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Sławomir DuDA

NUMERICAL MODELING AND SIMULATING THE DYNAMIC INTERACTIONS 
WITHIN THE DRIVE SYSTEM OF ELECTRIC RAIL VEHICLES

MODELOWANIE I SYMULACJA NUMERYCZNA ODDZIAŁYWAŃ DYNAMICZNYCH 
W UKŁADZIE NAPĘDOWYM ELEKTRYCZNYCH POJAZDÓW SZYNOWYCH*

This paper shows the methodology that can be used to study the dynamic phenomena occurring in rail vehicle drive systems by 
taking into account its actual seating. The studies are performed by providing a detailed description of electromagnetic phenom-
ena found in drive motors and contact phenomena at the interface between the wheel and rail. Forces determined based on the 
models below constitute the load of a rail vehicle drive system. The mathematical model of the motor has been implemented in 
Matlab/Simulink software and coupled with the vehicle model developed in the Simmechanics application. These models make it 
possible to determine the load of drive system for various vehicle dynamic states (startup, steady-state operation) depending on 
the locomotive load.
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W niniejszej pracy przedstawiono metodologię, która może być zastosowana do badania zjawisk dynamicznych w układach napę-
dowych pojazdów szynowych z uwzględnieniem rzeczywistego ich osadzenia. Badania są realizowane przy szczegółowym opisie 
zjawisk elektromagnetycznych w silnikach napędowych oraz zjawisk kontaktowych na styku współpracy koła z szyną. Wyznaczone 
z powyższych modeli siły stanowią obciążenie układu napędowego pojazdu szynowego. Sformułowany model matematyczny silni-
ka zaimplementowano w programie Matlab/Simulink i sprzężono go z modelem pojazdu opracowanym w programie Simmecha-
nics. Modele te umożliwiają na wyznaczenie obciążenia układu napędowego, dla różnych stanów dynamicznych pojazdu (rozruch, 
praca ustalona) w zależności od obciążenia lokomotywy.

Słowa kluczowe: pojazd szynowy, elektromechaniczny układ napędowy.

1. Introduction

In many contemporary mechanical systems the structural deform-
ability plays a key role. The numerical approach to analyzing the kine-
matics and dynamics of deformable multi-member systems originates 
from classical methods described in literature [2, 3]. Their common 
feature is the assumption that the absolute motion of any mechanism 
component is decomposed into the basic motion of components su-
perimposed by small elastic deformations. It signifies that in the case 
of elastic deformations the lack of their influence on the system mo-
tion is assumed, while internal forces, resulting from this motion, play 
a key role in creating the deformations of individual mechanism com-
ponents. Therefore the analysis of multibody system of rigid bodies 
is used to examine the internal forces introduced as external forces to 
solve the problem of component deformation. The main limitation of 
this approach is the necessity to assume the linearity of deformations, 
which eliminates significant non-linear effects from analysis results.

In the past, many papers on modeling rail vehicle drive systems, 
were based on the assumption that the system consisted of rigid bod-
ies or that the elastic deformations generated as a result of dynamic 
interactions had little importance or were just negligible. 

Investigating the dynamic phenomena of rail vehicle drive sys-
tems when not including the very vehicle leads to oversimplification. 
The load of drive system is very complex. On the one hand, there 
are forces coming from the electric motor constituting the drive of 
the vehicle, and being also, in some locomotive models, electrically 
coupled with the drives of remaining axles; on the other hand, there 
are forces coming from the interaction between the wheel and the rail. 

These forces are determined by the travel of the very vehicle, and 
this vehicle movement results from the application of these forces. It 
is undoubtedly the coupling between the drive system dynamics and 
the vehicle dynamics that makes it necessary to take into account the 
real seating of rail vehicle drive system in the body constituting the 
vehicle chassis.

2. Modeling the drive system of an electric locomotive

Modeling the dynamics of machine or vehicle drive systems is 
especially significant for receiving information on dynamic phenom-
ena, such as start-up or braking. The model of drive system and power 
transmission from the driving motor to wheels should take into ac-
count the dynamic analysis performed. In high power systems, it is 
important to develop a model that would describe transverse-torsional 
vibrations. It allows us to include the transverse rigidity of drive sys-
tem components, as well as the rigidity and slackness of bearings.

One of the methods for constructing a physical model used to 
study the dynamics of machine drive systems is the so-called hybrid 
method [9], constantly developed by the employees of the Department 
of Theoretical and Applied Mechanics of the Silesian University of 
Technology in Gliwice. It consists in representing a real system using 
rigid and finite elements. In this method components featuring a clear 
flexibility, including long shafts, are modeled by using a two-node 
beam element, and the disks of the teethed wheels or e.g. clutches 
as rigid elements. Individual drive system components, constituting 
subsystems, are connected by a proper kinematic pair modeling the 
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assumed relative motion of elements connected by this pair. In ad-
dition, individual subsystems can interact with each other by forces 
or torques resulting from the action of force generation components, 
e.g. a spring or a damper (a leaf spring or shock absorber), a force 
resulting from the deformations of flexible components (deflection 
of a toothed wheel in the toothed gear, deflection of bearing rolling 
components). Proper models for a toothed gear used to construct the 
physical model of the drive system of the rail vehicle under analysis 
have been described in papers [9].

A dynamic equation for the drive system motion in the matrix 
method can be expressed in the following form: 

 ( ) ( ) ( )t t t+ + =Mq Bq Kq f   (1)

 q = [ ] , , , , , , ,u v wi i i i i iψ ϑ ϕ Τ
 (2)

where: M, B, K – are, respectively, the matrices of inertia, damping 
and rigidity, f – column matrix for generalized forces.

The above-presented approach to modeling drive systems assumes 
system motion described in generalized coordinates with holonomic 
constraints. This model makes it possible to analyze the transverse-
torsional vibrations of rail vehicle drive system forced by operating 
conditions. Active forces applied on the system result from driving 
torque and contact torques generated as a result of interactions be-
tween the wheel and rail. In this case numerical calculations for the 
drive system model are performed separately for the whole vehicle 
model, assuming that the elastic deformations of drive system do not 
affect the vehicle travel, while contact forces (wheel – rail interface), 
resulting from this travel play a key role in generating deformations 
in individual drive system components. This method can be especially 
useful for analyzing torsional vibrations.

Another solution for the analysis of drive system dynamics is 
to build a model based on the multibody system formalism. Then, 
the drive system model and the vehicle model constitute an integral 
whole. However, it results in creating a complex, multiple-free-of-
freedom model, generating considerable calculation costs.

3. Modeling an electric rail vehicle

Studying the dynamic phenomena in complex electro-mechanical 
systems requires adopting a physical model of the real object under 
analysis, representing its most significant features and phenomena, 
required from the point of view of dynamics analysis performed. This 
model frequently constitutes a compromise between the accuracy in 
object representation and the complexity of describing phenomena 
occurring in this object, thus affecting the credibility of the solution 
obtained, duration of simulation, and in extreme cases, the opportu-
nity to obtain any solution. In the case of electromechanical systems, 
the drive parts – both mechanical and electrical – are mutually cou-
pled dynamic systems. To analyze dynamic phenomena, especially 
in unstable conditions, it is necessary to use the model allowing for 
implementing an electro-mechanical feedback [5].

The electromagnetic and mechanical systems of the electric rail 
vehicle powertrain couple mutually through electromagnetic torque 
(Me) and angular rotor velocity (ω). Because of the rail vehicle sys-
tem presented in Fig. 2, an analysis of dynamics in railway vehicles 
and the driving system coupled with it must take into account the 
analysis of electromagnetic and mechanical systems.

Fig. 1. A) CAD model of the driving system, B) Physical model of a railway 
vehicle with the use of hybrid method (Lumped-Parameter Method, 
Finite-Element Method)

A)

B)

Fig. 2. Structure of a driving system
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Taking into account the unique character of the solution for the 
electric locomotive driving system (type of its electric motor, number 
of motors and the configuration of their connections), further down the 
paper presents an electromagnetic model of the locomotive chosen for 
further analysis. For this purpose electric locomotive type EU07 has 
been chosen [1]. In spite of being aware that this is a bit obsolete loco-
motive, this one was chosen because of easy access to construction doc-
umentation making it possible to model this vehicle in a virtual space 
to determine the basic features of the vehicle, including its weight and 
moment of inertia, necessary to build a mechanical system model. 

In their operation mode the traction motors of the EU07 loco-
motive operate in two configurations. During start-up four motors 
are connected in series; then, to increase the voltage the motors are 
switched over to a parallel circuit, two motors per branch. A serial 
locomotive motor connection was analyzed.

A substitute schematic diagram for motor circuits connected in 
series has been adopted for the need of modeling (Fig. 3). 

For the above-adopted schematic diagram, voltage equations for 
circuits and physical connections were formulated [1]. Individual sym-
bols presented in Fig. 3. have the following meaning: It – traction motor 
armature current, Isz12, Isz34 – currents conducted by excitation windings 
in motors S1, S2 and S3, S4, kEi – machine constants, φni – streams at 
normal excitation, f(Iszi) – relative non-linear magnetizing characteris-
tics (Fig. 4), Rti – armature resistances, Rb12, Rb34 – shunt resistances for 
excitation winding, Rszi – serial circuit resistances, RD – total of addi-
tional resistances, Lszi, Lt – inductance for excitation windings, ωi – ro-
tor angular velocities, eri – voltages induced in armature circuits.

As a result of analyzing the construction form of a rail vehicle, a 
physical model of the vehicle has been created in the form of a multi-
rigid-body (Fig. 5) system mutually coupled with proper kinematic 
pairs and elastic and damping components, and then its interpretation 
in SimMechanics application was obtained. The necessary parameters 
describing a model, including weights, moments of inertia and dimen-
sions determining the position of kinematic pairs were obtained from 
a 3D model, created by using the Autodesk Inventor software. Re-
maining parameters, i.e. rigidity and suspension components damping 
for the first and second unsprung mass reduction, were obtained in the 
documentation submitted by the Zakłady Naprawcze Lokomotyw Ele-
ktrycznych (Electric Locomotive Repair Plant) in Gliwice, Poland.

Studying the dynamics of electric rail vehicles requires creating 
three intercoupled models: a vehicle model including drive system 

models, a rail model, and a model for the wheel 
– rail interface. At the first stage of rail vehi-
cle modeling process, during its travel on the 
railway track the subsystem models are built 
separately. Then, the models are interconnected 
to make a complete system. This method was 
implemented in proprietary software created in 
the Matlab environment. The calculation algo-
rithm used to analyze the rail vehicle travel on 
any railway track is presented in the form of a 
schematic diagram in Fig. 6.

The presented algorithm used to develop the computer program 
for analyzing the rail vehicle travel dynamics on any railway track can 
be expressed in a few steps [4, 6, 7, 8]:

Assuming initial conditions for generalized coordinates • q t0( )  

and generalized velocities q t0( ) , as well as determining ini-

tial surface parameter values s tr
0( ) , u tr

0( ) , s tw
0( )  i 

u tw
0( )  related to a specific wheel-rail pair;

Solving a non-linear equation system to obtain the surface pa-• 
rameters that determine the contact point coordinates related to 
a specific wheel - rail pair;
Calculating normal forces during the contact that are gener-• 
ated as a result of the wheel-rail interaction and depend on the 
contact surface size;

Fig. 3. Assumed substitute diagram of series connected electric motors for 
switching program of contactors 0÷27

Fig. 4. Relative magnetizing characteristic

Fig. 5. Physical model of the vehicle under consideration

Fig. 6. Calculation algorithm used to analyze the rail vehicle travel dynam-
ics on any railway track
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Fig. 7. Travel program

Fig. 9. Course of changes in the electric current of the stator in the auxiliary 
circuit of motor connections in a serial system as a function of time

Fig. 11. Displacement of the first wheelset center of mass as a function of 
time

Fig. 12. Longitudinal force at the point of contact of the rail with the left wheel 
of the first wheelset as a function of time

Fig. 13. Lateral force at the point of contact of the rail with the left wheel of 
the first wheelset as a function of time

Fig. 14. Traction torque at the point of contact of the rail with the left wheel of 
the first wheelset as a function of time

Fig. 8. Velocity of the first wheelset center of mass as a function of time

Fig. 10. Course of variations in an electromagnetic torque on the S1 motor as 
a function of time
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Calculating micro slides, tangent micro slides and spin mo-• 
ments generated as a result of the wheel-rail interaction;
Determining the drive torques for each axle of the wheelset • 
separately,
Adding the forces and torques occurring in the contact, related • 
to each wheel, as well as adding drive torques to the vector of 
external forces acting on the system. Using the multi-member 
system formalism to obtain a solution, new generalized system 
positions and velocities for subsequent time step t t+ ∆ ;
Updating the system for another moment by adopting initial • 
data from the previous step to determine non-generalized sur-
faces related to each wheel-rail pair;
Continuing the whole process for a new time step until final • 
time for the analysis performed is obtained.

Studies have been performed using the adequate models of:
The vehicle developed based on the multi-member system for-• 
malism in the Matlab/SimMechanics software,
Discreet dynamic models for the electromechanical drive sys-• 
tem, developed by using the Matlab/SimMechanics software 
and the Matlab application script,
Electric motor connections constituting the rail vehicle drive • 
system developed by using the Matlab/Simulink software,
The wheel-rail contact, used to determine the support and • 
guide forces developed by using the proprietary script package 
from the Matlab software.

4. Numerical simulation of a rail vehicle travel and dy-
namic interactions in drive system kinematic pairs

As a result of numerical calculations performed, the curves of 
changes in drive system parameters, displacements, vehicle velocities 
as well as contact forces and torques for the travel program presented 
in Fig. 7 (contactor switch over for connecting motors in serial mode) 
are obtained.

For the case under analysis, in the case of the straight-line start-up 
of a rail vehicle, the examples of curves for the changes of torsional 

torque in selected kinematic pairs, Fig. 15 – between the large and 
small toothed wheels (SES1 – SES2, Fig. 1), Fig. 16 – between the 
modeling element for the wheelset and the cross joint (SES8 – SES11, 
Fig. 1) are presented. As shown in Figures presented (Fig. 15 and 16), 
the external load has a significant impact on the vibration profile of 
the signal.

5. Final conclusions

Each mechanism has its operating life. Therefore, for economic 
reasons it is important to properly determine the dates of overhauls 
or just for routine periodic inspections. It can be obtained by having a 
thorough knowledge of dynamic phenomena occurring in the system 
under analysis, by applying numerical simulations performed on the 
adequate vehicle model. One of the most susceptible to wear and tear 
and important part of a rail vehicle is its drive system.

Using the methods of numerical modeling and simulation to pro-
vide dynamic analyses in the kinematic pairs of electric rail vehicle 
makes it possible to identify the state of loads for system components 
under different operating conditions and it can constitute a basis for 
forming vehicle traction characteristics effectively. Such studies can 
be successfully used both to modify the existing objects and to assist 
the design-construction process for the prototypes of new vehicles.

The developed vehicle model, in the form of an electro-mechan-
ical system including dedicated programs used to determine vehicle 
support and guiding forces, makes it possible to obtain:

the curves of kinematic parameter changes at selected model • 
points (for displacements, velocity and acceleration values), 
mutual interaction forces in individual kinematic pairs and the 
wheel-rail interface; 
point of interface between the wheel and rail (separately for its • 
rolling part and flange), the dimensions of contact ellipses on the 
rail and wheel surface, including the places where they occur.

The presented results for computer simulations allow us additionally 
to come to the conclusion that the algorithms developed are general in 
their character and can be successfully used to determine the construc-
tional features of similarly constructed electro-mechanical systems.

Fig. 15. Torque in the selected pair of the driving system Fig. 16. Torque in the selected pair of the driving system
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