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Research project BRIK: development of an innovativanethod for determining
the precise trajectory of a railway vehicle

Abstract: In the paper the essential assumptions regardingsearch project implemented by a
consortium of Gdansk University of Technology andy@a Maritime University are presented. The
project has been commissioned by National Cerft&esearch and Development with cooperation
with Polish Railways (PKP Polskie Linie KolejoweAS.
The project is focused in implementation of modeeasurement techniques using Global Navigation
Positioning System GNSS, Inertial Navigation Syst&8® and Mobile Laser Scanning MLS in a
railway network management process. The precisecdithe research is both determine geometric
parameters of a railway geometric layout as wela aailway vehicle movement trajectory. For this
reason the innovative technique of mobile sataftismsurements will be used. In the paper a syntheti
description of the project together with the patiae stages are presented. Also, a part of research
which was realized in 2018 is shown. In the fitsige, Gdansk University of Technology made a
research of existing common methods for determiming assessing a track alignment, presented an
idea of mobile investigation of track axis by tese of satellite measurements, took into consiberat

an issue of influence of dynamic behavior of theasugement vehicle on the accuracy of determined
track positions by the use of GNSS/INS techniqued finally presented a technical project of
measurement platform. Gdynia Maritime University dmaa query of GNSS/INS/MLS in
measurements of track alignment, elaborated a ssh@hmeasurement devices placement on the
mobile measurement platform and studied poss#slitif increasing accuracy for estimation a railway
vehicle localization in relation to common techréqwsed by polish train operators.

Keywords: Research project; Railway layout; GNSS/INS/MLS sugaments
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Introduction

For a long time, there has been a belief that énetta of dynamically developing systems for
positioning using GNSS [11], it becomes possiblelégelop a reliable and accurate method
for determining the shape of the rail track axigha National Geodetic Coordinate System
2000 [9]. The thesis presented was explicitly coméid by research work carried out since
2009 by an interdisciplinary scientific team comgabprimarily of employees of the Gukk
University of Technology and the Naval Academy idyGia. Currently, AMW employees
participating in the project belong to the staftloé Maritime University in Gdynia. Over the
years, the team has carried out a series of memsatecampaigns in the railway track in
operation, which are the basis for the developnénan innovative technique of mobile
satellite measurements and new methods of designamlf geometric systems using this
technique. The results of the conducted researck disseminated on an ongoing basis in
dozens of publications, both domestic and foreagndng others [3-6, 14-16]), which allowed
for a comprehensive presentation of the new meaguechnique in the scientific and
engineering environment dealing with the field afl transport infrastructure. The effect
summarizing the achievements to date in this feels monograph book publication [7].

These experiences became the basis for succesaftiCigmtion in the competition
organized by the National Center for Research amdeldpment and PKP Polskie Linie
Kolejowe S. A. Application for co-financing No. PRID4.01.01-00-0017/17 "The
development of an innovative method for determirtimg precise trajectory of a rail vehicle"
(acronym: InnoSatTrack) was submitted by the Cdnsaorof the Gdask University of
Technology (Leader) and the Maritime University Guynia (implemented as part of the
BRIK Joint Undertaking in the Intelligent DevelopmeOperational Program 2014-2020,
implementation period 2018.06.24 -2021.05.31).

As part of the Gdisk University of Technology, the project is implented by employees
of the Department of Electrical Engineering of T3port, Faculty of Electrical Engineering
and Automation as well as the Chair of Rail anddge Transport, Faculty of Civil and
Environmental Engineering. On the part of the Gdyvaritime University, the employees of
the Department of Geodesy and Oceanography fronkdbalty of Navigation participate in
the project.

The project concerns the issue of reproducing #engetric shape of railway lines by
means of mobile satellite measurements. The préseseification of the track axis entails a
number of possibilities related to the updatingdigfital data about the location of lines and
engineering objects in the 2000 coordinate sysiEms data can also be used for planning,
designing and building databases for infrastructot@nagement and as input for pass
counting programs theoretical trains. The GNSSrtiegle also allows the location of ralil
vehicles in real-time (location, speed) e.g. fafftc control purposes or as a data source for
passenger information systems.

The adopted research area will allow determining ¢brrent and future possibilities of
using GNSS techniques (and inertial techniques temmgnting them) in the above-
mentioned fields. A wide range of experimental aeslke and laboratory work will be
preceded by an analysis of the adopted assumm@imhstudy works. The latest generation of
measuring equipment will be used to implement ttogept, along with the use of the existing
reference station network in Poland. Various vdsamf the measurement system
configuration with the optimization of its criticaglarameters will be analyzed. Finally, the
track axis will be represented by a number of ge¢doa parameters, in accordance with the
principles of defining and identifying geometricalystems of railway tracks. The
measurement results will be processed in a mudtikxy IT system developed as part of the
project, which will allow their presentation in @nictional web application.
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The InnoSatTrack project description

The project involves the use of modern measuremmethods, such as GNSS positioning
techniques [11], INS inertial measurements [2] BS8daser scanning [8], in the management
of the railroad network. The management processnaerstood here as a series of tasks
related to both planning, designing, building andintaining railway lines, as well as those
related to running trains. The latest achievemémtthis field prove that the potential of
satellite positioning techniques opens up previpustknown possibilities related to the
precise determination of track position relative tte adopted spatial reference system.
Therefore, there is a possibility of quick - inatebn to traditional geodesy based on the total
station - mapping of the railway line shape. Twsues should be distinguished, namely the
reconstruction of the geometrical system of railwenes and the reconstruction of the
trajectory of rail vehicle movement, despite thet féhat the equivalence of these terms is
most often assumed. However, this is based onrigetite actual track formation in a model
way (full compliance with the technical documerdajior on the possibility of identifying the
geometric system with an ambiguously determingédtary of the vehicle movement (e.g. in
discrete terms - a set of points, or in vector teusing glued functions) . In the described
project these aspects are separated. The georhedyisim of the railway line will be
represented by a set of theoretical models idedtifn the course of measurements and
numerical analyses, in accordance with the priesipbf railway line design, while the
vehicle's trajectory will be mapped with a certagturacy based on the actual location of the
vehicle at a given time. Both of these issues te& own assumptions and limitations, as
well as specific criteria for the accuracy requeéste

To determine the track axis in the context of theorgetric system, the following

assumptions and technical requirements must be met:

* The measurement will be made during the journeysageed for which the positioning
density is approximately 2-4 per linear meter dfaxk (i.e. every 25-50 cm). This
assumption is related to the ambiguity of positignof geometric elements (straight
lines, circular arcs, transition curves, longitwaislopes, etc.) along the length of the
line. These elements can be reproduced with thieedeaccuracy only with sufficient
density of positioning;

* The measurement results will be aligned using @ lorashe form of a set of vectors
defined relative to the measurement platform (Ejg.This methodology will allow
maximum utilization of the complex measuring systémnset of parallel GNSS
antennas) for the purposes of improving the acquoddrack axis positioning. The
measurement signal obtained in this way will bepprty prepared for further
geometric analysis;

* GNSS positions will be confronted with the signiirertial devices, which will also
reduce the degree of uncertainty associated weahrahdom deterioration of satellite
signal quality. The methodology based on INS sensatll be used especially in
situations of loss of satellite signal availabiligsulting from field screens in the form
of nearby buildings, excavations, wooded areasiwdes, bridges, tunnels, etc.;

* Geometric elements and their parameters will bentifled assuming that the
differences between the positions of the alignetkligea measurement and the
coordinates of the identified geometric system armimized. The differences
determined in this way will be analyzed in the exttof the degree of deformation of
the geometric system relative to the theoreticad@ho
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1. A set of vectors defined between the measurindgqutatand a reference station to align the
measurement resultss- long vectors between the reference station amgletform
moving on the track;;y—vectors between measuring platform receiviers]-5 ,j = 1-5,i #

]

To determine the trajectory of a rail vehicle, GNBE will be measured while the
vehicle is moving (alternatively: train, draisingaction vehicle, etc.) at elevated speeds.
Increased speeds (originally set at 100-120 knéferrto the range of speeds preceding the
high speed, the limit of which is determined by ©82250) km/h, depending on how the
speed is implemented (modernization of the exisling, construction of a new line).
Therefore, there are a number of problems regamitgining the uniqueness of the vehicle's
position with the required spatial density and texlato appropriately fast data transmission.
The project involves testing the current possibgitof determining the position of a vehicle
traveling at a speed higher than 120 km/h, usirg ldtest GNSS techniques and post-
processing with corrections broadcast by referatatgons of the terrestrial network.

The research team's previous experience focusatynwai the possibilities of reproducing
geometric systems in the conditions of developiagelite systems, in particular after the
commissioning of the EUPOS ASG reference statiotwork. The introduction of this
network resulted in a radical improvement in theeleof obtained accuracy of track position
determination. Also undertaken works related todhsign of the receiver system and their
mutual configuration on measuring platforms reslitethe improvement of the quality of the
obtained research results. The already masterdthitees will be further developed to
achieve the maximum possible accuracy when idengjfghe actual shape of the railway
lines.

Another important issue related to the implemergsgect is the issue of an IT system
supporting the measurement and analytical prodésstechniques used in the project require
professional system support. This is due to thetfet the measurements will provide a large
amount of information due to the measurement den@ampling frequency) and the
redundant configuration of the measuring systems@an (responsible for the method's
reliability), as well as due to the functionality the process of analysis and presentation of
results. For this reason, an appropriate IT systawed on layer architecture will be
developed and manufactured. This architecture witbvide effective support for
computational processes whose functionality wilutefrom the needs reported by PKP PLK
S.A. It also assumes consultations and arrangemegesding the functionality of the system.
Figure2 presents the system architecture and the waynitptemented in general.
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2. The architecture of the IT system and the way itmplemented

It is assumed that the measurement data sets frer®NSS antennas of the measurement
platform will be properly ordered and collectedlie Microsoft SQL Server database or other
database indicated by PKP PLK S.A. It is proposedevelop an IT system as an ASP.NET
(Active Server Pages) Internet application in tRET Framework environment. It will be
able to run from any computer connected to therete The system will have the following
layers: presentation, business, and database aé&féisgeent and multi-valued data controls
will be implemented in the application. The comdrahat implement the automatic data
binding mechanism and provide a number of operatisach as sorting and filtering, will be
selected. It is assumed that the project resultg@ach a high pre-implementation level. The
developed measurement methodology and the methadadyzing the results, implemented
with the appropriate functions of an IT system ptgpe, will allow starting the process of
implementing these results. The results of reseath detailed technical specifications
enabling the implementation of the measurementaanadytical methodology by the railway
infrastructure manager will be forwarded to PKP PRIA.

Stages of project implementation
The project will comprise nine stages. The follogvia their brief description.

Stage 1. Development of a methodology for assessing the shape of the railway track using a
mobile measuring system and creating a detailed research concept

When using the results of satellite measurementietermine the geometrical shape of the
railway axis, theoretical models preferred by soseeentific environments, such as, for
example, contained in theorem [18]: "... Vehickgdctory, determined in the form of discrete
point series, converted into smooth curves (sttaggid regression curves) identify the track
axis. The use of the LRS (Linear Referencing Sedatiem) mathematical formula enables
the conversion of the LRS linear system into anyase coordinate system, which makes it
possible to integrate GIS (Geographic Informatiyst&m) with railway systems that locate
objects relative to a kilometer." The shape oftthek axis must, after all, meet the principles
of designing geometrical systems of railway linesl @ no case may it take the form of a
variable curvature over a considerable length (exder precisely defined sections of
transition curves).
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During the implementation of the first stage of theject, a detailed concept and
methodology for inventory testing of railway linesd positioning of trains on routes will be
prepared. All assumptions of the concept and mewithdesult from the analysis of currently
used procedures for determining the track axispmsitioning of vehicles on the lines of PKP
PLK S.A. The basic assumption is to develop rutesalssessing track formation based on
modern satellite positioning methods. It is assurtedarry out a detailed analysis of the
introduction of GNSS and INS techniques for theppse of determining the track axis and
vehicle position relative to the existing kilometefr the railway line in the PUWG 2000
system. Due to the dynamic development of measuedigniques, it is necessary to refer to
the current state not only within the functionirfdPi&KP PLK S.A.

As part of this stage, it is also envisaged toglesi mobile measuring platform adapted to
the installation of the following system componergatellite antennas and inclinometers,
accelerometers, 2D laser scanners constitutingnaplementary measurement system that
allows taking into account the impact of platforneavament dynamics on the results of basic
measurements.

Stage 2: Development of a mobile GNSS+INS measurement methodology and a detailed
concept of measuring data processing

The basic goal of the second stage is to build bilemoneasuring platform adapted to precise
satellite measurements. It will be integrated WIS inertial navigation systems and the SL
mobile laser scanner. This will allow for precisecurate and relatively fast and relatively
cheap determination of the track axis. The propotashnological solutions will also
contribute to increasing the accuracy of deterngnihe trajectory of rail vehicles with
increased speed. The detailed design of the measuateplatform will take into account
multi-criteria analysis regarding the optimal looat for mounting components of the
GNSS/INS/LS system in the aspect of increasing Il of accuracy of track axis
determination. Two multi-variant strategies for etatining track axes with high precision
will be proposed, which will be based on real-ti@BISS positioning (RTK) and on post-
processing development of phase observations. dintipated that in general cases, the
proposed GNSS strategy will ensure the expectedracg of track axis determination. In
special cases (no GNSS signal - e.g. measuremé&mmels), maintaining high measurement
accuracy will ensure the use of integrated GNSSIISSmeasurements. The subject of
analyzes will also be to determine the optimal nendf GNSS measuring receivers.

The next step will be to analyze the possibilittksmproving the level of accuracy in
determining the position of the vehicle on the basi data obtained from railway carriers’
vehicles. In this case, a real-time measuremeatesfy will be proposed, including receiving
position corrections from physical reference staid-or this purpose, active reference station
networks available in Poland will be analyzed, geodetic networks: ASG-EUPOS, VRSnet,
Leica and TPl NETpro. A route of empirical analyzgli be designed, taking into account
various variants of field barriers, i.e. exposeekbar built-up areas, and wooded areas. As part
of the second stage, multi-criteria analysis ofrapenal parameters and properties of INS
devices, GNSS receivers and laser scanners awaibabthe market will also be carried out.
This stage will end with the selection of the nsegeg geodetic apparatus and its assembly on
a mobile measuring platform.

Stage 3: Construction of information algorithms for analyzing the measurement signal -
defining the axis of the railway track taking into account the principles of designing
railway lines

As part of the third stage, work is planned ondbgelopment of algorithms that support the
definition of the geometrical system of the railwene, adapted to satellite measurements and
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complementary inertial measurements and laser st@nnThe algorithms will be
implemented in the selected development environmeesting of these algorithms is an
important element of the project due to the natdre input data in the form of large sets of
coordinates obtained from post-processing measuneamel analysis. As a final result of the
stage, it is planned to prepare a report contaiaidgscussion of proprietary IT algorithms for
processing the final developed measurement datthéopurpose of identifying geometrical
parameters of railway lines. The detailed architecof the algorithms and their use will be
also presented, as well as the results of prelipirsnalyzes performed in the test IT
environment..

Stage 4: Construction of theoretical models analyzing the measurement signal and defining

the vehicle trajectory and railway track axis, taking into account the geodetic calculus
algorithms

As part of the fourth stage, numerical algorithmal Wwe developed to determine the
coordinates of the track axes with the assumed leigl of accuracy, as well as to determine
the trajectory of vehicles at elevated speed winidééntaining high positioning precision. The
first issue will be closely related to the desigmeobile measuring platform. Two approaches
to determining the track axis will be considered, in real-time and through post-processing
development of satellite observations.

The measuring platform will consist of three toefilGNSS measuring stations. Each of
these stations will be equipped with instrumentsphecise, forced centering of the GNSS
antenna. In addition, each of the designed poinlisbhe measured in a long GNSS static
session, thus determining the distance betweem#asuring points with high accuracy. This
design enables the creation of a GNSS vector nktaorthe measuring platform, which in
post-processing data processing will be alignegtlation to the reference station network of
ASG-EUPOS, VRSnet, TPI NETpro, and Leica systentdittonally, various combinations
of observation integration from GNSS systems GBS, GPS + GLONASS, GPS + BeiDou)
will be considered. Equipping the measuring systeith the technique of inertial
measurements and laser scanning will ensure thetenance of the assumed level of
precision of determination in the event of losghef GNSS phase solution. Determining the
vehicle's trajectory at an increased speed whilentaiaing high precision will be done by
installing four GNSS receivers on the roof of thedmotive. Each receiver will be connected
to another active network of reference stations.b&fore, various options for integrating
observations obtained from different GNSS systelitido& proposed.

Stage No. 5: Experimental and measurement works aimed at assessing the effectiveness of

the proposed algorithms

The specificity of the implementation of measureteensing the active GNSS geodetic
network, with the geodetic service of the railwayute, is associated with covering
considerable distances during measurements. Wiaileeling on the railway track, GNSS
receivers used to determine vehicle trajectories teack axes will dynamically change the
configuration of the GNSS reference stations ubsedice the important cognitive geodetic
problem will be the optimization of the use of A&RBHPOS, VRSnet, Leica, TPl NETpro
from the point of view of the criterion a precisioh comparative analysis of GPS differential
transmission methods (FKP, MAC, VRS, and othersjilable services (NAVGEO,
KODGIS, NAVGIS) and the used version of the telemastandard (RTCM) from the point
of view of minimizing the error of coordinate detenation in vast areas are expected. The
use of inertial systems makes it possible to mairttggh accuracy in determining the track
axis in situations of temporary loss of the GNS&gghsolution, e.g. when traveling under a
viaduct or when limiting the visibility of satekis through buildings or terrain. Integrated
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GNSS/INS technology will therefore significantlycnease the availability, reliability, and
continuity of determination. The integration of GBISINS measurements with the results of
the point cloud analysis obtained from the laseanser measurement will mean
supplementing the system capabilities with theafisedundant measurements.

Empirical research on determining the trajectoryelicles with increased speed will be
carried out in vast areas that will be characteriag variability of terrain screens. The basis
for this issue are differential RTK measurementgeal time, taking into account position
corrections obtained from active reference statetworks. As part of the experiments
carried out, the area available within one refeeestation will be examined. It should be
noted that the measurements on the test objectsbwitepeated, taking into account the
different positions of the GNSS satellites in ardihe impact of the number of satellites
adopted for the phase solution will also be analyzesulting from including next to GPS
satellites transmitters of other satellite systenes, Galileo, GLONASS and BeiDou. Such
solutions will allow modeling of the constellation$ satellites, including DOP coefficients
(decisive for accuracy).The empirical studies afckr axis determination will concern both
real-time positioning and post-processing develagroé satellite observations. As a result of
the implementation of geodetic tasks, the coordmaif the track axis will be obtained
determined by different techniques, with differéenels of accuracy. As part of the fifth
stage, there will be metrological analysis of measient uncertainty for individual variants
and selection of the most effective, i.e. the nmasturate method of determining the track
axis.

Stage 6: Development of an I T system using field measurement resultsin managing the rail
road network
The developed algorithms and theoretical modeltgeoinmetrical systems will undoubtedly be
valuable tools, but only implemented in the IT systwill allow them to be fully used in
engineering practice. Such a system should be mattiethe entire investment process in
mind, thus taking into account the nature of deggocesses (both concepts and detailed
executive project), railway lines management arartbperation. For this reason, the IT
system will be designed in the form of a databagkraodules supporting the most important
design and analytical processes as well as railimaymanagement processes. It is assumed
that the measurement data sets from GNSS antenih&e \wroperly ordered and collected in
the Microsoft SQL Server database or Access dagalfdse database indicated by PKP PLK
S.A. may also be included. It is proposed to dgvelo IT system as a web application with
the implementation of the so-called business nulesder:
* automating the integration of post-processing i@ mobile GNSS measurement with
INS and IMU systems,
* increasing the accuracy of the railway track grasha reference system for railway
systems and their conversion into spatial coordisgstems.

Stage 7: Development of an I T system supporting the analysis of field measurement results

The methods of determining the track axis coor@isaind vehicle trajectories proposed in the

previous stages require specialized tools for Viza#on and analysis of the results obtained.

To this end, a software prototype will be propogednable:

» post-processing calculation of the coordinates diSS receivers located on the
measuring platform,

» calculation of discrete representations of tracksdxased on GNSS/INS measurements,

» graphic presentation of track axis points on thge,ma

» visualization of vehicle trajectories on the mamgéd on results files from RTK
positioning),
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» the coordinate transformation between the PUWG2Qbal system and the local
coordinate system used by PKP PLK S.A.,

» entering coordinates of a kilometer and hectomedignss, along with their visualization
on the map,

» determination of the nearest kilometer and hectersesigns occurring between given
track axis points (accident identification system).
The developed program will have an interface tHata you to navigate the database and

computing modules and allows you to view the resoitttained on map studies.

Stages 8 and 9: Developing reporting documentation, determining how to implement the
project effects.

The works under stages eight and nine will consistomplete documentation of the
results obtained as a result of work carried oueamlier stages. To this end, numerous
consultation meetings will be necessary to forneutairrect final conclusions. Administrative
work carried out by the project management teant aldo be completed. Directions of
implementation of the works carried out by way nhagements with PKP PLK S.A. will be
determined. As a final result, a cumulative repoil be prepared to contain complete
documentation of theoretical research and fieldwaankied out, along with a prototype of the
IT system. At this stage, the R&D team will preptre final reporting on their research.

Research carried out by the Gdask University of Technology
The implementation of the InnoSatTrack project @12 by the Gdask University of
Technology under stage 1 included several speeisiks, which are described below.

Analysis of methods for determining and assessing track shape

As part of this task, substantive analysis of a Inemof scientific publications and applicable
regulations regulating the issue of determining asgessing track shape in Poland and abroad
was carried out. Determining and assessing theesbaphe railway track concerns, more
precisely, the geometrical arrangement of the tedk. The purpose of this operation is to
determine the basic geometric parameters of thie such as:

* location and length of straight sections,

» location of circular arcs together with the speation of their radius and length,

* location of transition curves with specificationtbéir type and length.

On the basis of these data, it becomes possibEnalate the train passing on a given
geometrical system (and thus to determine the maxirapeed possible to achieve), as well
as - which seems to be the basic issue - to oloi@ia aimed at determining the places of
potential track axis corrections and carrying aafgcts needed to regulate it.

The track axis coordinates should be measured assajellite dish set in the track cross-
section axis, with its upper surface leveling & Height of the line connecting the two rail
tracks at the place where the current track widthdetermined. In mobile satellite
measurements, such a solution is impossible toameht, since it is not feasible to attach the
GNSS antenna to the measuring wagon structureasat tis at the height of the rail heads. In
practice, the antenna is installed at a certaiglteielative to the required level, resulting
from the dimensions of the wagon, the dimensionghefsystem fixing the antenna to its
floor, as well as the dimensions of the antenrelfitén this situation, the measured satellite
coordinates of the track axis are affected by aoremhich should be unconditionally
eliminated. This will become possible if an inclmeter is mounted near the antenna installed
in the place where the bogie pivot is located, whidll allow the measurement of the
longitudinal and transverse tilt angles of the meag car frame.
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The concept of research on railway trajectories using satellite navigation

The research on the trajectories of railway lingisg satellite navigation consists in carrying
out mobile satellite measurements using the mostenmomeasuring equipment. The main
assumption is to carry out the measurement at edspe10-30 km/h, which will make the
inventory measurement relatively fast [7]. Withimsttask, a number of analyzes were carried
out, as a result of which assumptions were madardayy the technique of mobile satellite
measurements. These assumptions were verifiedrbyrpeng preliminary experimental tests
(during measurements carried out on the tram né&twoGdask). It should be noted that the
scientific team has extensive experience in theliggmn of advanced measurement
techniques on the railway [1, 7].

Computational methods have also been developedliioat the determination of antenna
position correction values in the longitudinal plefand cross-section so that you can then
make corrections to the track axis coordinates.ittpgorrected coordinates makes it possible
to carry out subsequent stages in the processtefndi@ing the trajectory of a rail vehicle
(identifying the shape of the track axis), i.e.:

» determining the location of straight sections,

» determination of route return angles,

» estimation of the radius of circular arcs,

» track axis shape identification by computer itenat{using the computational algorithms
described in [7] and new applications written tog project).

Impact of measuring wagon dynamics on track location measurements using mobile
GNSS/INS techniques

Geometric parameters of railroad tracks (curvatgiepe, the variable distance between
railways, unevenness of railheads, etc.) and alkeasresulting from the structure of the
wagon translate into the displacement of the wdgame along with the measuring platform
on which the satellite antennas are mounted. Tisertherefore, a change in the position of
the antenna attachment points relative to theliraéls. The analysis of the kinematic and
kinetic properties of the measuring car (bogies faache) is necessary to examine the effect
of antenna displacement relative to rail lines migirmobile satellite measurements on the
measurement result. As part of the project, thablem will be solved by an analytical and
experimental approach.

Within the scope of this task, a study of analytiv@thods was carried out to formulate
eguations of motion for a railway measuring wagdn.analysis of the possibilities of using
CAD/CAE computer programs for the needs of dynasmculation of a measuring wagon
was also carried out, using extensive experienteedan this field, obtained in dynamic
simulations of various kinematic objects used ecelc traction [17].

An analysis was also made regarding the measureneérihe wagon inclination and its
vibrations during mobile measurements. A complemmgntmeasurement system was
proposed, which includes: inclinometers, acceleterseand optionally electronic speed
gyroscopes for dynamic parameters acquisition.ulysof the application of vision systems
and laser scanning in mobile measurements wascalsducted to analyze the displacement
of the measurement platform relative to rail trackhey were successfully used in
diagnostics of overhead contact lines and currelteators [1, 10].

Measuring platform design

The measuring platform is a mechanical system déglicto attach tribrachs on which
satellite dishes are mounted. This structure mastixed to the wagon frame in a reliable,
stable manner, allowing relatively quick assembiy alisassembly. Its movement is not
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allowed during mobile measurements. Within the scopthe discussed task, requirements
for the expected properties of the measuring platfavere formulated. Then, an analysis of
available rail vehicles was carried out from thenpmf view of their use as a measuring

vehicle for the needs of mobile satellite measurgmeThis analysis shows that a 401Z
platform wagon can be used for such purposes. Téeayiew of selected propulsion units

was carried out. It allowed the selection of the ViMdraisine as a suitable traction vehicle
for these needs. In relation to the above-mentiomadities, design of the measurement
platform construction dedicated to the 401Z wagas weveloped (Fig. 3). This design is

scalable due to the modularity of its essential ponents and meets the requirements of
mobile satellite measurements.

Uchwyt spodarki, spodarka i
antena GNSS/RTK

Rama wagonu

3. A computer 3D model of the measuring platform asoalular structure installed on the
frame of the 401Z wagon

Testing of the measuring platform in the scope resulting from stages 1 and 2

The prototype of the proposed construction of tleasaring platform was made in a version
intended for one type of tram bogies and experiailgntested in field conditions - on a real
tram track during mobile test measurements. Figusbows the view of the measuring unit
during mobile measurements in the tram track.

4. Test set during mobile tests in a real track
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Field tests confirmed the validity of the concepti® measuring platform as a mechanical
system with a cross member structure in relaticthéovagon frame and as a modular system
allowing for the effect of scalability.

Research carried out by the Maritime University ofGdynia

The scientific team of the Maritime University ird@ia carried out individual research tasks
by performing a number of specific tasks. A synthdescription of the research work carried
out in 2018 was presented.

GNSS/INS/MLS technologiesin track shape measurement

The scope of activities undertaken as part of ih& &cientific task concerned geodetic
analyzes of methods for determining the geometslape of the track axis, currently used by
PKP PLK S.A., along with determining their accuraEieldwork in this type of engineering
issues is generally carried out using classicalsmesment methods based on total station.
Due to the fact that geodetic inventory of trackaaerns mainly vast areas (e.g. railway lines
characterized by several or several hundred kilerseh length), the implementation of such
works requires the participation of a significanimber of employees and the disposal of a
large number of measuring equipment. The conseguehthis is a long time of geodetic
works, which also requires significant financiatlays. For this reason, the scope of analyzes
has been expanded to include innovative methodsginarantee the determination of the
geometrical shape of the track axis by means ofilmaieasurements.

Measurement methods using mobile measurement ptetf@MPPs) are among the latest
and most important global solutions in broadly ustieod railway engineering. It should be
noted that Polish scientists actively involved e implementation of this research project
have a significant contribution to the developmamd promotion of this type of solutions [12,
13]. Mobile measurements in railway engineering @gied out using the GNSS satellite
positioning technology, which, among other thindige to the need to maintain the continuity
of position determination in the event of loss d&5 signal, is generally supported by
inertial navigation technology (INS). Integratioh@®NSS and INS measurements is possible
through the use of specialized calculation procesluknown among others from the geodetic
equalization account, i.e. the Kalman filter, adlvas its resistant version. In addition, the
architecture of the measuring system is often spphted with a laser scanner (MLS -
Multiwvave Locked System). An example of an MPP ppad in this way is shown in
Figureb.

(a) (b)

5. An example of the GNSS/INS/MLS measurement arctiute, used in the research
described in [19]: a) view of the device; b) measyplatform
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It should be noted, however, that the level of amcy of MLS measurement results
depends on the precision of GNSS position determoimaA similar situation occurs when
predicting the location of GNSS receivers basedkiaematic information. For this reason,
subsequent scientific research carried out in 285 @art of stage 2, concerned the issue of
increasing the accuracy of position determinatiaselll on mobile GNSS measurements.

Design and implementation of a mobile measuring platform

The work carried out under the second task condethe development of an ideological
diagram of the mobile measuring platform (MPP). likpas carried out as part of the first
scientific task have shown that the current apgrdadhe issue of determining the indicators
of geometrical track formation using mobile measgplatforms was basically based on the
use of only one GNSS receiver. Researchers fronGthaia Maritime University proposed
to supplement the measurement system architectithe additional GNSS receivers. The
schematic diagram of the arrangement of additi@l&d5S receivers has been presented in
Figure®.

1

dz d3
d. :( 4. o$ toru
d5 d7
7 7i¢ d \if _
.4 L |

6. Schematic diagram of the mobile measuring platfdrmrailways, 2 - points for forced
centering of the GNSS receiver, 3 - platform whealsthe distance between the centering
points of GNSS receivers

It is assumed that ultimately there will be up itefGNSS receivers on the MPP surface.
Based on the measurements carried out using tleesévers, the final coordinates of the
measuring platform will be calculated. This will dene by determining the arithmetic mean
position of all receivers, or based on other gedmetonditions related to the designed
measuring structure. Figurepresents selected possible variants of GNSS rexcplacement
in the track axis determination process.
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» , Y

a) Uklad diagonalny b) Uktad podiuzny c) Uktad czworoboku

7. Selected variants of the arrangement of GNSSversrelative to the longitudinal axis of
the platform in the process of determining thekraxis

The ideas for solutions proposed at this stageeséarch work concern both the issue of
real-time positioning and the development of "ramvéasurement data in post-processing
mode. It should be noted, however, that these warksalso particularly important in the
context of the implementation of the third reseata$k, which includes analyzes aimed at
increasing the accuracy of GNSS positioning in f@hbieasurement conditions, including
the optimization of the number of GNSS receivei®ived in the measurement and selection
appropriate measuring apparatus.

Possibilities to improve the accuracy of the train location method currently used in PKP

As part of the work on the third scientific taskeoretical analyses were carried out to
increase the accuracy of GNSS positioning in mofrasurement conditions. Preliminary
measurements were also carried out on a prototiyfleeaneasuring platform developed by
the PG scientific team, whose main goal was toctele appropriate measuring apparatus
and optimize the number of GNSS receivers for tleasurement of track configuration.
These measurements were carried out using GNS%eecenade available by Leica and
Trimble. Receiver tests concerned both real-timgtpming (RTK) and data processing from
satellite observations in post-processing mode.tlk®mpurposes of the research, a measuring
structure was designed and developed, which inslid® mobile measuring platforms on
which the receivers of the above-mentioned compawiere installed. A schematic diagram
of the measuring structure is shown in Fig8ire

TE

-

Platforma pomiarowa Platforma pomiarowa Wolna platforma Pojazd ciagnacy
"Trimble" "Leica" stanowigca bufor odlegtosci

pomiedzy pojazdem a

platformami pomiarowymi

8. Schematic diagram of the measuring structure uspceliminary measurements

The measurement works were preceded by theoreiedyzes concerning - among others
- GNSS geodetic networks in Poland and the standérdeodetic and navigation data
transmission. This work is particularly importantedto the fact that each GNSS network has
a different number of reference stations in whichNS® observations are carried out
permanently. Other differences regarding referesteg¢ions may relate to the measuring
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apparatus installed on them, the type of GNSS Egeaeived and the version of corrections
made available in real-time, and as a consequdre@dsitioning accuracy. A total of ten
receivers were used in the preliminary measureménts Leica GS18T receivers and five
Trimble R10 receivers, which - using the SmartNE&i¢a) and VRSNet (Trimble) reference
stations network - enabled the recording of higlbueacy position data in real-time at
frequency 1 h. Maps of reference stations of tmeseorks are presented in Fig@&e

Legend
Leica SmartNET
B refernce st

Legend
VRSNet.pl
[ @ reference station™

Number of stations Number of stations

TTTLTTN

9. Maps of reference stations: a) VRSNet (Trimbl@)ShartNe networkst (Leica)

The theoretical part of the analyzes has been saomgited with the characteristics of other
reference station networks operating in Poland;TiRd NETpro and ASG-EUPQOS. As part of
the initial measurements, observational data wase atcorded without corrections from
reference stations at 20 Hz.

Conclusions

The assumptions of the innovative rail track lamatsystem based on mobile measurements
based on satellite location discussed in the artictlicate the complexity of the problem
being solved. Analysis of the application of theeth measuring techniques based on multi-
stage computer processing of data both during tbasorement and as part of the so-called
post-processing, allow the formulation of the thehat it is possible to determine the location
of the railway track based on mobile measurememitewnaintaining the level of accuracy
characteristic of stationary total stations. Thstffield tests carried out to demonstrate the
validity of the adopted measurement concept artdalityi confirm the thesis formulated. As
part of further work, a measuring platform is pladrfor the needs of measuring on railway
lines. Performing these measurements and confirthiegesults obtained by comparing them
with current measurement methods will allow finahfirmation of the thesis and preparation
of the system for commercial implementation.
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