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ABSTRACT ARTICLE HISTORY
The present work poses a method for the measurement of geo- Received 23 November 2015
metric parameters of rail wheels in a dynamic condition, by recon- ~ Accepted 23 January 2016

structing the profilogram from a portion of the wheel surface wear KEYWORDS

W.Ith art.|f|C|aI V|5|on..The suggested procedure can work W.Ith a two- Dynamic measuring;
dimensional laser displacement transducer or by processing a sole geometric parameters;
image from a single camera with a structured light source. These two profilogram; railway testing;
procedures require fewer devices and simpler implementation pro- wheel profile

cesses and allow the use of mathematical algorithms that demand

less information processing, thus generating more accurate results.

Railway operators may implement this method to perform predic-

tive maintenance to their rolling stock at a fraction of the regular

cost; thus achieving better precision, availability, maintenance per-

formance and improving safety. Results were compared to those

given by commercial equipment, showing similar precision but a

better cost-benefit relation.

1. Introduction

The tread surface wear of the rail wheels is a well-known phenomenon.[1-3] It increases
operation costs and reduces safety during motion.[4] According to the charge-coupled
device (UIC) 510-2 code,[5] railroad operators must conduct inspections intended for the
preservation of the wheel profile geometric parameters: (i) the wheel radius R; (ii) the
radius difference AR; (iii) the flange height and thickness s, and s4; and (iv) the flange
slope gr. Large railway operators spend considerable amounts of time and money inspect-
ing, repairing and replacing wheels. The inability to identify wheel damages in an easy,
accurate, rapid and correct manner is quite dangerous — since worn wheels are a major
cause of derailments - but it certainly forces an interruption of the regular railroad opera-
tion throughout the processes of inspection and replacement of condemnable wheels, i.e.
wheels with profiles beyond the tolerance range.[6] Consequently, wayside measuring of
wheel profile geometry becomes imperative.

The state of art includes the developments WO2001007308A1, W0O2004058554A1 and
EP1614602A1,[7-9] among others, that have exposed devices capable of measuring round-
ness of wheels through mechanical systems and recording the radius of the flange tip
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according to the fact that the perimeter of the wheel flange is precisely round and the shape
of the flange tip is neither affected nor worn. Therefore, the flange tip can be used as a refer-
ence for measuring the wheel diameter. In practice, inspections performed by mechanical
contact systems show many limitations due to the device complexity, e.g. the profile mea-
surements must be conducted in the repair shop; and since the access to the mounted
wheels is complicated, dissembling of the bandage is preferable. Although the measure-
ment of all the profile geometric parameters is impossible, using the flange tip to determine
them was a reliable reference for the method introduced in this work.

Artificial vision systems are the appropriate solution to the problem because they enable
automatic wayside profile measurements in dynamic condition without disturbing the nor-
mal exploitation of the railroad.[6] Previous studies have addressed their inspections by
calculating the geometric parameters, via artificial vision systems, with special installations
arranged along the rail.[10-12] The linear light sensor device is the most commonly used
instrument to assess the geometric parameters of train wheels.[12-14] The US5808906
[15] invention, by using two devices, sets out a two-stage procedure: (i) the estimation of
the wheel profile which requires for a modified rail for the wheel so that it rests on the
exterior carriageway and (ii) the actual measuring of the diameter, which requires a staged
modified rail such as the wheel resting on the flange. Under these circumstances, the train
guidance is cancelled, thus transgressing standards and regulations regarding the driving
safety of railway vehicles.

The development US6003232 [16] proposes a method for online assessing of the train
wheel geometric parameters which requires an installation of a linear light vision sen-
sor on a specially modified rail, resulting problematic for the railway operation. Cioboata
et al. [17] developed a system installing two-line structured light vision sensors and sev-
eral laser displacement transducers for dynamically measuring of geometric parameters of
train wheels. Another development, the W02004046644A2,[6] presents a method using
a synchronised set of laser light sources and cameras in which the profile measurement
depends on the record of all the images to obtain the wheel profile parameters. Simultane-
ous processing of all images generates a sampling frequency decrease in the measurement
and reduces its accuracy.

The US2003160193A1 [18] invention raises two linear laser light sources creating a sin-
gle line over the wheel’s surface, these lasers must satisfy two conditions: (i) they must be
arranged collinearly and (ii) they must overlap. It also entails processing of a wheel profile
image — directly acquired by the camera — and a second image taken with a set of mir-
rors; so that each view shows a different portion of the profile. Lastly, the development
WO9012720 [19] presents an installation of a light source that projects a transverse line to
the wheel, which is then captured by a camera, this installation requires several additional
devices: (i) elements attached to a lighting unit for measuring the wheel diameter and both
(ii) light sources and cameras to capture the lighted up section close to the side edge of the
wheel.

These revised methods are limited to the use of cameras for capturing images that
completely register the wheel profile or diameter; thus representing a considerable load
generated by each device in terms of image-set data processing, as well as implementation
and maintenance of the devices that turned complex and expensive.[9]

This paper proposes a method for measuring geometric parameters of the train
wheel profile (sy,s4,qr) in dynamic condition. The work focuses on the measurement
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Figure 1. Setup of the measurement system.

of a tread surface fraction of the wheel cross-section using artificial vision, to obtain a
partial-profilogram, and hence a methodology was developed in order to reconstruct a
complete profilogram for the consequent quantification of each geometric parameter.

2. Measurement method

The setting up for dynamical measuring of the wheel diameter is shown in Figure 1. Only
one laser transducer was used; a laser transducer is a structured light source that projects a
light beam which then gets reflected as a light line on the wheel (y direction) while matching
the rail transversal axis. Experimental evidence, as obtained from on running tests, showed
that railway vehicles experience a hunting motion in dynamic condition when: (i) running
on tangent tracks and (ii) negotiating curves.[20] Then, during calculations, the wheelset
has an attack angle, ¥, formed by the angular deviation between the wheel symmetry axis y’
and the rail transversal axis. It is possible to find the v value by using the geometric relation
between two distance sensors, placed transversally on the track, to register the distances
amid y,r and y; on the wheel inner face; all by using the expression

Y = arctan(abs(yir — yic)x: ). (1)

2.1. Polynomial fitting of the measured wheel profile

Every time wheel profiles get measured while in dynamic condition a noisy point cloud
with locally non-uniform distributions is obtained; in particular with data processing tech-
niques based on with artificial vision systems. Given a finite set of points sampled from a
curve, representing a fraction of the wheel profile, S (see Figure 2). The stochastic points
S=A{pi>--->Pk>--.>pn}> with a sequence of # points, are sampled by following systemati-
cally ordered patterns, i.e. the data P; has connectivity with P;;. In this case, the order of
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Pk\\ * Stochastic points sample, S

*' C,(u) —Parametric curve, g=Ci(u)

\
\\ e
Prosze

Figure 2. Piecewise-defined by polynomial fitting.

the sampled points must be respected, and parametric methods can be applied to find the
mathematical expression, g, of such a set S.[21] The mathematical expression ¢ = Cj(u) is
a piecewise-defined parametric curve with Cj(u) = (xx(u), zx (1)) and the parameter u is
one of the many possible ways to parameterise the ith curve C;. The parametric curve C;
proposed by Bézier, De Casterljeau, and others, is expressed as [22]

Ci(u) =Y Br(u)pis (2)
k=I

with 0 < u < 1 and Z!T:lBk = 1. Bx(u) is known as Bernstein polynomial, in which the k
represents the weight coefficient for the kth point belonging to the subset p. of each stage
partition of S; the subset referred as control point is defined as p.g = {p1, - .. P>+ - > Pm}
where [ > 1 and m < n. The spline curve is a numeric function piecewise-defined by poly-
nomial functions C;(u), to which the piecewise spline interpolation is appropriate because
it yields similar results while interpolating higher degree polynomials and avoids instability
caused by the Runge’s phenomenon.[23]

The properties of parametric curves are concentrated in their coeflicient set By (1), then,
to obtain the polynomial fitting of the wheel profile, the used piecewise-defined parametric
curves are cubic-splines (specifically, uniform B-spline), which in the overlapping control
points, in consecutive stages, allows fulfilling of the wheel profile continuity requirements:
C! (tangent-continuous) and C? (curvature-continuous).[22,24]

2.2. Partial-profilogram via geometric transformation

In the case of rail wheels (i.e. solid bodies with basic cylindrical or annular shapes), the
fitted parametric curves g describe the revolution surface (fraction of the tread surface) on
the direction of coordinate frame E = [y, z, 0], and can be geometrically transformed on
the direction of coordinate frame E' = [y, 2/, 0], which corresponds to the wheel cross-
section (see Figure 3). Therefore, the coordinate frame E suffers changes that are caused
by non-rigid geometric transformations f (E(1/)) because of the attack angle 1. Moreover,
defining the effects of the geometric transformation on the coordinate frame E’ guarantees
that the parametric curve g suffers such effects as a whole.[22]



Downloaded by [Mr Ronald Martinod] at 09:33 29 February 2016

VEHICLE SYSTEM DYNAMICS (&) 5

— Cubic spline fitting, g = Ci(u)

— Partial-profilogram, G=f. g

\/

Figure 3. Partial-profilogram.

The geometric transformation f(E(y)) = E' implies that f transforms E to yield E. As
it turns out f is a linear function and its application can be expressed as E' = f - E, and f
is expressed in the following matrix expression f = [(cos v~ —1,1]T. Numerically, this
equation effectively transforms the parametric curve g into the partial-profilogram G, then

G=fEW)) g 3)

Take note of the [,;, (y direction) length measured and transformed into the real length of
the wheel cross-section; I, (' direction), as a function of the coordinated vector projection
¥ over the coordinated vector y, i.e. I, cos ¥ = Proy(y’ ,); hence the likelihood to find a

direct expression to obtain the true length of the partial-profilogram, I, = I,;,(cos )L

2.3. Partial-profilogram reconstruction

The wheel wear is more noticeable towards the centre of the tread, this intense wear effect
is caused even with the use of stable running bogies, significant wear in the centre of the
tread develops a so-called false flange on the side of the wheel [25]; in contrast with the
tread wear, the flange wear may lead to an increase of the flange angle and a reduction of the
flange thickness [26]; furthermore, the wheel climb is limited by the high value of conicity
in the flange face, and the Nadal formula which depends on the wheel flange maximum
contact angle.[27] As a result, the train wheels are not designed for the wheel climb effect,
and the wearing occurs on the following profile sections: (i) the tread surface wear, (ii) the
flange root, and (iii) the flange face. Flange tip rollover is only an issue affecting trams and
light-rail vehicles exposed to flange tip running on grooved rails or on negotiating tramway
switches and crossings.[25]

The partial-profilogram reconstruction G is based on the well-known fact that flange
tips F; of railway vehicle wheels are not affected by the normal wear of operating trains.
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— Partial-profilogram, G

e
i §p(]) ¢ Flange tip, F:
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Reference-profilogram, H:
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\/
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Figure 4. Partial-profilogram G and reference-profilogram H.

0o : Py -

Reconstructed-profilogram, Gy:
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----- Section Hr
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\/

7

t

Figure 5. Reconstructed-profilogram Gy,.

[7-9] Therefore, the unregistered profile fractions of the partial-profilogram G can be
reconstructed using a profilogram H as a standard reference measure of wheel profiles (see
Figure 4).

The profilogram G = {p, ..., ps} enables the flange tip F; identification — equivalent
point among these profilograms — according to the expression

F; = min(G) = min(H). (4)

The dimensions [,, and [, define the true length of the partial-profilogram G, I, =
Im + Iy; then, the splitting of H into three sections is possible: Hp = {hy, . .. ,hf_l}, Hr =
{hf,. ...} and HE = {hgy1, .. ., h); where {h € HIh(i, j)with(i € ') A (j € 2')} and Hr
holds the length I, i.e. H C {HF, Hr, Hg}.

The reconstructed-profilogram Gy is formed by three sections, Gy C {Hp, G, Hg}, and
G has the [; length. Note that /; (the wheel width) has a fixed value, non-affected by the
wheel rolling wear (see Figure 5).
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Figure 6. Wear parameters base on reconstructed-profilogram Gy,.

2.4. Reconstructed-profilogram processing

According to the international railway standards,[5] go = 70 mm, g; = 10 mm and ¢, =
2mm are the reference quotas (see Figure 6). Locating the reference points (ps, py, pc)
on the reconstructed-profilogram Gg: p,(ya» za), with ¥, = yo + qo; pp (Vs> 25), with z;, =
2o + q1; and pc(ye, zc), with z. = zp + ¢a; it is possible by using a first-order - or superior
- interpolation method.

The parametric approach for the wheel surface wear geometric characterisation is based
on the measurement of the profile parameters (sp, s4, gr) and expressed as s, = z, — 2o,
sd = Yb — Yo, and qr = yp — Y.

The flange tip circumference radius R; is defined by the distance between the wheel
symmetric axis and the flange tip F;, thus according to the standard wheel reference value;
because the wheel flanges are not subject to wear, is possible to find the nominal diameter
R by the difference between the lengths of the circumference radius of the flange tip R; and
the flange height s;, i.e. R = R; — sp,.

3. Test development

From a variety of wheel profiles, the main common features among vehicles typically
include a profile width of 125-135 mm and a flange height of 28-30 mm; normally, the
flange inclination angle is between 65° and 70°. The common rolling stock conicity near
the tape circle is either 1:10 or 1:20.[25]

The current study is applied to passenger vehicles from the urban railway system of
Medellin (Colombia) that are similar in geometry and design to the ET420 train sets for-
merly operated by Deutsche Bahn (e.g. the Munich S-Bahn),[28] the wheels have an S1002
profile.[29] These P-III category vehicles (EN 12663) are formed by two units, each one
with two engine coaches (A and B) and one trailer coach. Each coach has two bogies with
four wheels in two axles at a distance of 2300 mm (and a total weight of 113.3 ton). Vehicles
transit at 2 km/h through the equipment, where they are identified using radio frequency
identification; then each wheel is measured and the data processed in less than 2 min. The
equipment was installed in an auxiliary track of the urban railway system of Medellin
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Figure 7. Measuring equipment.
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Figure 8. Reconstructed-profilogram from experimental tests.

located in the railroad repair shop. The equipment is contained in a pit under this aux-
iliary track, allowing housing for and protecting of all its components (Figure 7(a)). It is
formed by two cameras, two linear laser projectors, eight distance transducers, two pho-
toelectric barriers and the acquisition equipment. The cameras have a 2/3 charge-coupled
device progressive type sensor, capable of generating images up to 1600 x 1200 pixels at
66 fps. The lenses are 51 mm diameter with a focal distance of 35 mm and an iris range
from F1.4 to F22. The laser line projectors produce a 635 nm red light and have a power of
30 mW. All these elements cost USD 90.000 and are distributed as shown in Figure 7(b).

By using the measurement equipment, the tread surface wear and the XY coordinates are
obtained. Additional data for the reconstruction are collected from the theoretical profile.
The reconstructed-profilogram is shown in Figure 8.

All datasets recorded are available from the authors of this paper. As an example of
results, Figure 8 shows the data obtained after experimental field tests results imaging
processing.
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Table 1. Results of the measurements with different equipment.

Measurement, M; (mm) Error, &; (%)
Wheel parameters MiniProf (M;) LazerView (M3) Proposed method (M3) & )
Sh 28.819 28.923 28.732 0.30 0.66
Sd 30.164 30.080 30.997 2.76 3.05
qr 8.396 8.280 8.091 3.64 2.28

4. Validation

In order to acknowledge the quality of the results obtained employing the proposed
method, a validation through direct comparison of measurements between two commer-
cial devices and the reconstructed-profilogram is conducted.

An equipment widely used is the MiniProf; in this case, the measuring head consists of
two rotatory arms with optical encoders that are used to determine the position of a mag-
netic measuring wheel. As the operator moves the measuring wheel around the profile, the
signals from the encoders are logged. The wheel profile is calculated from the position of
the two arms recorded by the encoders applying suitable corrections to the varying con-
tact positions in the measuring wheel itself.[1,30]. Other commonly used equipment is the
LazerView, it is a non-contact measuring device that uses magnets to approximate itself to
the wheel, the head rotates a one-dimensional laser transducer to obtain the coordinates
of the points forming the wheel profile.

Is evident that the previously described equipments require static conditions dur-
ing measuring. The train must be taken to a special track and some components must
be unmounted, allowing access to the wheels. Also, qualified staff must perform the
measurement one wheel at the time.

A series of measurements were conducted using three different methods, M; with i =
1,2, 3, which represent measurements using MiniProf, LazerView and proposed method;
correspondingly. It is assumed that the measurements performed with MiniProf and Laz-
erView are reference values, thus it is possible to find the existent measurement error in the
values obtained through the proposed method.e; = ((M; — M3)/M;)100. Table 1 shows
the comparison of the results obtained in the validation.

The minimum error occurs in the parameterSy, while measuring and comparing it with
the value obtained using the static instruments. The maximum error occurs in the gg
parameter, comparing it with the one measured with the MiniProf.

5. Conclusions

Monitoring of rail wheel wear is a requirement from the international standards for the
safety operation. The local cost of performing this control, using the standard static equip-
ment, on a train set of 24 wheels, which implies removing the train from commercial
service and conduct it to a special track, is more than USD 20 and takes about 4 h to com-
plete. On the contrary, by using the proposed method, the uniquely required operation is
running the unit through the automated measuring equipment installed in the auxiliary
track, which costs about USD cents 68 for each train unit and takes less than 2 min.

The previously used development suggested the use of digitalised images from a set
of cameras and laser light sources, or mirror arrangements and other components, so
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that each element captures a part of the profile, that represented a considerable load in
the processing of all images generated by each device, as well as the implementation and
maintenance of the devices becoming complex and expensive. The proposed method for
measuring focuses on measuring only a fraction of the tread surface wear cross-section of a
railway wheel, obtaining a partial-profilogram by image processing. Then, a methodology
is developed to reconstruct the complete profilogram to measure each geometric parame-
ter. At that point, the proposed method obtains a numerical description of the train wheels
transverse profile - profilogram - based on a method with the single data system.

The proposed method may be implemented using a two-dimensional laser displace-
ment transducer or a single image from a single camera with a structured light source,
generating: (i) lower number of devices for the measurement; (ii) lower implementation
complexity and (iii) mathematical algorithms that require less information processing,
generating more accurate results in the measurement.

The tests based on the proposed method were executed on the basis of UIC stan-
dards and regulations. The wheel profile parameters give technical information about
the wear assessment; is the basis to configure a diagnosis monitoring system in which
condition-based maintenance decisions should be taken (re-profiling, invalidation or parts
replacement, etc.).
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