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1. Introduction 

 dhesion level between railway wheelset is 

significantly important for secure running of bogie on 

rails. Low adhesive wear could cause poor traction and 

braking issues. Usually adhesion smaller than 0.07 

(µ>0.07) are of more concern to wheel spin and slip 

properties of wheelset. These problems lead to risks for 

passengers like less comfort and damage of wheels and 

rails. [2]. The braking performance and a good traction also 

alter with time and weather conditions because for a wet 

wheelset  friction level is much less as compared to dried 

one. A numerical analysis of friction between rail and 

wheel is shown in Table 1. Whereas Figure 1 shows 

traction/slip behavior w.r.t. adhesive conditions. Owing to 

all circumstances stated above play a substantial role in 

dynamics of wheel set. 

           Table.1 Numerical Data of Adhesive Co-efficients.   

Description Adhesive Co-efficient (µ) 

Dry 0.560 

Wet 0.320 

Low 0.072 

Very Low 0.038 

 
                    Figure.1. Tractions Condition [3] 

 

Problem: As we are surrounded by many nonlinear and 

linear systems notifying that for linear systems there are 

many classical algorithms to optimize but when it comes to 

nonlinear large scale control systems traditional techniques 

of linear & dynamic programming completely fail. Since, 

the research work involves an estimation, prediction and 

error analysis for wheelset dynamics a predictor-corrector 

algorithm named Extended Kalman Filter is used. The 

algorithm is very much efficient for systems with non-

linearity. Since, adhesive force is non-linear function of 

creep forces, mass of vehicle and frictional co-efficient; 

whereas intolerable creep is produced when applied tractive 

force exceeds allowable adhesive force during acceleration 

and deceleration [13].       
In this paper a research work is presented to achieve real 

time information concerned with lateral, longitudinal and 

yaw dynamics of a railway wheelset through Extended 

Kalman Filters (EKF). Parameters like inertial 

measurements, slip, yaw rate are weighed by sensors 

(accelerometer, gyroscopes & ultrasonic) mounted on 

wheels and accordingly creep forces are estimated for 

wheel/rail wear [4].  

2. Modelling Railway Wheelset. 

To implement Extended Kalman Filter on railway wheelset 

it is needed to know dynamics of wheelset in terms of all 

contact forces and their interaction with controlling 

skidding (slip). Wheelset is a crucial system that has many 

degree of freedoms (DOFs) it involves mainly normal and 

tangential contact forces for instance lateral & longitudinal 

creep forces. 

A 

Real Time Utilization of Extended Kalman 

Filter Design for Railway Wheelset Dynamics 

 

 

 

AN FILTER (EKF) DESIGN FOR RAILWAY 

WHEELSET DYNAMICS. 

ISSN (e) 2520-7393 

ISSN (p) 2521-5027 

Received on 17th Mar, 2018 

Revised on 27th Mar, 2018 

www.estirj.org 

Abstract: The technique proposed in this paper is to analyze yaw, longitudinal and lateral dynamics for Railway Wheelset Model. 

As there is a growing need of algorithms to estimate real time non-linear applications. The intricacy and nonlinear nature of the 
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2.1 Creeping Forces 

Creep is relative movement between rails and wheels in the 

direction of locomotives. The lateral displacement of 

wheelset in left and right wheel is givens as follows: 

                 ρx = 
𝑣′𝑤−𝑣′

𝑣′
                                            (1) 

Where v’w is linear velocity and illustrated by: 

               v’w= ωw ro                                            (2) 

Similarly, for right and left wheels 

           v’wL= ωwL[ ro+γ(y-yt)]                             (3) 

           v’wR= ωwR[ ro+γ(y-yt)]                              (4) 

Here r0 is radius of wheel, yt is the disturbance in lateral 

direction, γ is conicity of wheel and ωwL/ωwR are angular 

velocities of left/right wheel.  Yaw dynamics cannot be 

neglected so longitudinal creepages for right and left 

wheels will be: 

            𝜌xL = 
𝑟𝑜 𝜔𝑤𝐿

−𝑣

𝑣
                                        (5) 

            ρxR = 
𝑟𝑜 𝜔𝑤𝑅−𝑣

𝑣
                                        (6) 

Whereas Lateral creepages are given as:  

                   ρyL= 
𝑦

𝑣
 –ψ                                                              (7) 

                  ρyR= 
𝑦

𝑣
 –ψ                                                       (8) 

Here, ψ is the Yaw Movement. Thus, total creepage is 

given by: 

             ρx = √𝜌
𝑥𝐿

2 + 𝜌𝑥𝑅
2                                             (9) 

          ρy = √𝜌
𝑦𝐿

2 + 𝜌𝑦𝑅
2                                            (10) 

Depiction of longitudinal and lateral creep forces for right 

and left is as follows: 

          FiR= FR 

𝜌𝑖𝑅

𝜌𝑅
              i=x,y                                 (11) 

          FiL= FL 

𝜌𝑖𝐿

𝜌𝐿
               i=x,y                                 (12) 

For cases when slip is very low and co-efficient of friction 

is significantly high the creep forces can be stated in linear 

equations.  

               FxR= f11 ρxR                                                                     (13) 

                  FxL= f11 ρxL                                                                      (14) 

                  FyR= f22 ρyR                                                                      (15) 

                  FyL= f22 ρxl                                                                   (16) 

 

Whereas declared f11 and f22 are lateral and longitudinal 

creepage co-efficients. 

. 

 

 

 

 

 

 

 

            Figure.2. Wheelset Contact Creep Forces. 

2.2 Wheel Dynamics. 

As discussed above creep forces have essential role in 

wheelset dynamics. Normally a bogie has two wheelsets 

and an actuator on each wheelset, placed for proper traction 

control [5]. The vehicle is linked to the body via springs 

and dampers in lateral direction. Notify that in Figure 3 

dampers and springs are not shown in longitudinal direction 

whilst they are used for transmitting braking force and 

traction to chassis of vehicle.   

  
        Figure.3. Wheelset co-ordinates and dynamics [6]. 

In above figure, K1, K2 are spring constants, a, ro are half of 

track gauge and wheel radius, x, y, z are longitudinal, 

lateral and vertical displacement & ψ, ϕ, ϛ are yaw angle, 

roll angle and rotation angle of wheelset. Yaw motion is 

affected by longitudinal creep forces whereas lateral 

motion by lateral creep forces. The paper here is related to 

three motions i.e. yaw, lateral and longitudinal movements 

all other motions are neglected. Dynamics of wheelset can 

further be analyzed by observing Figure 4 that illustrates 

different situations when wheelset moves on track/rail. 

 
           Figure.4. Movements of Wheelset on Rail.  

The depicted four movements of railway wheelset and the 

observed three motions are described below [7] [6].  

            y = y’       y = 0         y = - y’        y = 0 

            φ = φ’     φ = 0       φ = - φ’      φ = 0 

           ψ= 0        ψ= -ψ’      ψ= 0           ψ = ψ’ 



M.F. SHAIKH et al: REAL TIME UTILIZATION OF EXTENDED KALMAN FILTER (EKF) DESIGN FOR RAILWAY WHEELSET ……   

  

Copyright ©2017 ESTIRJ-VOL.2, NO.1 (14-20) 

 

16 





















































w

g

w

w

wo

g

w

go

w

go

ww

v

o

v

o

L

go

RR

s

L

o

w

go

RR

s

R

o

vI

fL

I

k

Ir

fL

vI

fLr

vI

fLr

m

f

m

f

vM

fr

vM

fr

vI

fLr

I

f

I

k

vI

fr

vI

fLr

I

f

I

k

vI

fr

11

2

111111

2222

1111

111111

2

111111

2

2
0

2
00

0
22

00000

10000000

01000000

000000

00000011

0000

0000







A kinematic behavior of wheelset oscillations can be easily 

noticed. Where y’, φ’, ψ’ are amplitudes of oscillations in 

lateral, yaw and roll directions.   

3. Mathematical Calculations. 

Since the calculation here involve dynamics of railway 

wheelset and all factors discussed above are given a shape 

of matrix equation in this section so as to execute them on 

MATLAB-Simulink. Extended Kalman Filter (EKF) 

Estimation here is based on two wheelset models one with 

large creep forces and other with smaller. 

3.1 Wheelset Mathematical Equations. 

Longitudinal creep forces on left and right wheels are 

involved in longitudinal motions  

          Mv = FxR + FxL                                                                                      (17) 

Although difference between longitudinal creep force 

affects yaw motion and vice versa for lateral dynamics. 

Lateral and yaw motions can be describes from equations 

below 

          mw y = -FyR - FyL + Fc      (18) 

          Iw ψ = FxRLg - FxLg - kw ψ     (19) 

Fc is centrifugal force on round track, Iw is moment of 

inertia (yaw) and kw is spring stiffness. Also equations 

given under for left and right wheel traction Tt is traction 

torque, Ts is torsional torque & TL, TR are tractive torques 

for left and right wheels.   

       IR ωR = Tt - Ts -TR                                                                                  (20) 

           IL ωL =Ts – TL                                                                                           (21) 

Shaft torsional torque is difference between angular 

velocities as given below 

    Ts = ks∫(𝜔𝑅 −  𝜔𝐿)𝑑𝑡 + 𝐶𝑠(𝜔𝑅 − 𝜔𝐿)                      (22) 

Where Cs is shaft damping usually ignored being very 

small. The state variables can be chosen as   

 x = [ ωR  ωL  ϴS  x’  y  ψ  y’  ψ’ ]                                 (23) 

where ϴS = ∫(𝜔𝑅 −  𝜔𝐿)𝑑𝑡 so system based on linear creep 

forces in equations  (13) to (16) can be described as given 

below [9]:  
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Equation (24) is a mathematical model small signal creep 

forces the system shown below in equation (29) is second 

estimation model for large signal creep forces. 

            ΔFxL = g11 Δ𝜌xL + g12 Δ𝜌yL                                  (25) 

            ΔFyR = g11 Δ𝜌xR + g12 Δ𝜌yR         (26) 

            ΔFyR = g21 Δ𝜌yR + g22 Δ𝜌yR                                                    (27) 

            ΔFyL = g21 Δ𝜌yL + g22 Δ𝜌yL                                                     (28) 

After some calculation state matrix becomes 
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 3.2 Extended Kalman Filter Mathematical Equations. 

An advanced version of Kalman Filter predictor- corrector 

algorithm is Extended Kalman Filter that is widely used in































'

'

'

R











y

y

x

S

L








































wo

g

L

R

Ir

fL

I

f

I

f

11

11

11

2
0

0

0

0

0















































0

0

0

0

2
0

11

110

11

v

L

R

o

M

f

I

fr

I

fr



M.F. SHAIKH et al: REAL TIME UTILIZATION OF EXTENDED KALMAN FILTER (EKF) DESIGN FOR RAILWAY WHEELSET ……   

  

Copyright ©2017 ESTIRJ-VOL.2, NO.1 (14-20) 

 

17 

many control engineering applications for evaluation of 

unmeasured process states. Kalman filters are normally 

used for linear process estimation whereas Unscented 

Kalman Filter (UKF) for application with high non-

linearity; since we are considering here a wheelset slip with 

low non linearity therefore using Extended Kalman Filter 

[12]. The method first linearizes the dynamics with Jacobi 

method and then predicts states to update them in 

accordance with actual values. [1][8]. EKF is a 

probabilistic observer that takes the noise into account 

during measurement of data from sensors mounted. The 

algorithm is executed in two steps; firstly, most current 

states are predicted along with error covariance w.r.t error 

calculated before. Secondly, correction in predicted states 

is done if recent calculations are better comparison to 

actual values then updating of states is done otherwise it 

remains same [1]. As we cannot use the wheelset dynamics 

directly to EKF for its non-linear behavior Jacobi method 

to linearize the system is defined as:  

  
), ,(

^

kux
k

kkx

f
F




          

), ,(
^

kux
k

kkx

g
G




                (30) 

The predictor/estimator stage is illustrated by:  

1111

^

1

^

'   kkkkkk wuGxFx                                (31) 

1111 ''   k

T

kkkk QFPFP                                         (32) 

Similarly, corrector step is given by calculating the kalman 

gain, correcting the prediction and updating covariance as 

given below via equations.  

1

11 )'(' 

  k

T

kkk

T

kkk RHPHHPK                      (33) 

)(
^

1

^

1

^

  kkkkk xHyKxx                                    (34) 

1')('  kkkk PHKIP                                               (35) 

Where k is current state and k-1 previous state. Table 2 

shows description of notations.  

            Table.2. Description of Notations in EKF.   

Description Notation 

^

x  State Vector 

Y Output Vector 

U Control Matrix 

w’ Predicted Noise Matrix 

F System Matrix 

G          Adaptation Matrix 

H Observation Matrix 

P Error Co-variance Matrix  

R 
Measurement (Sensor) 

Noise Co-variance. 

Q 
Noise Co-variance matrix 

(Process). 

It can be observed above that kalman gain in equation (33) 

weighs the predicted measurements and correspondingly 

updates current states. In following sections it is shown 

how the mathematical model estimates system dynamic 

states via sensor inputs by using MATLAB-Simulink.    

4. Simulations and Results.  

The simulation here is based on two model estimators to 

evaluate wheelset rail dynamics because traction conditions 

change with adhesive co-efficient [10][11]. Simulink based 

model is shown in Figure 5 the design is executed for two 

situations maximum adhesion and minimum adhesion w.r.t 

creep forces. Estimator 1 calculates dynamics at lower 

creep co-efficients whereas Estimator 2 at higher creep co-

efficients. 

 

                      Figure.5. Simulink Model based Estimator. 

Also the Simulink model for railways wheelset as per 

equation (24) is given in Figure.6. The green blocks in 

design are addition of noise in process (Q) and 

measurement (R). 
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        Figure.6. Simulink Model Railway Wheelset. 

The simulations results shown below are executed with 

different creep coefficients for model estimator 1 f11=1E6 

and f12=f11, on the other hand for model estimator 2 

g11=6E6, g22 = g11, g12 = 1.37E6 and g21= g12. 

 

 

 

 

 

 

 

 

                 Figure.7. Wheelset Yaw Movement. 

 

                

 

 

 

 

 

 

              

              Figure.8. Wheelset Longitudinal Movement. 

 
                  Figure.9. Wheelset Lateral velocity. 

It is to notify from above figures 7, 8 and 9 that model 2 

gives best estimations of yaw, longitudinal and lateral 

motions in comparison to model 1. Since, model 2 is tuned 

on higher creep co-efficient (g11, g22, g12 and g21) or at 

minimum adhesion level thus has greater error as illustrated 

in Figure 10.  

 
                Figure.10. Wheelset Dynamics Error Analysis. 

Obviously, we have tuned model 2 with greater creep 

forces than model 1 so as to examine wheelset dynamics 

with different traction conditions.  The creep forces can be 

analyzed from Figure 11 which clearly depicts that model 2 

has greater longitudinal and lateral creep forces than model 

1. In last, it can be stated that for a good traction (adhesion) 

and wheelset wear, creepage should be maintained at lower 

rate to avoid any hazardous situation. 
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            Figure.11. Longitudinal & Lateral Creep Forces. 

All simulation results are taken through following 

parameter values as in Table 3. 

                         Table.3. Parameters Values.  

Quantities Value 

Vehicle Mass (Mv) 15000 kg 

Forward Velocity (v) 20m/s 

Right wheel Inertia (IR)  134.3 Kgm2 

Left wheel Inertia  (IL)  63.9 Kgm2 

Wheel Radius (ro) 0.5m 

Conicity (γ) 0.15 rad 

Wheelset mass (mw) 1250 Kg 

Yaw stiffness (kw) 2.5E6 N/rad 

Torsional stiffness (ks) 6063260 N/m 

Curve radius(Ro) 100m 

Half Guage( Lg) 0.75m 

Wheelset Moment of Inertia(Iw) 700kgm2 

 5. Conclusion 

The research work presented has successfully estimated 

three motions i.e. yaw, longitudinal and lateral along with 

evaluating errors and information concerned to contact 

creeping forces. Real time prediction of rail wheel contact 

is essential for continuous traction and preventing 

hazardous accidental situations. Simulation results, confirm 

that lower the creepage better will be wheelset assessments 

regarding actual positions. The work is cost-effective as 

despite of using expensive and supplementary sensors for 

measurement, results are simulated by taking into account 

all necessary environmental parameters. Lastly, proposed 

work is to be implemented on FPGA for more effective 

analysis in future.        
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