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ABSTRACT

Condition changesat therail surfaceduetothefallen treeleavesand/or other contaminationscan cause
thelow adhesion levelswhich present a seriouschallengefor thetraction/braking control systemsto
avoid the problem of wheel dlip/dide. This paper presents a multiple model based method for the
identification of theadhesion limit to over cometheproblem of thewhed dip/didein poor contact conditions.
Theproposed schemeisan indirect method that exploitsthedynamic propertiesof the conventional solid
axlewhed set in responseto changesin contact condition at thewhed-rail interfaceavoiding difficult and
expensive measurement requirements. A nonlinear mode of later al and yaw dynamicsof a conventional
solid axlewhed set isused for thestudy. Thenon-linearity and changesin theinter action with therail are
modelled by using a set of non-linear creep/dip curves. Theschemeconsistsof abank of Kalman filters
based on thelinearized wheelset models. Each Kalman filter in thefilter bank isoptimally tuned to
operatein aspecific contact condition. Normalized r oot mean squar evaluesfrom theresidual of each
filter calculated using time moving windows ar e assessed to identify the operating condition of the

whedl set.
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1 INTRODUCTION

hetraction and braking performance of therailway

vehicle is governed by the contact forces

generated at the wheel rail interface. These
contact forces are anon-linear function of the creepages
and vary substantially when the conditions of the rail
surfaces change due to the contaminations. The overall
adhesion can therefore becomes very low which results
in wheel dlip/slide. The wheel Slip/Slide is a highly
undesirable phenomenon that causesthe mechanical parts
towear down quickly affectsthe stability and leadsto the
inconsistent traction performance causing problems in
train scheduling.

Whed Rail Contact, Estimation, Kalman Filters, Fuzzy L ogic.

In order to avoid the wheel dip/dlide various different
techniques have been used in past [1] presented a
conventional technique of controlling thewheel dlip based
on the measurement of the relative speed between the
wheel and the train which was supplemented with the
control of the wheel acceleration. Also hybrid anti-dlip
methods which are also based on the relative speed
measurement are proposed [ 2-3]. These controllersrequire
an accurate measurement of thetrain and wheel rotational
speeds that makes it difficult to obtain the optimal
performance. Another method based on disturbance
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observers are proposed to detect the dlip conditions[2,4].
These controllersdo not require direct speed measurement
rather the adhesion coefficient is estimated by using the
information of rotor speed and the torque current but the
performances of the anti-slip schemes based on a
disturbance observer are to a large extent affected by
noises in the system which can be very substantial in the
wheel-rail contact environment [5] proposes an indirect
technique that exploits the wheel set dynamicsto develop
whesl dlip protection.

The real time information about the maximum adhesion
available as atrain travel s through a track would help to
tackle the problem of the wheel slip/slide. The provision
of the tractive effort in either traction or braking could
then be optimised to make the most out of the wheel-rail
contact conditions.

This paper is an extension of an ongoing research that
uses the multiple model based estimation approach for
the identification of the contact conditions [6-8]. In a
previous study, the residual of estimated states were
examined to determine the operating condition. In this
paper a fuzzy logic based identification method is
developed to determine the contact condition.

2. WHEELSET MODELLING

A solid axlerailway wheel set (Fig. 1) with both thewheels
fixed with the axleis used for this study. Both thewheels
have profiled tread with the conicity y. This coned tread
provides anatural feedback (dueto the differencein the
rolling radius) for the wheelset to adjust itself on the
centre position whenitisslightly displaced laterally. The
motions of the wheelset are governed by the nonlinear
creep forces generated at the wheel rail contact patchin
the lateral and longitudinal directions. Creep is said to
exist when the railway wheels deviate from purerolling
and can be described as the relative motion of wheelsto
the rails given in Equations (1-3). Delivery of tractive
effort in traction and braking isachieved vialongitudinal

creep.
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FIG 1. RAILWAY WHEELSET
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In Equations (1-3) the subscript L ,R are used for left and
right wheels respectively, x and y are used to indicate
the longitudinal and lateral directions, and vy, , ¥,z Ty
and Y, are creepages in the longitudinal and lateral
directionsfor left and right wheels. y, and y, areangular
speeds of right and left wheels respectively, v is yaw
angle, y islateral motion, L, isthe half track gauge, v is
forward speed of the vehicle, y isconicity of wheel andr,
istheradius of wheel whenitisat centre position andy,
is disturbance applied by track in lateral direction. The
total creep at any point on the creep curve is given by
Equations (4-5):

2 2
A=A+ AL @
2 2
AR = ART AR ®)
21  Simplified Model

Only lateral and yaw dynamics are found to be sufficient
toidentify thetrack condition [8]. Thesimplified equations
of longitudinal creep for the left and the right wheel are
givenin Equations (6-7):
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The yaw angle is the result of the difference in the

longitudinal creep forces between the two wheelsand the

lateral dynamicsaredetermined by thetotal creep force of
the two wheelsin the lateral direction. The relationship
for thelateral and the yaw motions of therailway wheel set
aregivenin Equations (8-9).

myy=-fyr =Ty +Fc ®

Where m is the wheelset mass, F_is the centrifugal
component of the force and can beignored if the wheel set
is not running on the curved track, | isthe yav moment
of inertiaand k,, is the yaw stiffness of a spring used to
stabilise the wheelset. fyL, fyR, f,andf _ are the creep
forces of left and right wheels in lateral and longitudinal

directions.

The cregpforcesin Equation (8-9) arewidely recognised to
present the non-linear characteristicsasafunction of creep
asshowninFig. 2. Thecreep curveshownin Fig. 2 represent
good contact condition is obtained using Polach model [9].
In normal running conditions where the creep issmall, the
contact forces provide a damping effort to the dynamic
modes of awheelset and arevery useful in stabilising those
modes. Asthe cregpincreases, dueto application of tractive
effort, the contact forces can operatein the second (or non-
linear) region where the rate of change of the creep forces
and associated damping effect is much lower. However,
when the creep is beyond the point of maximum adhesion
(um) availableat thewheel-rail interface and entersthedip
or unstable region, the contact forces will then become a
destabilising element, which not only causethewell known
problem of wheel dip (intraction) or slide (in braking) but
also can cause other undesirable mechanical oscillationsin
thewheelset [6].
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3. KALMAN FILTER DESIGN

Kaman filter isauseful tool to estimate the parameters
of a linear stochastic process with unknown
disturbances, such as the railway wheelset with
unknown track disturbance, with some knowledge of
the process output and the model. As it works well
when the system is linear the nonlinear creep forces
are linearized at specific point on the creep curve (A,
u,) asshownin Equation (10) [7]. Thederivativeterms
represent the slope on the creep curve at the point of

linearization which is simplified and represented by

gll and g12'
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FIG. 2. ADHESION COEFFICIENT VARIATION

All the creep forces are linearized in the similar way and
the linearized small signal model of the lateral and yaw
dynamics of the railway wheelset isobtained in Equation
(12).
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Thismodel isvalid only at specific operating point on the
creep curve and best estimation results may be obtained
when the wheel set is operated in the vicinity of the point
whereitislinearized. Equation (12) givesusideahow the
dynamics of the wheelset are affected when operating
point of the wheelset (i.e. g, and g,,) ischanged. Table 1
summerized the values of parameters used during the
simulations. With the changein operating point linearized
creep coefficients g, and g,, aso change, which as a
result changes the system dynamics.

TABLE 1. PARAMETER VALUES

Parameter Description Value
| Yaw Moment of Inertia of 700
w the Wheelset (kgm?)

r Rolling Radius‘ qf the Wheels 0.5

° at Centre Position (meters)

Yw Conicity of the Wheel Tread (radians) 0.15
L, Track Half Gauge (meters) 0.75
m, Mass of the Wheelset (kg) 1250
K, Yaw Stiffness (N/rad) 5x10°
I Right Wheel Moment of Inertia (kgm?) | 68.2
I Right Wheel Moment of Inertia (kgm?) | 133.2
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3.1 Kalman Filter Formulation

Thewheel set dynamics are excited by the unknown track
disturbance. In order to obtain a good estimation results
the unknown track disturbance is treated as part of the
state vector as shown in the Equation (13), where it is
assumed that Ay; = —0.001+ y; .

0 0 1 0 0
29 29
Ay 922 2922 0 0 0
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; Ay = Ky o 2'-9911 o 2Lg7gll
Ay - - -
| vl Iyl
w w o'w
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Ay 0 (13)
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Ay +| 0 |Ayg
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Two sensors (A gyro sensor for the yaw rate measurement
and an accelerometer for the lateral acceleration
measurement) asindicated in Equation (14) (v isavector
representing noiselevel of the sensorswith the covariance
R) appear to be sufficient for the Kalman filter to provide
satisfying estimation resullts.

Ay
0 0 100 Ay
zZ(t) = @ _ @ 000 Ay +V
My VMy Ay (14)
Ay — Ay;

Fig. 3 showsthe multiple Kalman filter based estimators.
Each Kaman filter design is based on the small signal
model linearized at specific point on the creep curve. The
Kaman filters are optimally tuned by selecting optimal
value of covariance matrix R.

The compl ete proposed scheme is shown in the Fig. 4.
Only threefilters are used here to show the potential of

the research. The three chosen operating points are
showninFig. 2asP, (Linear Region of the Creep Curve),
P, (Maximum Point of the creep curve where rate of
change of creep forceis zero) and P, (Unstable Region).
Filter-1, Filter-2 and Filter-3 are designed to operate at
these points respectively. The tuning of filters is done
by trial and error method. At any specific operating point
filter tuning parameters are varied until the estimation
error at that point islowest. The choice of linearization
points is based on the variation of the adhesion
coefficient with respect to creep. The creep curve is
divided into three segments (i.e. Linear, nonlinear and
unstable) therefore one operating point chosen in each
segment. Number of Kalman filterscan beincreased easily
toincludeall possible contact conditions. The normalized
values of the residuals of estimated states are then
calculated with moving time window of one second
(Equation (15)). Normalized values of residuals of lateral
acceleration are shown in Figs. 5-7 when the wheel set
was operated at P,, P, and P, respectively. Error-1, Error-
2 and Error-3 arethe errors produced by Filter-1, Filter-2
and Filter-3 respectively.
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FIG. 3. MULTIPLE MODEL BASED ESTIMATION [8]
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The results show when the wheelset is operated
around apoint where the any specificfilter isoptimally
tuned to operate the respectivefilter has minimum error
around that point also the amount of error isincreased
or decreased depending upon how far the wheelset is
operating from that point. This provides an excellent
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FIG. 4. CONTACT CONDITION IDENTIFICATION SCHEME
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opportunity to develop a fuzzy logic based
identification system based on these results as shown
inFig. 8.

The normalized values of the residuals are fed to the
fuzzy logic system with specific membership function
which associates a weighting with each of the input
that are processed. The weighting function determines
the amount of participation of each input in the
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producing the output. The rules use the input
membership val ues as weighting factors to determine
their influence on the output. Output is produced in
terms of the probability of the operating point near to
P,, P, and P,. Fig. 9 is an example out of the system
when the wheel set was operated in the vicinity of P,.
The fuzzy output indicates 90% probability of
operating point is around P,. The simulation was
carried out at various different operating points and
the results showed excellent agreement with the

theory.
4. CONCLUSION

The good delivery of the tractive effort in the traction
and braking can be achieved through the real time
knowledge of the contact condition. This research

proposes a novel technique to identify the contact

Error-1

Error-2 ¥ Output

Error-3

FIG 8. FUZZY LOGIC BASED IDENTIFICATION SYSTEM
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FIG. 9. OUTPUT MEMBERSHIP FUNCTION

condition by investigating the changes in the
dynamic properties of the wheel set asthe train travel
through the track. The proposed scheme indirectly
identifies the contact condition with minimum
measurement requirement. The results presented
show the satisfactory performance. However, the
simulation is carried out using only one creep curve
representing good/dry contact condition with small
changesin the creep dueto application of the tractive
torque. Further research is been carried out to validate
thismodel on different creep curves representing low
adhesion conditions with large changes in the creep
forces.
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