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Abstract

The shape of the railway track axis and its position in the global coordinate system are essential
when defining design parameters of the railway. Correct reconstruction of these quantities is vital
for both verifying the compliance of real track parameters with the design and for diagnosing, as all
track deformations can also be defined as deviations of real parameters from their design values.
The measurements of quantities related to the railway track geometry can be divided into global and
local ones. Global measurements determine the position of elements in the global system of
geographic coordinates, while local measurements give relative positions of elements with respect
to other elements (e.g. lateral inclination at a given kilometre of the railway track) or temporary
deviation of parameters from their assumed value (e.g. various track deformations). Depending on
the applied measuring method, either global or local parameters are determined, or both of them
simultaneously. The article proposes an innovative method to determine the railway track axis
position, which makes use of Global Navigation Satellite Systems (GNSS) receivers distributed in
such a way as to form a geometric constraint called the fixed base. The analysis of theoretical
properties and metrological attributes of the fixed base is presented. All theoretical analyses have
been verified experimentally.

Key words: position measurements performed with GNSS, inclinometry, railway track axis,
geometric layout of the track

1. Introduction

The shape of the railway track axis and its position in the World Geodetic System (WGS) reference
frame are essential parameters defining the railway line. Precision in determining railway track
coordinates and other characteristic parameters are crucial for its durability and reliability, as well
as for possible speed limits to be reached by trains running on it. The main problems faced during
the operation of railway lines are related to traffic safety in the context of rapid failure (e.g.
derailment), to the noise and vibrations generated by the moving train, as well as to accelerated
wear of rolling stock and infrastructure [1-5]. Hence, continuous progress is observed in methods
for determining the track axis, both for construction and diagnostic purposes. The measurements of
quantities related to the railway track geometry can be divided into global and local ones. Global
measurements determine the position of elements in the global system of geographic coordinates,
while local measurements give relative positions of elements with respect to other elements (e.g.
lateral inclination at a given kilometre of the railway track) or temporary deviation of parameters
from their assumed value (e.g. various track deformations) [5-9].

Currently used methods of determining the track axis can be divided into three groups:

a) The first group includes manual measurements performed with the use of traditional
geodetic methods and optionally using satellite techniques. This group also includes all
kinds of manually driven measuring trolleys, equipped with relevant measuring instruments.
These methods allow us to obtain measurement results which are local in nature, i.e. in the
coordinate system related to the rail track, and, in the case of using satellite techniques, also
global results, i.e. in one of the coordinate systems of the global positioning system. The
common feature of these methods is high measurement precision (both with regard to results
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of local and global nature) with limited efficiency, i.e. slow pace of the measurement
(typically from 0.1 to approx. 1 km/h), which translates into significant costs. For example,
in [10] a GNSS receiver attached to a manually operated trolley was used, achieving in
determining the position of the track axis, the accuracy at the level of several millimetres. A
similar solution with a hand-operated trolley was used in [11], except that three GNSS
receivers mounted in a known spatial configuration were used. The accuracy of determining
the position of the track axis was obtained at the level of 2 mm. This was possible thanks to
the use of three receivers, but also due to the dense network of Real Time Kinematic (RTK)
reference stations located along the railway line which was examined. Other teams carrying
out measurements with the use of manual trolleys achieve similar results [12, 13].

b) The second group of railway track measurement methods comprises automatic measurement
systems installed on diagnostic vehicles and making use of satellite technique in
combination with other instruments checking the track surface condition. The measurements
belonging to this group are characterised by high accuracy in determining local and lower
global parameters, and slightly higher efficiency, compared to manual methods. Typically,
measurements are performed at the pace of 3 to 5 km/h, using hand-pushed or self-propelled
trolleys, or using a combination of base and satellite vehicles. The last solution was used in
the construction of the EM-120 SAT measuring draisine [14, 15]. The use of a two-vehicle
system made it possible to measure local deviations of track parameters with the accuracy of
1 mm, but it is possible to locate them in the global system with the accuracy of 40 cm.

c) The third group includes all types of measuring trains and draisines used for diagnostic
checks of railway track surface condition. As a rule, these vehicles move at relatively high
speeds, from about 50-60 km/h to as much as 250 km/h and more. Consequently, the
measuring efficiency of the methods comprising this group is very high, but high accuracy
of measurement is only achieved for local parameters. Global parameters, if recorded, are
only used for spatial positioning of local measurements. The LIMEZ III diagnostic vehicle
used by German railways [16], the “Doctor Yellow” diagnostic train of Japanese railways
[17-19] and a number of vehicles used by other railway authorities [20—24] constitute
examples of applied solutions.

An important change in railway track measurements took place thanks to methods making use of
satellite navigation and reference stations. Their grid currently covers the area sufficient for
calculating corrections in many countries worldwide. Operating in real-time (RTK and Real Time
Network — RTN) mode, the position measurement methods using GNSS with coordinate correction
make it possible to perform very efficient and highly accurate measurements of railway track
coordinates [25-29]. This system is the basis for the new method of determining the rail track axis,
which is proposed in this paper. Due to its innovative character, the proposed method cannot be
included in any of the earlier described groups of measuring methods. It makes it possible to
determine both global and local parameters with very high accuracy (the measurement precision
slightly worse than the methods of the first group), at a relatively high target measuring pace, of 30—
40 km/h, i.e. only slightly lower than that characteristic for methods belonging to the third group.
In the second chapter the theoretical base of the method was described, and in the third chapter the
results of verification experiment are presented. The fourth chapter contains conclusions.

2. Assumptions of the proposed measuring method

The proposed measuring method is based on mobile position measurements performed with GNSS
and makes use of a typical 4-axis freight wagon-platform equipped with two GNSS receivers
installed above the pivot pins of the two bogies. For a bogie wagon, it is reasonable to assume that
the bogie pivot axis always points at the track axis. Therefore, installing the receivers in the above-
mentioned way ensures that they will record the real position of the railway track axis during the
wagon motion.
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2.1. Concept of fixed base

Although, theoretically, one GNSS receiver is enough to determine the track axis coordinates, the
use of two receivers mounted at a fixed distance from each other offers a number of advantages,
with respect to functionality of the system and it’s metrological properties. The distance between
the fixing points of these two receivers defines the so-called fixed base of the measuring system. Its
length A4 is equal to the distance between bogie pivot axes, as shown in Fig. 1.

A

. A .
Receiver A » Receiver B
\‘ A/

Fig. 1. Fixed base of the measuring wagon

The length of fixed base is strictly dependent on the wagon construction. With regard to further
considerations, the greater length of fixed base translates into greater precision in determining the
wagon spatial orientation, therefore, the longest possible wagon should be used. In turn, the
required accuracy of the receivers positioning, i.e. the precision of determining the length of the
fixed base, should be within lower order of magnitude than the uncertainty of determining the
position with the use of GNSS receivers.

2.2. Range of supplementary measurements

According to the definition, the track axis should be determined at the rail head level. Consequently,
the GNSS receivers recording satellite signals should be installed in such a way that the phase
centres of their antennas are situated at this level. Technically, this arrangement is not possible, and
the receivers are installed at the height of about 1.5 m above the rail head level. As a result all the
coordinates recorded by the receivers have to be corrected. When the measuring platform moves
along a straight and horizontal track section, this correction is not needed, but when it approaches
hills or, what is more important, moves along a horizontal arc, where lateral track inclinations
always occur, the coordinate values recorded by the receivers differ from those defining the current
wagon position. Calculating corrections requires the information on current lateral and longitudinal
tilts of the measuring wagon with respect to the direction of motion. Moreover, it should be kept in
mind that the accuracy of determining the railway track axis is also affected by clearances between
wheel rims and rolling surface of the rail, and constructional clearances characteristic for a given
type of wagon. Because of these clearances, the bogie pivot axis can move laterally with respect to
the direction of motion and does not always coincide precisely with the railway track axis. Possible
pivot axis displacements can be reach as much as several centimetres. Therefore to obtain high-
accuracy results, supplementary measurements of wagon bodywork position with respect to the
rolling rail surface should be performed. These measurements will allow for calculating relevant
corrections.

2.3. Metrological functionality of fixed base

The fixed base simplifies a number of procedures indispensable for obtaining correct results of
railway track axis measurement in the global coordinate system. It is also used to assess the
inaccuracy of position determination in dynamic conditions, as it makes it possible to orientate the
wagon position in the global reference system before calculating the required coordinate correction
values. Finally, it can also be used for assessing moving stability of the measuring wagon.
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2.3.1. Assessing the uncertainty of coordinate measurement

Each GNSS receiver gives its position in the form of latitude and longitude values. However, the
latitude/longitude coordinate system is not the Cartesian system, but it maps the spherical shape of
the Earth. Therefore, for the GNSS measurements to be applicable in practical implementations, the
latitude and longitude values should first be converted into the so-called global Cartesian coordinate
system YX, which is represented in Poland by the Gauss-Krueger projection for the ellipsoid GRS
80, with axial longitudes 15°E, 18°E, 21°E and 24°E.

Hence, each receiver defines its position by two coordinates: The Y-coordinate responsible for
orientation in the East-West axis direction, and the X-coordinate for the North-South axis direction.
When the measuring wagon is in motion, all the measurements are, by their nature, single
measurements. Assessing the uncertainty level of these measurements is very difficult, as this
uncertainty will depend on current configuration of satellites and on the GNSS receivers’ ability to
observe them, as a result of which it will never be constant. However, the fixed base of known
length 4 can be used for assessing the uncertainty level of position measurement, by comparing the
fixed base length obtained from an independent measurement with that calculated from position
measurements performed with the use of GNSS. This comparison should be made in statistical
terms using the modified method to determine standard deviation according to the procedure
presented below.

Since the GNSS receivers work synchronically, for each measurement two pairs of coordinates (Ya,
Xa) and (YB, XB) are recorded. Therefore, for each measuring step, the fixed base length can be
calculated, according to the relation:

Al =X, X, P+ (v -, (D)

The value of 4,s given by formula (1) should be identical to the fixed base length 4 determined in
an independent manner. However, this comparison can only be made for the situation when the
measuring wagon moves on the horizontal track. When moving up or downbhill, apparent shortening
of the base length calculated from position measurements performed with GNSS will be observed,
it is due to perspective foreshortening, as shown in Fig. 2.

Fig. 2. Apparent shortening of fixed base length when the measuring wagon moves up or downhill
Figure 2 shows that when the measuring wagon moves up or downbhill at the inclination angle S, the
fixed base length 4, reduced to the horizontal level, is shortened to the length 4’ given by the

formula:

A'=A-cos B (2)


http://mostwiedzy.pl

A\ MOST

For these cases, the value 4ps obtained from formula (1) should be compared with the value 4’
given by formula (2).

Since the dynamics of longitudinal track inclination changes is very small in railway conditions, it
can be assumed, for limited speeds of the measuring wagon motion, that collecting minimum data
needed for statistical analysis takes place during the time in which the inclination does not change
considerably (for speed v = 30 km/h and receivers’ sampling frequency f'= 20 Hz, the minimum
number of #n = 30 measurements are collected in 1.5 s, during which time the measuring wagon
covers the distance of 12.5 m). In those conditions, the standard uncertainty of a single
measurement can be assessed from the estimate of standard deviation of the fixed base
measurement obtained from position measurements by GNSS A, (formula (1)) with respect to the
mean value of this length obtained from independent measurements according to formula (2). The
best form of the standard deviation estimate is the experimental standard deviation, which, for the
adopted assumptions, is given by:

1 - —\
SAPS :\/n_l'Z(Apsi_A') (3)

i=1

where: n — number of measurements in terms of statistics; 4ps; — i-th measurement of fixed base
length calculated from satellite data; 4’ — mean of fixed base length measurements obtained from
independent measurements.

The experimental standard deviation given by formula (3) allows not only for taking into account
the stochastic spread of satellite positioning results, but also for detecting systematic errors, which
may appear as a result of long-lasting asymmetric visibility of satellites (for instance, they can be
seen only in one section of the sky). This would be impossible for the experimental standard
deviation calculated with respect to the mean Aps from satellite measurements.

Certainly, the final uncertainty of satellite position measurement should also include the uncertainty
of determining of fixed base length 4 and angle f, which results from the uncertainty of calibration
of the used measuring devices. The final value of standard uncertainty of satellite coordinate
determination, before converting the coordinates in the rail head level, is given by the formula:

u(X )= u(Y )= (X)) =u(Y,) = (s, ) +u(4) -

“4)

:\/ L3 (A, - AN scos Bu(AY + (- A-sin BY u(B)

n-1 "5

2.3.2. Compensating the effect of dynamic movements of the measuring wagon on
measurement results

Dynamic movements of the measuring wagon include low-frequency movements, such as lateral
and longitudinal tilts resulting from the presence of hills and lateral inclinations of the track, and
high-frequency movements, generated by geometric imperfections of the track. Direct use of the
fixed base is not necessary to compensate the effect of these movements on the measurement
results. However, its use facilitates re-calculation of the obtained corrections into the global
reference system.

Compensating longitudinal tilt

When the measuring wagon moves up or downbhill, its position determined by GNSS receivers
differs by some length from the real position of the measuring wagon, as shown in Fig. 3.
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Fig. 3. Compensating longitudinal tilt of the measuring wagon

The value of the longitudinal tilt correction ¢ can be calculated based on the measured longitudinal
inclination angle £ of the track, and the known height / of the receiver’s position above the rail
head plane, according to the formula:

c=h-sin g (5)

Assuming that the receiver is placed at the height 4 = 1.5 m, the value of correction ¢ for the
steepest track inclinations which may exist on railway lines (i.e. 50-70%o) does not exceed 10 cm.
In the majority of cases, this value will be less than 5 cm. Although small in magnitude, the
correction ¢ should be taken into account if high precision of measurements is expected, especially
in the simultaneous presence of lateral tilt of the wagon.

Compensating lateral tilt

Compensation of lateral tilt, which includes corrections resulting from track inclination on arcs and
from wagon motion fluctuations caused by track unevenness, is a similar issue to the compensation
of longitudinal tilt, but slightly more complex. This difference results from various definitions of
real and design track axes. The design track axis is the circular projection of the real axis on the
horizontal plane, with the rotation axis situated on the lower edge of the railway sleeper, on the
inner side of the arc. The principle of compensation is shown in Fig. 4.
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Fig. 4. Compensating lateral tilt of the measuring wagon (description in the text)

The tilt of the measuring wagon on the arc, caused by lateral track inclination of the angle a, makes
results in the track axis obtained from the measurement being shifted inwards at the length b with
respect to the real axis position. To determine the design axis position, we should also take into
account the nonsymmetric track rotation, the centre of which is situated, for technological reasons,
on the lower edge of the railway sleeper. The difference between the positions of real and design
axes is marked as the distance d in Fig. 4. The distance b can be calculated from the formula similar
to formula (5):

b=h-sina (6)

The distance d is directly related to the railway track structure, as it is calculated from the known
length /, of the railway sleeper, the design height w of the track structure (rail, sleeper, and rail
fixing to the sleeper), and the angle a resulting from the wagon tilt. The formula linking these
quantities is as follows:

J Ep —cosa)tw-sina  for a>0

[l 1 (7
|- L—W - cos a)+w~sin|a|J for a<0

| L2

Depending which track axis (real or design one) is to be obtained from the measurement, only
correction b or the sum of corrections b + d is applied.

Compensation of lateral wagon displacements
Lateral displacements of the measuring wagon are the result of the presence of clearances between

wheel rims and the rail head surface, and of the possible changes of track width, which is increased,
for instance, on small-radius arcs. In extreme cases, lateral displacements can reach as much as 2-3
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cm. Therefore, to ensure high precision of measurements, these displacements should be measured
and a relevant correction introduced. To calculate this correction, permanent monitoring of the
distance between the two track rails is required, along with the measurement of wagon body
position with respect to one of the rails, as shown in Fig. 5.

Wagon symmetry axis

Y
A

Track axis
Fig. 5. Compensating lateral displacements of the measuring wagon.

The required value of the correction compensating lateral wagon displacements is calculated from
the distance s between the two track rails, and the distance sw between the symmetry axis of the
wagon and one rail, according to the formula:

The relation (8) is valid for horizontal lateral orientation of the measuring wagon. When the wagon
is tilted, e.g. when moving on arc, only the horizontal component e’ of the compensating correction
should be applied, according to the formula:

e'=e-cos az(%—swj-cos a (9)

In practice, the correction can always be calculated from formula (8), as for the maximum lateral
wagon tilt and the displacement of 3 cm, the correction value calculated from formula (9) differs by
about 0.1 mm from that obtained from formula (8). This difference is completely negligible, and
ignoring it does not worsen the accuracy of the measurement in any way.

The other condition for the correction obtained from formula (8) to be sufficiently accurate is the
parallelism of the track axis and the symmetry axis of the measuring wagon. This condition is not
fulfilled on arcs. What is more, this parallelism of axes can also be lost on straight track sections,
due to disturbances in wagon motion caused by its snaking, for instance. The loss of parallelism
between the track axis and the wagon symmetry axis results in the appearance of measurement
errors. To minimise them, measurements should be performed at pivot pin points, where GNSS
receivers are installed in the way shown in Fig. 6.
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Fig. 6. Measuring points of lateral displacements of the measuring wagon

For measuring conditions in Fig. 6 on a straight track, the maximum errors resulting from non-
parallelism of the wagon symmetry axis and the track axis are negligibly small, as they do not
exceed 0.01 mm. On arch with a very small radius of R = 150 m they are slightly larger, but still do
not exceed 0.5 mm. It is worth mentioning that, due to the dynamic operation of the wagon on the
track, the lateral displacement correction coefficients should be calculated individually for each
GNSS receiver.

2.3.3. Orientating the measuring wagon in the global coordinate system before calculating
corrections for the determined coordinates

All corrections compensating dynamic movements of the measuring wagon are orientated in the
local coordinate system, with one axis parallel to the track axis. Before using them for correcting
coordinates recorded by GNSS receivers, they should be converted into the global system of
satellite coordinates Y-East, X-North, consitituting reference for GNSS measurement results. To do
that, we should know the current orientation of the measuring wagon in the global system. This
orientation can be calculated based on the wagon’s fixed base, as shown in Fig. 7.

Movement
direction
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Fig. 7. Correction of satellite coordinates based on coefficients compensating dynamic motion of
the measuring wagon (description in the text)

The orientation of the measuring wagon in the global coordinate system can be calculated using the
positions of two satellite receivers installed at a given distance, i.e. the fixed base length A4, from
each other. The recorded coordinates Ya,Xa of the first receiver and Ya,Xa of the second receiver,
along with the distance between them equal A’, from the point of view of the constellation of
satellites, provide exact global orientation of the fixed base, and, consequently, of the measuring
wagon as a whole. The measure of this orientation is the angle 0. We can write that:

Yo =Yg _ Yo =Yg (1())

sin 6 =
A' A -cos
and:
cos 6 = 22~ X Xa=Xs (11)

A’ A -cos f

After orientating the wagon in the global coordinate system, we can convert the compensating
corrections into this system. For this purpose, the corrections b, ¢, d and e should be decomposed
into components by, cy, dy, ey and bx, cx, dx, ex respectively, taking into account the directions of
Y- and X-axes in the global system (the values of corrections in Fig. 7 are not in scale with wagon
dimensions). We can write:

by =b-cos 6= ———(X, - X, )= 2% (x _X,) (12)
=b-cos § = ——- - R
Y A -cos A AL -cos
c h-sin g h
cy=csind=—-(Y, Y, )=—(Y,-Y, )=—-tan S-(Y, -Y.) (13
: )=y ) B v 03
l _
5 _x [{—p~(1—cosoc)+w~sir1a]M for a=>0
dy=d-cos 5= d- —J 2 Arcos S (14)
A -cos f |_|—li _ . 1 X, - X,
(1-cos @)+w-sin|a||-—2—L for a<0
[ LZ J A -cos S
X, -X XA
ey =e- s 526'M=[i‘5w] 2 (15)
A-cos 2 A-cos
and:
by =bsing=—— (v, -v,)=- "I vy _v) (16
=pb-sin P — — P —
* A -cos ’ A -cos A ’
c h-sin g h
c,=ccos0=——(X, -X,)J=—(X,-X,)=—+tan f-(X 17
Aocos (X, = X,) Arcos 7 (X, -Xy)=— ( ) (17)
[rlp . —| YA_YB
~ L;'(l—cosa)+w~smaJ~A— for a=>0
dy=d-sind=d- ﬁ— cos f (18)
A-cos | [, ) 1 v, -y,
~|=-(1-cos @)+ w-sin|a||- for a<0
L LZ J A -cos f

. -Y, S Y
ex=esind=e———=|—-s_ |- —— (19)
A-cos 2 A - C0S ,8
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After calculating X, ¥ components of all corrections, the recorded coordinates of the receivers can
be converted into the rail head plane. For receiver A, the following relations are valid:

Y=Y, +b,+c,+d, +e, (20)
X,'=X,-by+c,—d,—ey (21)

After relevant substitutions and rearrangements, we obtain:

( . _ /
|YA+L~ h~rsma~(XA—XB)+tanﬂ'(YA—YB)1+XA XB'I—i~(l—cosoz)+w sma+——sw-i
y ':l A cos 3 J cos B |2 ]
' lY +i- h~rSin—a<(X — X, )+tan g-(Y —YB)—|+XA7XB-;——Z— (1-cos a)-w - sm|a|+——s -} for a<0
{A A Lcosﬁ A ’ A J cos f | 2 2 MJ
(22)
( ~ vy 1
| XA+L‘ h (— e ‘(YA—YB)+tan,b"(XA—XB)W—M-I—i»(l—cos a)tw- s1r1a+——sw—|
¥ _J A cos J cos B |2
t ; - I
{XA+%~{h‘r—:;:2~(YA—YB)+tanﬂ~(XA—XB)}—%[—fll—cma) w - sm|a|+;—s‘ }} for a<0
(23)

The relations (22) and (23) convert the calculated coordinates into the design axis position. When
determining the real axis position, the correction d is omitted, which simplifies these relations to the
form:

1 [ [ sin a 1 X, -X s ]
= —_— . . — an . — M _—— 24
VY S Xt () [ R e 24
X, =X, +—" h~|—— Sina~(YA—YB)+tan,B~(XA—XB)—|—M-£E—SW]1} (25)
A | cos J cos [ 2 J

For receiver B, these relations are identical. Only the value of correction e related to lateral
displacement can be different.

3. Experimental verification

To verify the theoretical assumptions presented above, measurements were performed on selected
railway lines no. 211 and no. 203, courtesy of Zaktad Linii Kolejowych PKP PLK in Gdynia, and
using the rolling stock owned by PKP PLK and Pomorskie Przedsigbiorstwo Mechaniczno-Torowe
(PPMT) in Gdansk. The measuring train consisted of a 4-axial wagon-platform 401Z, on which the
measuring and recording equipment was installed, a separating 2-axial wagon-platform, and a DH-
350 motor car used as the traction vehicle. The additional separating wagon was used to provide the
same measuring conditions for the two main GNSS receivers. Without the separating wagon, the
receiver situated closer to the motor car would have worse conditions for measurements due to the
presence of the motor car cab, which could obscure the satellites. The view of the measuring train is
shown in Fig. 8.
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Fig. 8. View of the measuring train.

The applied GNSS receivers, model R10, made by Trimble, were placed above bogie pivot axes
(main receivers) and above the rails, at points on the lines perpendicular to wagon axis and passing
through bogie pivot points (supplementary receivers). The height of the receivers mounted above
the rail head was 4 = 1.64 m. In turn, the height of the track surface at the place of measurement
was w = 0.369 m. The distance between the bogie pivot axes for the wagon which was used is 7 m
and it is equal to the length of the fixed base 4. This length was determined by using the first class
precision tape measure with standard uncertainty equal u(4) = 0.5 mm. Lateral and longitudinal tilts
of the wagon were measured with a dynamic inclinometer SICK TM88D, installed close to one of
the GNSS receivers. The signals from the inclinometer and other measuring devices were recorded
by a computer, using in-house software developed in LabVIEW environment. The arrangement of
basic measuring instruments is shown in Fig. 9.

Box with
‘computer

Additional GNSS
receivers d

7
Fig. 9. Arrangement of basic measuring instruments on the wagon

The main measurements covered a railway line section consisting of two straight sections and a
circular arc, linked together by transition curves. The measurements were performed at constant
speed v = 10 km/h of the measuring wagon. Low riding speed allowed for minimising the influence
of centrifugal force occurring in the arches on the angle measurement results obtained from the
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inclinometer made in micro-electro-mechanical systems (MEMS) technology. The tests performed
for higher speeds have shown the need to use a different technology for measuring longitudinal and
lateral angles, which will be the subject of further research.

3.1. Measuring longitudinal track inclination and compensating its effect on measurement
results

The examined railway line section had moderate longitudinal inclinations, with values not
exceeding imax = 11%o0. Having been recalculated into angular measures, the inclination did not
exceed S = 0.63°. Despite such a small value of the inclination angle, it could be measured using the
inclinometer. The results of this measurement are shown in Fig. 10, which also presents the
comparison of the measured angle with theoretical values obtained from technical documentation of
this railway line.

0.7“ B [deg]

A

0.5

0.4&" ‘
Measurement

o rpeShd

0o Documentation s[m]
0 200 400 600 800 1000 1200 1400 1600

Fig. 10. Results of measurement of longitudinal inclination angle S

As shown in Fig. 10, the measured longitudinal inclination angles show very good compatibility
with theoretical values. This confirms the possibility of recording these inclinations with an
inclinometer, and demonstrates the compliance of real geometric parameters of the examined line
with its technical documentation.

With the measured value of the longitudinal inclination angle, we can calculate the correction ¢
from formula (5), and decompose it into axial components cy and cx, according to relations (13)
and (17), respectively. The values of correction ¢ and its components are shown in Fig. 11.
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Fig. 11. Values of correction ¢ and its components cy and cx

For the longitudinal inclinations recorded on the examined railway line section, the maximum value
of correction c slightly exceeds 15 mm. Its effect on the railway track axis measurement result is
very small, but it should be taken into account when high precision of measurements is expected.

3.2. Measuring lateral track inclination and compensating its effect on measurement results

Unlike longitudinal inclinations, the measuring wagon tilts resulting from lateral track inclinations
on arcs reach much higher values and, consequently, their effect on measurement results is greater.
The lateral track inclination recorded on the arc of the examined railway line section was 50 mm,
which gives o = 1.91° in angular measures. These values are higher by one order of magnitude on
the corresponding values for longitudinal inclination. The measured lateral inclination angles are
shown and compared with values from technical documentation in Fig. 12.
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Fig. 12. Results of measurement of lateral inclination angle a and their comparison with the data
from technical documentation

Like in case of longitudinal inclinations, good compatibility is observed between the measured
results and the technical documentation of the examined railway line.
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The measured values of the lateral inclination angle form the basis for calculating corrections b and
d. Since these two corrections are proportional to the inclination angle value, they will only differ
from each other only by absolute value (the same applies to their components by, bx and dy, dx).
The values of these corrections are shown in Figs. 13 and 14.
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Fig. 14. Values of correction d and its components dy and dx

Figures 13 and 14 show that the total value of corrections b and d lies within the range of a few
centimetres. Therefore, it definitely must be taken into consideration when measuring the railway
track axis position.

3.3. Measuring lateral wagon displacements and compensating their effect on measurement
results

Lateral displacements of the measuring wagon were measured using the visual system consisting of
two cameras, situated at opposite ends of the wagon, as shown in Fig. 15.
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Camera 2
R Camera 1 ———

Fig. 15. Distribution of cameras used to create the visual system for measuring lateral displacements
of the measuring wagon

Since the lateral displacements were measured at the wagon’s ends, and not at bogie pivot axis
points, their values required corrections to compensate the displacements of the wagon’s ends with
respect to the track axis on arcs, as shown in Fig. 16.

Measurement axis

Wagon symmetry axis

Track axis

Fig. 16. Correction of the lateral displacement signal obtained from measuring cameras situated at
opposite ends of the wagon

The value of correction g shown in Fig. 16 depends on the current track arc radius and is given by
the following formula:

q:\/—(k2 +m? —4~R2)—\/(k22+mz — 4. RV -4k m? (26)
where: k — distance from the measuring point (camera axis position) to the closer pivot axis; m —
distance from the measuring point to the more distant pivot axis; R — arc radius.

In order to obtain the value of the correction e while driving on arch, the value of the correction ¢
should be subtracted from the obtained measurement result.

The measured correction e, taking into account the correction resulting from the formula (26), 1s
shown in Fig. 17, along with its components ey and ex.
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Fig. 17. Values of correction e and its components ey and ex: a) for receiver A; b) for receiver B

Figure 17 shows that the value of correction e does not exceed 5 mm in most cases, and only
temporarily reaches the level of 10—-13 mm. In the absolute scale, it is the smallest of all corrections
used for compensating the results of railway track axis measurements. In practice, the validity of
taking into consideration such small corrections is questionable. It can be justified only in situations
when the quality of the position signal coming from GNSS receivers is at a very high level. For a
worse-quality signal, statistical dispersion of the results coming from satellite receivers will be
greater than the above correction, hence taking it into consideration in such a situation is
purposeless.

3.4. Summary compensation of the effect of wagon body displacement on measurement results

Figure 18 compares the railway track axis measurement results recorded directly by the GNSS
receivers with those obtained after introducing compensating corrections. The introduced
corrections are shown for the arc and for the straight track section. In the latter case, the track
section with the greatest longitudinal inclination was selected.
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Fig. 18. Compensating the results of railway track axis measurement

Figure 18 shows that when the measuring wagon moves on the arc, the corrections b and d
dominate. This is because they are directly related to the presence of lateral track inclination. On the
other hand, when the measuring wagon moves on the straight track section, the values of these
corrections are the smallest, as they reflect only minor imperfections in track geometry. The
presence and values of correction c¢ are directly related to longitudinal track inclinations.

3.5. Uncertainty assessment of coordinate determination

To assess the uncertainty of coordinate determination, the experimental standard deviation was
calculated as the moving function from the formula (3). This means that, for each measuring point,
the deviation was calculated within the interval of + 15 samples in the vicinity of this point. The
results of the performed calculations are shown in Fig. 19.
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Fig. 19. Experimental standard deviation for fixed base length measurement based on coordinates
recorded by main GNSS receivers

The constant and small value of the experimental standard deviation along the entire examined track
section correlates to a relatively constant and large number of observed satellites (Fig. 20). That
means, when the measuring wagon moved along the track section, that there were no field screens,
which would dramatically change the observed horizon area. The value of the Horizontal Dilution
of Precision (HDOP) coefficient was also relatively constant and very low, below 1, which indicates
excellent geometry of the GNSS space segment — Fig. 21. This means that either there were no
moving field screens, or they were small and favourably situated. The analysis of HDOP
coefficients allows us to conclude that high reliability of the obtained measurement results can be
ensured by favourable conditions, hence the measuring campaigns should be planned in such a way
as to obtain the best possible geometric coefficients.
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4. Summary and conclusions
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The results of experimental measurements presented in the article testify to the fact that the
proposed innovative method to determine the railway track axis based on the fixed base of the
measuring vehicle offers a number of advantages, compared to earlier methods. The use of two
GNSS receivers situated above the pivot axes of the vehicle, at the known and relatively large
distance, counted in meters, significantly improve the precision and simplify the calculations of
positioning corrections related to longitudinal and lateral wagon tilts resulting from a given track
profile and the presence of lateral track inclinations on arcs. These advantages are particularly
noticeable in comparison to all the methods using manually driven measuring trolleys. Small
dimensions of these trolleys, especially the length, necessarily have a negative effect on the
accuracy of determining spatial orientation of GNSS receivers [6—9]. Another important factor is the
possibility of the operator's presence, which has negative impact on the quality of the signal
received by GNSS receivers (they are obscured). This does not occur when a wagon is used.
Whether to consider, lateral displacements of the measuring vehicle body, which are determined
with the use of visual techniques, remains an open question, as the calculated values of these
displacements are very small. It is also worth mentioning that the fixed base allows for to
conducting permanent control of the metrological quality of the performed measurement. Based on
the standard deviation of the fixed base length, standard uncertainty of determining the position of
the track axis can be estimated at u(X) = u(Y) = 12 mm. The accuracy of the measurement is
therefore about an order of magnitude worse than that obtained when measuring trolleys are used
[7], but the measuring efficiency (speed) is ten times higher than in the method mentioned above
(10 km/h versus 1 km/h). Ultimately, it is planned to increase it several times up, to the level of 30—
50 km/h.

Further research work in this area will focus on improving the accuracy of measuring wagon
position determination, and on developing software intended to facilitate the measurement data
analysis process. Practical implementation of the developed method of railway track axis
measurement will accelerate significantly the processes of diagnosing and monitoring technical
condition of railway track surfaces, and will make them more reliable.
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