature review, chord measurements are takenslinyg a specific length of chord and
stretching the chord ends along the gauge fackeoturve. At the mid-point or center of
the chord, the distance from the chord to the gafage is measured. From this
measurement, the degree curvature can be appredmd?]. In Figure 30, the

relationship between LIDAR, encoder, chordal, afghhrail curvature measurements is
assessed. In the figure, the chord measurementacqgrered by using a 62ft chord to
measure the curvature by hand. The highrail caisaorea curvature by taking the average
of the IMU readings over 62ft. The FRA curvatureasigements are taken by averaging
10 curvature readings spaced 15.5ft apart (a tofall55ft). The five curvature

measurements in the plot all follow similar trenfisit the LIDAR curvature deviates

slightly from the other curvature readings. Thisilddbe attributed to the oscillations that

LIDAR senses in curvature readings due to truckiggwr alignment detection.
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Figure 30: The chordal, FRA, Highrail, IMU, and LID AR curvature measurements
near Elliston, VA

The LIDAR curvature traveling eastbound and westiobis compared to determine the
repeatability of the LIDAR curvature measurement$igure 31. The LIDAR curvature

readings traveling westbound and eastbound ovéaldy closely on top of each other.

The biggest deviation between the westbound antb@asd readings occurs at the 7-
mile mark for the 5-degree right-hand curve, anthat9-mile mark for the 4-degree left-
hand curve. The change in curvature between thébbaa@sd and eastbound trip could be
due to differences in truck yawing as the traiweisa in each direction. Further testing is
necessary to determine if this is the source ofctih@ature error. A simple solution to

eliminate the deviation in curvature readings isrount the LIDAR system to the car
body. Since the truck experiences yaw and the @dy does not, adjusting the mounting

to the car body could reduce the repeatabilityrsrro
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Figure 31: A comparison of LIDAR curvature resultsas the train travels east- and
westbound

4.2 Body-Mounted LIDAR System Measurements

Similar to the truck-mounted system discussed énpitevious section, the body-mounted
system was also analyzed for accuracy in measspegd, distance, and curvature. A
preliminary evaluation of LIDAR’s ability to measutrack alignment is also completed.
Again, the results of this test are compared agastandard means of train/track
measurement over a portion of the body-mountedh ti@p. Based on the results, the
LIDAR system will demonstrate variability in moungy installations, and a preferred

mounting configuration will be chosen.

4.2.1 Speed Measurements

The body-mounted LIDAR speed data is contrastednaggéhe encoder measurements
provided from Norfolk Southern (NS). The encodetadarovided by NS was calculated
slightly differently from the encoder data usedthe truck-mounted analysis. This NS
data is initially output as distance data, andhentpost-processed to produce speed data,
whereas the previous encoder speed data is cadulatthe LabView program and is
based on foot pulse recordings and the frequertey Tdae LIDAR data in this test was

filtered with a third-order Butterworth filter witl.075 Hz of the Nyquist frequency.
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Figure 32 shows a comparison between the LIDAR amcbder speed readings from
Roanoke, VA to Christiansburg, VA (about 40 mileB)e left rail LIDAR signal is used
for comparison because the encoder is mountedeolethside of the track geometry car
as well. The encoder data seems to correlate glogét the LIDAR data. Upon closer
inspection, the variation between the LIDAR andagler readings is apparent as shown
in Figure 33, which displays the results over onke.nCompared to the LIDAR results,
the encoder data is recorded far less frequentith (fewer time steps). To reduce the
high frequency content (noise) in this encoder d&& limits the sampling rate
(downsampling), which causes the stair step eféeen in Figure 33. This stair step
phenomenon can be eliminated from the encoderwi#itafurther filtering. Overall, the
LIDAR system provides much smoother results thaethcoder and speed readings that

more closely depicts the actual train speed.
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Figure 32: A comparison of the LIDAR and encoder d&a provided by NS from
Roanoke, VA to Christiansburg, VA
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Figure 33: The LIDAR and encoder speed over a one-ia stretch in Glenvar, VA

4.2.2 Distance Measurements

The body-mounted LIDAR setup is tested for distanmeasurement accuracy over a
significant number of miles. Again, the LIDAR distee measurements are benchmarked
against the encoder distance measurements in Fguréhe distance measurements of
the two devices are analyzed for approximately iii&s from Roanoke, VA to Bristol,
VA. The left rail, right rail, and centerline distee data lie directly on top of each other
and measure a total distance of 165.9 miles. Thedar data diverges significantly from
the LIDAR data and records a total of 202.5 milagially, the LIDAR and encoder are
outputting similar distance measurements for agprately the first 40 miles. Then the
distance measurements of the encoder diverge frmmLIDAR measurements as the
train travels farther. Knowing that the train treace about 165 mile indicates that the
LIDAR system is generating distance measurementsnfare accurately than the
encoder. The build-up of error in the encoder distameasurements is most likely a
result of wheel slippage, poor encoder calibratimnyariations in the wheel diameter.
Figure 35 displays a close-up of the distance nreasents in which the encoder displays

small jJumps in the distance measurements thaikaky due to slippage. This proves that
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the LIDAR system measures distance more accurétaly the encoders currently used

on track geometry cars over long distances andowithdjustment.
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Figure 34: A comparison of the LIDAR and encoder dstance measurements vs. time
for about 165 miles
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Figure 35: A close-up of the LIDAR and encoder digtnce measurements over time
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4.2.3 Curvature Measurements

Similar to earlier tests, the curvature measureménoin the LIDAR and IMU onboard
the track geometry car are evaluated to estaldishatcuracy of the LIDAR system. In
Figure 36, the Inertial Measurement Unit and thBAR curvature measurements are
compared over a section of track from Roanoke, \6A Ghristiansburg, VA. As
previously mentioned, positive values indicate figand curves, while negative values

indicate left-hand curves.

The LIDAR curvature results correspond closely with IMU measurements throughout
the entire trip. The LIDAR system demonstratesahiity to measure various degrees of
curvature, including curves as large as 7° ané&urately. A close-up of the curvature
over a 1.5-mile stretch of track is presented guFe 37. The curves in this figure range
from 4° to 7.3° and prove LIDAR'’s ability to measwwompound curves.

Additionally, the body-mounted LIDAR curvature résugenerate fewer oscillations in
curvature readings than the truck-mounted resditsva in Figure 28 and Figure 29.
Body-mounting the LIDAR system eliminates the effettruck yawing on the system,
which adjusts the angles of the LIDAR lenses arfdcéd curvature calculations. The
small oscillations visible in Figure 37 are mog&ely due to body vibrations of the train,
or the LIDAR system picking track geometry variagp or both. Further testing is
necessary to determine the underlying source bethiadoscillations in the curvature
readings. The next section discusses initial attertgppdetermine if LIDAR is detecting
track alignment variations. Overall, the body-ma&dhtIDAR curvature readings match
well with the IMU results and exhibit LIDAR’s capidity to accurately measure a wide

range of curvatures.
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Figure 36: A comparison of LIDAR and IMU curvature measurements from
Roanoke, VA to Christiansburg, VA

Figure 37: LIDAR vs. IMU curvature measurements forapproximately 1.5 miles of
railway track

4.2.4 Alignment Measurements

A preliminary analysis of LIDAR’s ability to measurtrack alignment is evaluated
against the IMU’s alignment readings. The alignmeadings are procured by adding

the IMU curvature readings to the gauge deviatiosasarements. In Figure 38, the
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LIDAR curvature readings are overlaid onto the IMlignment readings. The IMU
alignment readings show global alignment measurénemhich include local track
variation in the curvature. This shows the samdi@eof track as in Figure 37. The
oscillations in the LIDAR curvature display somensstency with the IMU alignment
readings, indicating that the LIDAR system coulddeg¢ecting track alignment as well as
curvature. Another area of track alignment congceebetween the LIDAR and IMU
readings is shown in Figure 39. Any discrepancyben the two alignment results could
be due to the fact that IMU alignment is calculated different manner than the LIDAR
data. Additionally, the LIDAR data could be picking car body vibrations as well as
track alignment. More analysis and testing is ndette differentiate the car body
vibrations in the LIDAR signal from the track aligent. However, the figures following

show promise in LIDAR'’s ability to measure traclogeetry.

Figure 38: A comparison of the LIDAR vs. IMU alignment readings over about 1.5
miles of track
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Figure 39: A comparison of the LIDAR vs. IMU alignment readings near Wysor,
VA

4.3 Laboratory LIDAR Measurements

The laboratory testing discussed in Section 3.8.8nalyzed for accuracy in slow speed
and distance measurements. During initial testithg LIDAR system produced a
significant amount of noise at slow speeds. Toluwesthis, the sampling rate and a few
other variables in the YES code needed to be ajusor slow speed testing.
Additionally, a mini-circuit low-pass filtering dé&e is attached directly to the PXI to
filter the data before it is post-processed. Thé ¢dnputer with the mini-circuit product
filters circled in red is displayed in Figure 40.

Once the LIDAR system is prepared for slow speedtirtg, the LIDAR results are
compared to the encoder readings to determinerayateuracy. The slow speed LIDAR
system was tested on the ‘track trolley’ (Figurg, 2@hich can be operated by remote
control to move as slowly as 0.25 mph. On a traimgoders typically do not generate
reliable results at low speeds due to slip duriogekeration. The hope of these tests is to
demonstrate that LIDAR is capable of recording skpeed measurements accurately,

thus increasing the viability of the LIDAR system.
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Figure 40: The PXI computer with product filter attachments

4.3.1 Speed Results

The ‘track trolley’ was initially moved by the rert@ocontrol 6 feet (72 in) along the short
stretch of tangent track rail. The LIDAR slow speaedults are evaluated against the
encoder findings in Figure 41. In this figure, tkacoder and LIDAR devices are
detecting speeds around 0.3 mph, far below thebilépes of an encoder on a train. The
LIDAR and encoder speeds match closely over theeked distance, but the LIDAR
results display a bit more noise than the encorhelirfigs. This noise can be reduced,
however, by further filtering the LIDAR results.

An analysis of the system traveling back and fostbar 6ft (a total of 144 in) is shown in
Figure 42. Again, the LIDAR and encoder both detggeeds around 0.3 mph and
correlate well overall. It is clear in this figutgwever, that encoder data is susceptible to
slip errors when the trolley starts and stops, Wwheéads to the discrepancy in distance
errors. The difference in the distance results bglldiscussed further in the next section.
In general, this demonstrates LIDAR’s ability tacoed speeds as small as 0.3 mph

accurately, and shows potential for slow speedhigsin the train.
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Figure 41: A comparison of the left and right rail LIDAR speed results vs. the
encoder speed over 6ft
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Figure 42: A comparison of the left and right rail LIDAR speed results vs. the
encoder speed over 12ft

4.3.2 Distance Measurements

In addition to speed, the LIDAR distance measurdamah low speed are analyzed for

accuracy and reliability. The distance measuremardsalso compared against encoder
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measurements as a conventional means for distaeasurement. Figure 43 displays the
distance measurements over the same distanceeaveFigure 42 (144 in.). Overall,
the distance readings correlate well. Upon closspection, as shown in Figure 44, the
encoder is recording slightly higher distance regslias a result of the stop/start slip
errors mentioned earlier. The encoder is recordxartly 150 in. (12.5 ft.), which is an
extra 6 inches over the actual traveled distand®dt. The LIDAR sensors are reading a
total of 148.9 inches, which is about an inch ldmss the encoder readings. The LIDAR
distance results are still a bit higher than thei@cdistance, but this may be due to the
oscillations seen in the speed data. By filterihg LIDAR data further, the distance
results would be more accurate. It is also posditde the trolley was moved slightly
more than exactly 12 ft., and that the LIDAR andagter system are detecting the
additional distance. The results below prove thatltIDAR sensors are able to measure

distance as accurately, if not more accurately) sraencoder.
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5.1 Summary

The results of the LIDAR testing performed in teisidy clearly demonstrate LIDAR’s
applicability and variability for railway applicatns. As a non-contacting device, LIDAR
eliminates the mechanical, vibrational, and slimer common with encoders, and it can
also act as a multifunctional measurement deviceettuce the need for multiple
measurement devices. The tests demonstrated LIDABRIgy to measure train speed,
distance, and track curvature at least as accyratektandard wheel-mounted encoders
and IMUs that are currently utilized by the raildoandustry. Additionally, LIDAR
generated accurate results over a wider rangeeddspthan the current track geometry
car equipment. The testing presented LIDAR’s cdjies to measure speeds as slow as
0.3 mph and upwards of 100 mph, whereas most ercadel IMUs become inaccurate

at speeds below 10 mph.

The first test discussed took place on a track ggiontar, operated by Norfolk Southern.
The LIDAR system was attached to the truck with thBAR lenses facing the top of
rail. A PXI computer with custom-made software veasmnected to the sensors, which
allowed the system to operate unmanned for a numbereeks. This test focused on
speed, distance, and track curvature measurenahts, which presented good overall
results. The curvature results displayed some laSod deviations from the IMU

measurements, possibly caused by the truck yawicgrnves.

In order to improve the accuracy of the prelimineggults, a second test took place on
the track geometry car with the system mountedhé¢ocar body and the lenses facing the
gauge corner of the rail. By installing the LIDARsgem to the car, the effect of the truck
yawing was eliminated, and the curvature measurtsmemproved. The results of this
test displayed highly accurate speed and distare&sunements as compared with the
encoder. There was also a good correlation between_IDAR and IMU curvature
measurements. Small fluctuations in the LIDAR ctuw@ measurements were still
present, but were significantly reduced from thevjpus tests. These fluctuations are

most likely caused by car vibrations or variatianstrack alignment. A preliminary
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analysis showed the possibility of using LIDAR teasure track geometry, although

further testing is needed.

The final test concentrated on LIDAR’s slow speed aistance measurements. Upon
analyzing the results, it was clear the LIDAR systis capable of accurately measuring
speed and distance at speeds as slow as 0.3 mpovAtspeeds, the acceleration slip
errors in the encoder readings are more apparehfuather illustrate the ability of the
LIDAR system to measure speed and distance moreratety than an encoder.
Although the slow speed LIDAR testing showed thespnce of noise that slightly
affected the distance measurements, the data céltebed further in post-processing to

reduce or eliminate the noise.

The overall results of the tests illustrate LIDARa&pabilities and versatility in measuring
train speed, distance, and track curvature foramsrack geometry cars. Further testing,
however, is needed to deduce the root cause offltietuations in the curvature
measurements, and to reduce noise during supersgead measurements. Conclusively
demonstrating that the curvature variations aresedwy track alignment will further

expand LIDAR's rail applications.

5.2 Conclusions
The significant findings of this study are:

1. A non-contacting LIDAR system is a multi-purpose asirement device that
eliminates the operational issues associated witeelvmounted encoders, such
as mechanical failures and the need for relatifrelguent calibration.

2. LIDAR can accurately measure train speed and distass compared with
encoders.

3. LIDAR curvature measurements correlate well with UM curvature
measurements, commonly used on track geometry cars

4. A LIDAR system can be mounted to either the railcack or body to acquire

viable measurements.
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5. A LIDAR system can simultaneously measure speestanice, and curvature
accurately over an extended range of speeds letterencoders and IMUs, from
speeds as low as 0.3 mph to above 100 mph.

6. Further testing is needed to evaluate the rootecaisthe fluctuations in the

curvature results.

5.3 Recommendations for Future Studies

Although the results in this study prove that LIDA&Ran accurate and reliable system for
railroad applications, it is recommended that fertimvestigation of some of the findings
take place in the near future. In particular, iresommended that the accuracy, track
geometry detection, and slow speed distance impmewés be verified and further

developed, as needed.

The accuracy assessments will include more rigotests against known speed, distance,
and curvature measurements. This will allow RTlfuxdher demonstrate the viability of

LIDAR as a multi-functional measurement sensor.

Additional evaluation of variations in curvature asarements is needed to determine the
source and also assess the ability to measure gemketry alignment. Specifically, the
data needs to be analyzed to evaluate the potdati@xtracting curvature, alignment,

gauge deviation, profile, and super elevation efttiack.

LIDAR'’s slow speed and distance measurements reée assessed further in order to
determine the potential for developing a mobilesye®-use, track geometry
measurement system. This could be used by ragrtzadvaluate track conditions similar

to what is commonly performed by track geometriceas.
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