Modern Wheel Sensor Systems ®

Future challenges to wheel detection and

axle counting

Martin Rosenberger

Axle counting systems with induc-
tive wheel sensors have established
themselves with many railway opera-
tors worldwide as reliable and cost-
effective track vacancy detection
systems. Progress achieved in the de-
velopment of the operating principles,
manufacturing processes and materi-
als, and the decades of practical ex-
perience, are the basis for the stead-
ily growing number of applications
and solutions. The development of
ever more advanced and diverse vehi-
cles and the increase in electromag-
netic emissions and speed, however,
remain a major challenge for safe and
reliable wheel detection. This article,
which is part 1 of a comprehensive
survey, provides an overview of mod-
ern wheel sensor systems. Part 2 will
deal with the state of the art in axle
counting.

1 Wheel detection

Even in the early days of the railway in the
19™ century, wheel detection had been an
urgent desire of railway engineers con-
cerned about signalling safety. Their use
as a switching device for train-controlled
level crossing systems, track vacancy de-
tection systems, automatic switching of
signals to stop aspect or automatic route
release, and also as on/off switching de-
vices for a wide range of track equip-
ment (e.g. measurement systems, gates,
washing plants, weighbridges) signifi-
cantly increased their importance over
time and with it the requirements regard-
ing availability and safety.

The devices developed to this effect
are still known as track switches or rail
contacts due to their intermittent princi-
ple of operation.

In the past no special components for
evaluation of signals were necessary be-
cause the switch contacts integrated in
the track switching system were usu-
ally directly looped into the relay cir-
cuits. That is not the case where mod-
ern wheel sensors are concerned. Here
analogue signals form the output signal,

which requires interpretation by an eval-
uation component (such as an evaluation
board) (Figure 1).

2 The operating principles of
track switching equipment [1]

2.1 Mechanically operated rail
contacts

In general, these consist of a contact de-
vice mounted on the inside of the foot
of rail, which is actuated by the wheel
flange via a lever. Due to their interfer-
ence susceptibility they were replaced
in Europe at the end of the 19" centu-
ry by hydraulic rail contacts. They can
still be found in non-signalling applica-
tions, such as warning systems for work
gangs.

2.2 Hydraulically operated
rail contacts

The not very widespread class of hydrau-
lic rail contacts was usually actuated by
the deflection of the rail caused by the
axle load. Cylinders — at first filled with
mercury, and then with hydraulic oil — op-

erated a contact set. As early as 1920,
these hydraulic track switches were re-
placed in Germany by pneumatically op-
erated switching elements.

2.3 Pneumatically operated rail
contacts

Due to their long-term use several types
have emerged, which differ quite wide-
ly in terms of operation and construc-
tion. In essence, the force exerted on a
piston led to pressure differences in air-
tight chambers which, for example via
a membrane, actuated a contact de-
vice. To achieve a reasonably accepta-
ble availability this type of track switch
required specific axle loads or minimum
speeds, which, naturally, limited their
application. So, from the 1950s on they
were progressively replaced by magnet-
ic contacts.

2.4 Magnetically operated
rail contacts

The first contactless switching devices
were employed in the middle of the last
century. The rail contacts known as axle
counting magnets or pulse generators
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feature a permanent magnet system, to
which magnet-operated electrical con-
tacts are exposed. The effect of the iron
of the wheel flange triggers a contact ac-
tuation due to the change of the magnet-
ic field. Magnet-operated rail contacts
of different types and operating princi-
ples can still be found on many railways
in the world. In Central Europe, they are
increasingly being replaced by inductive
devices as they are sensitive to external
magnetic fields.

2.5 Inductive operating principles

In parallel with the development of
magnetically operated track switch-
es, contactless switches based on the
transformer principle were launched in
the market. A primary coil generates an
AC magnetic field in an iron core with
at least one air-gap in the direction of
the head of rail. A wheel flange passing
over the air-gap changes the magnetic
flux and consequently the induction in a
secondary coil, preferably designed as
a differential coil. This operating princi-
ple was later improved by using ferrite
magnets and increasing operating fre-
quencies.

During the same period, devices
were designed that operate according
to the magneto-dynamic principle. The
operating principle of the rail contacts
designated as magnetic pulse genera-
tor is based on a permanent magnet
system with a soft iron core. The flux

changes caused by the passing wheel
flanges induce measurable voltages in
the coils placed in the area of the mag-
netic flux. This operating principle re-
quires a certain speed, which, howev-
er, by means of continuous improve-
ment of the circuits, was reduced to
practically zero.

Widely used are rail contacts with a
transmitter coil on one side of the rail
and a receiver coil on the other. The
wheel or tyre affects the inductive cou-
pling between transmitter and receiver.
The devices are mostly designed as dou-
ble sensors and are often used as count-
ing heads for axle counters.

In the 1970s, the emergence of inte-
grated circuits strongly influenced the
operating principle of rail contacts. Si-
multaneously with enormous advanc-
es in the field of industrial electronics,
the operating principle of the inductive
proximity switch took its first steps. At
first, so-called head of rail switches were
mounted into a vertical bore in the head
of the rail in order to allow detection of
the wheel treads. Subsequently, a model
prevailed which was mounted laterally to
the inside face of a rail and whose up-
ward placed coils detected the presence
of the wheel flange.

Track switches based on this funda-
mental principle are today being used as
wheel sensors of different types and var-
ying modes of operation and will be the
basis for safe wheel detection with maxi-
mum availability in the future.

Figure 2: RSR 123 under hail
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2.6 Other operating principles

The limits to the use of inductive track
switches imposed by the laws of phys-
ics as well as the extremely complex
technological hurdles to design a reliable
and safe sensor based on these operat-
ing principles are always prompting the
development of wheel sensors based on
other principles of physics. Examples in-
clude microwave technology, piezoelec-
trics, fibre optics or sound technology.
However, none of these approaches has
so far led to a licensable system ready
for serial production.

3 State of the art

The state of the art of wheel sensor sys-
tems is geared towards the requirements
users want developers to provide for. Al-
most all of the systems described above
can still be found, even today, in many
rail networks. This article endeavours
to outline which technologies will play a
crucial role in the future.

3.1 Challenges

3.1.1 Mechanical loads (vibration
and shock)

Shocks are mainly caused by flats
on the running surface of the wheels,
while vibrations are generally caused
by short pitch corrugation of the rail
surface. EN 50125-3 defines the val-
ues for mechanical shock and vibra-
tions. In practice, significantly higher
loads may apply. Less important, but
defined by rail operators in some spec-
ifications, are minimum loads the sen-
sors are required to withstand without
so much as moving.

3.1.2 Climatic constraints (ambient
temperature, humidity, snow)

The extreme temperature range from
—40 to +85°C (reaching up to -60°C
in Nordic countries) is covered by most
electronic components, but is a major
challenge for the development of fre-
quency-stable and quality coils. The fact
that coils are still made of copper con-
ductors which need to be embedded
into a sealing compound in order to be
protected against humidity entails the
following problems: Increased temper-
ature implies higher copper resistance
and reduces coil quality, which is also in-
fluenced by the dielectric loss factor of
the sealing compound between the coill
windings. The relationship between die-
lectric loss factor and temperature is not



linear and normally increases distinctly
after +60°C. The magnetic fields gen-
erated in practice by inductive sensors
and ranging from a few kHz up to sever-
al MHz do not, as a rule, cause interfer-
ence in case of humidity, snow and frost.
However, high operating frequencies
also generate electrical fields, which re-
spond to the capacitive influence of wa-
ter. It is therefore necessary to compen-
sate this equipment against the propa-
gation of electrical fields influenced by
water or ice.

The requirement for compliance with
the highest protection class IP 68 ac-
cording to EN 60529 becomes a techno-
logical challenge for modern electronic
wheel sensors, particularly with regard
to use and/or life cycles at the track, be-
cause the sensors must ensure reliable
operation even under extreme climate
conditions (Figure 2, 3, 4).

3.1.3 Rail temperature,
rack currents

The head of rail is very much exposed to
the sensor coils. At a rail temperature of
—40 up to +100°C (additional heating of
the rail due to linear eddy current brake)
both permeability and conductivity of the
iron change considerably. This leads to
a drift in the sensor coil and causes, as
temperature rises, an increase of eddy
current losses and, simultaneously, a de-
crease in hysteresis losses due to declin-
ing permeability of the material. Neither
process is linear in regard to the given
operating frequency.

Furthermore, the rail material is af-
fected by permeability changes due to
track currents. Track return currents
generate a magnetic field, which also
magnetizes the surface of the rail mate-
rial. As a result permeability of the head
of rail material is reduced and, conse-
quently, the hysteresis losses regis-
tered by the sensor coil decrease. AC
traction is also different from DC trac-
tion. Short-circuits up to 40 kA in the
overhead contact line or transients due
to discharge into atmosphere can cause
magnetic saturation of the rail material
and thereby suppress hysteresis losses
altogether.

3.1.4 Magnetic field generated by
track return currents

Track return currents generate a mag-
netic field that is disposed concentrically
around the rail, wherefore the sensor coil
is fully exposed to the field. If the sensor
coil has a ferrite core, the magnetic field
may cause its saturation. Short-circuits
in the overhead contact line and currents

from discharges into the atmosphere en-
tail similar effects.

3.1.5 Traction current
commutation

The sparks which can often be seen at
quite a distance around the pantographs
of the vehicles or contact problems be-
tween rail and wheels cause changes in
the level of the return current within a
broad range of frequencies. The result-
ing magnetic fields induce voltages into
the sensor coil, which have to be com-
pensated.

3.1.6 Electromagnetic rail brakes,
eddy current brakes

These braking elements have several ef-
fects on wheel sensors. On one hand,
the metal and coil volume of the brake,
which reaches laterally over the head of
rail into the effective range of the sen-
sor, causes a partial damping of the sen-
sor system, which must not trigger the
sensor as if it were a wheel flange. On
the other hand, both types of brakes, es-
pecially the eddy current brake, gener-
ate an enormous magnetic field, which in
turn has two different effects. The mag-
netic field permeating the steel of the
head of rail will cause its magnetic sat-
uration. Effects are similar to those de-
scribed in subsection 3.1.3 and the leak-
age magnetic field also reaches the sen-
sor, which has to cope with it without
disturbance. Effects are similar to those
described in subsection 3.1.4.

3.1.7 Interfering magnetic fields
generated by vehicles
(inverters, coails, transformers)

Low-loss performance inverters require
high switching frequencies and steep
switching flanks. Therefore, interfering
magnetic fields with large bandwidth
and frequencies ranging up to several
MHz are to be expected under the vehi-
cles. Where an interfering magnetic field
collides directly with the operating fre-
quency of the sensor, effects are espe-
cially drastic.

3.1.8 Vehicle geometries
(effective ranges)

All wheel sensors have defined and more
or less clearly identifiable effective rang-
es. Consequently, sensitivity with regard
to approaching iron masses differs ac-
cordingly.

Especially in the case of trams, sub-
ways and suburban trains (light rail ve-
hicles), optimized bogie geometries in
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combination with electromagnetic rail
brakes often cause problems for safe
and readily available wheel detection.
In the case of modern vehicles with un-
derfloor mounted equipment in particu-
lar, the wheel flange signal can hardly be
distinguished anymore from other inter-
fering iron masses, such as the electro-
magnetic rail brake. This is further com-
pounded by smaller wheel diameters in
combination with small distances be-
tween axles.

The wheel-axle-rail-sleeper geome-
try can also be looked at as a conduc-
tor loop, which is exposed to part of the
magnetic field generated by the sensor.
If the resonant frequency range of the
loop is similar to the operating frequency
of the sensor, the sensor system may be
affected. At Frauscher, this type of inter-
ference is designated as “parasitic ab-
sorption”.

3.1.9 Installation and mounting

The requirements regarding installation
and mounting are the results of histori-
cally evolved regulations of the rail op-
erators, which factor applications and
structural conditions regarding rail pro-
file, superstructures and track embed-
ding (for example, in roads).

Meanwhile, wheel sensors are being
used in large quantities. Their cost-ef-
fectiveness is, therefore, also geared
towards fast mounting and dismount-
ing. Here, web of rail mounting with
drilling has mostly been replaced by
clamping. Moreover, short mounting
periods with inherently shorter perma-
nence of work gangs at the rail are a
clear safety gain.

For example, when used as switch-
ing device for warning systems for work
gangs, in addition to mounting and com-
missioning times (adjustment of sensor
system), the weight of sensors and rail
claws also plays a decisive role.

Furthermore, the mounting technique
is expected to be highly flexible. Mount-
ing in the space between sleepers or on
a sleeper, in the immediate vicinity of
guide rails, in grooved rails beneath the
tram track or fixed track systems are, for
instance, current requirements for such
systems.

3.2 Highly available wheel sensors

Among the operating principles de-
scribed in section 2, inductive wheel
sensor technology has become widely
accepted. Specific properties allowing
trouble-free masking out of known in-
terferences, while correctly sensing the
wheels, are required.
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Figure 3: RSR 180 under snow

Generally and for the purpose of fail-
ure detection, a wheel sensor comprises
two sensor systems that operate inde-
pendently. The redundancy affords other
functionalities of the wheel sensor sys-
tem, resulting from the temporal context
and the intensity of the interference.

Although in all cases using this oper-
ating principle at least one coil through

"Eﬁ -

which AC current is passing acts as core

element, on closer examination it is nec-

essary to further differentiate between
the following methods:

» Eddy current and hysteresis method:
The AC magnetic field radiating from
the sensor coil causes eddy current
and hysteresis losses in ferromagnet-
ic materials (here: wheel flange) that

Figure 4: RSR 122 in sandy location
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are exposed to it. These losses re-

flect back on the sensor coil and re-

duce the quality of its oscillating cir-
cuit.

m Field deflection method: The magnetic
field generated by a coil supplied with
alternating current is deflected by ex-
isting ferromagnetic materials in such
a way that induction in a close-by re-
ceiver coil changes. This deflection
can increase or decrease.

= Inductivity method: The inductivity of
a sensor coil changes due to the influ-
ence of ferromagnetic materials in its
vicinity. The influence of the material
depends on the operating frequency.
Wheel sensor type RSR 122 by

Frauscher Sensortechnik GmbH, for ex-

ample, operates according to the ,eddy

current and hysteresis method” while
wheel sensor type RSR 180 operates ac-
cording to a well-proven combination of

,field deflection method” and ,inductiv-

ity method”.

The mode of action of the extremely
innovative RSR 123 consists of a tech-
nology mix combining the three induc-
tive methods described above (V.Mix
technology) [2]. The properties of the
RSR 123 mark a state of the art which,
considering the resistance against in-
terferences as described under 2.1 (see
Figure 4), represents an optimal solution
(Figure 5).

3.3 Track switches — wheel sensor

A track switch can only send two types
of information, i.e. “occupied” or “free”.
Further information such as its position
with regard to the track, occupation sta-
tus, evaluation of external interferences
or deficient wheel flange formation is not
within its scope.

Several decades of experience in the
development of inductive sensors have
shown that it is practically impossible
to meet the challenges stated under 3.1
without an analogue output signal that
measures the distance. This becomes
especially apparent when wheel sensors
are used in an environment affected by
undesirable interferences such as ex-
tremely busy track sections with multiple
traction units (AC and DC), applications
under extreme environmental conditions
such as industrial facilities located in ex-
treme climate zones or in trams with un-
derfloor mounted equipment.

The Figure 6 shows the signal curve
of a typical Frauscher wheel sensor with
two independent sensor systems (sys 1
and sys 2) while being traversed by a
wheel. The possible overall signal range
can be divided into the following rang-
es:



= Range 1: Sensor correctly mounted on
rail, no interference from wheel
m Range 2: Sensor dropped off from rail
(signal rises, because the head of rail
is outside the effective range).
= Range 3: Sensor damped by wheel
m Range 4: Wire break or defective com-
ponent
Contrary to a switch limited to “ON”
and “OFF” or “High” and “Low” status
detection, an analogue sensor, provided
a matching intelligent evaluation board,
affords a measure of further information.

3.4 Evaluation features

The signal values are provided at the
wheel sensor in the form of injected cur-
rent values, which can be evaluated in
the indoor installation over the cable
link by an intelligent board, the evalua-
tion board, using different algorithms. To
that effect and in addition to the actual
useful signals of the wheel sensors, sta-
tus data of the sensor regarding its safe
operation can also be transmitted, such
as drop-off detection, proper installa-
tion, deficient damping, drift values and
faults in the sensor system, thereby al-
lowing the system to dispense with sen-
sitive and expensive trackside electron-
ics. This not only increases the econom-
ic efficiency of the installations, but also
provides sustained reduction of commis-
sioning and maintenance costs.

The power supply of the analogue sig-
nal values affords a number of further
evaluations besides the status outputs
mentioned above.

In addition to wheel detection proper,
modern wheel sensors combined with
intelligent evaluation boards are able to
also determine wheel diameter, travers-
ing speed, traversing direction, wheel
centre above the sensor or the pres-
ence e.g. of an electromagnetic rail
brake.

Furthermore, the analogue sensor sig-
nal allows triggering of the output of the
rectangular signal used for counting pur-
poses at freely pre-selectable signal lev-
els, thereby affording detection of wheel
running surfaces without wheel flanges
or wheel flanges exerting less contact on
the head of rail.

It is also possible to derive relatively
simple basic information for centralised
diagnosis of the sensor system by the
indoor installation. The FDS diagnostics
system by Frauscher [3] for axle count-
ing system ACS2000 is a typical appli-
cation of this ability (see Signal+Draht
1+2/2010).

There is already a large number of
evaluation boards available for all these
data exploration options as well as sev-

eral hardware platforms, with differ-
ent versions of software and evalua-
tion algorithms. For example AMC, IMC
boards (universal evaluation boards with
optocouplers), EIB, AEB boards (CAN
interface) or VEB board (safe output of
speed).

Thanks to the possibility of custom-
ized evaluation options under known
conditions or others to be defined, max-
imum functionality and availability can
be achieved for each specific applica-
tion. This is why Frauscher places par-
ticular emphasis on customer-transpar-
ent test installations in the preliminary
stages, particularly with regard to their
interference capability on critical wheel
sensor applications. A technical article
in Signal+Draht 6/2011 presented the
measurement technology developed and
implemented to that effect [4].

Furthermore, these evaluation boards
can also be differentiated based on their
interface to the higher-level application.
There are versions including relay inter-
faces, optocouplers or serial interfaces.

3.5 Modern installation options for
wheel sensors

Mounting and installation procedures
for wheel sensors at the rail have a ma-
jor bearing on the practicality, life cycle
costs and possible applications of wheel
sensor systems.

The state of the art are high-quality,
highly available and safe rail claw tech-
nologies that can be used for all known

- anged
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Figure 5: Patented V.Mix-Technologie® for
highest demands

railway designs and different rail pro-
files (grooved rails). The installation of
wheel sensors using rail claws that can
be mounted easily and quickly without
the need for special tools also enables
the use of this latest technique of wheel
detection as temporary or flexible solu-
tions, e.g. for warning systems for work
gangs.

The fact that the cable to the sensor
(sensor cable) for the inductive wheel
sensors described herein is not part of
the mode of action of the sensor further
allows flexible customized sensor cable
assemblies even after installation.

In future, plug-in cables for sensors will
become a global standard. Wheel sen-

Distance [mm]

Figure 6: Evaluation example of an analogue signal
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Figure 7: Fast and easy mounting of a sensor using rail claws and plug-in cables

sors RSR 123 and RSR 181 by Frauscher
already provide these options with all the
advantages for the installation of new
signalling systems or for mounting and
dismounting during track maintenance
work (Figure 7).

4 Wheel detection and
its applications

If track switching equipment as part of
track vacancy detection systems meets
the specification requirements of railway
operators for axle counting systems, in
theory they could also be used for other
safe systems. A classification of such sys-
tems as CENELEC SIL 4 systems has in-
creasingly become a global basic require-
ment, e.g. for axle counting systems.

But only in the form of inductive
wheel sensors with analogue out-

put signal and a matching evalua-
tion board will these wheel sensor sys-
tems afford the wide range of pos-
sible applications both as SIL 4 sys-
tems and for systems with graded safe-
ty degrees according to CENELEC D,
i.e. SILO-SIL 3.

4.1 Track vacancy detection

Axle counting for track vacancy de-
tection has been and still is the most
challenging field for track switching
equipments. Only inductive wheel
sensors made safe axle counting
highly available and are increasing-
ly and gradually replacing track va-
cancy detection with track circuits all
over the world.

Over the years, many forms of track
vacancy detection have been developed
on the basis of axle counters.

Figure 8: Hot axle box detector system controlled by wheel sensors
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4.2 Level crossings

Track switches to activate and/or deac-
tivate level crossings have been around
since the early days of track switch-
ing equipment. Modern wheel sensor
systems meanwhile allow safe on/off
switching points for level crossing using
just single sensors. The globally availa-
ble range of configurations and combi-
nations with axle counting circuits is al-
most endless.

Further development of wheel sen-
sor systems, e.g. to be able to provide
speed information safely and cost-effec-
tively, will make these applications even
safer, more flexible and more cost-effec-
tive.

4.3 Switching applications
(triggering)

Modern wheel detection, switching high-
ly available systems in near real time and
accurately with high resolution on and
off, is nowadays an integral part of many
different systems. Examples are trail-
ing messages, hot axle box detectors,
flat detection equipment, weighbridg-
es, washing plants, gates, tunnel lights
and passenger information systems (Fig-
ure 8).

4.4 Measurement applications

As wheel detection with analogue out-
put, in addition to wheel detection prop-
er, using several intelligent algorithms,
also provides information about travers-
ing speed, traversing direction, wheel di-
ameter, wheel centre above sensor or
the existence of e.g. an electromagnetic
rail brake, a large number of other ap-
plications based on wheel detection are
feasible, being designed or already im-
plemented.

For example, speed control sections
can be implemented for speed restric-
tion sections based on speed meas-
urement by inductive wheel sensors.
Speed-sensitive passenger information
systems also use this option. Wheel cen-
tre detection has been implemented in
several hot axle box detector systems
(HOA). Wheel diameter detection, for ex-
ample, can be used to optimise the op-
eration of rail brakes.

Within the scope of intelligent axle
counting systems with serial interface to
integrated electronic signal boxes, this
information (especially, speed) can be
processed for a wide range of additional
functions in the signal box in parallel with
track vacancy detection and be used in
additional features to the benefit of the
customer.



5 Perspectives

Future-safe and highly available wheel
sensor systems will be based on induc-
tive sensor systems with analogue out-
put signal. Decades of experience of
Frauscher Sensortechnik GmbH and
over sixty thousand installations world-
wide show that in the long term only this
technology will be able to meet the chal-
lenges arising from the interferences list-
ed in section 3.1. The increasing func-
tional demands are satisfied by differ-
ent evaluation boards featuring specif-
ic software evaluation algorithms. How-
ever, tapping the full potential will only
be possible if the core elements — sen-
sor and evaluation board — are optimally
tuned to each other.

These systems combined with opti-
mised rail claw mounting and plug-in
sensor cables meet all future require-
ments in regard to cost-effectiveness,
flexibility and optimal maintainability.

The possibility to transfer complex in-
formation that goes beyond wheel de-
tection, by means of serial interfaces of
evaluation boards to higher-level appli-
cations, opens up a wide range of func-
tional possibilities not yet used today,
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especially in highly integrated complex
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