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MODELLING OF DYNAMIC ASPECTS OF OPERATION IN
RAILWAY VEHICLE TRACTION DRIVE SYSTEM INCLUDING
THE ELECTROMECHANICAL COUPLING

Summary. In this paper, the influence of electromechanical interaction in an
electric motor on the railway vehicle driving system dynamics was investigated.
This is the train driven by DC. In particular, there is considered influence of
electromagnetic field between a rotor and stator on excitation of resonant
torsional vibrations of the drive system. Conclusions drawn from the
computational results can be very useful during the design phase of these devices
as well as helpful for their users during regular maintenance.
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1. INTRODUCTION

Torsional vibrations occur in every drive train. For a simple drive train, which consists of
an electrical motor, flexible shaft and a load, its system has two basic torsional vibration
modes, the rigid-body mode and the first elastic mode. The knowledge about the torsional
vibrations in drive transmission systems of railway vehicles is of great importance in the field
of dynamics of mechanical systems [3,4,7,8,10,14,15,19]. Components of driving systems are
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not fully rigid, it is common to have fluctuation of torques in different work phases leading to
shaft and wheelset torsional vibration [5,11]. For the reliability and security of the drive
system of railway vehicles driven by electric motors, the electromagnetic output traction force
and torques should drive stably. Otherwise the shaft train vibration caused by motor torque
ripple will affect the fatigue life of the drive components and the operation security of the
driven railway vehicles [2,9,18]. Generally, railway drive systems can be divided into
electrical and mechanical parts, for this reason, the influence of the electric motor should also
be taken into account in the dynamic analysis of the drive.

In practice, various types of motors for traction applications are used. Among which are:
DC shunt motor, compound motors, separately excited motors, AC series motor, 3-phase
induction motor. The selection of motors depends on a variety of factors like the type of
traction, type of supply, mainline/suburban trains, etc. The motor should provide high starting
torque, which is very essential because in trains there are many compartments full of
passengers or goods, so it requires high torque during initial start-up and traction operation. In
our case, we will deal with the railway traction system driven by a DC motor. In this paper,
the effect of electromechanical coupling in the electric motor on torsion vibration of the
railway drive system was analysed. For this analysis, the method presented therein [2] was
applied. In the considered model, the magnetic field interaction between the stator and the
rotor of the DC motor was considered. Using the energy balance of the natural modes of
oscillations for the model of the railway traction drive are obtained expressions for
determining the influence of electromagnetic parameters of the electric motor (stiffness and
damping of electromagnetic field) on its stability in relation to the torsion vibration of the
railway drivelines.

2. THE DRIVETRAIN UNDER INVESTIGATION

For analysis of torsional vibrations in a dynamic mutual coupling between the wheelset
and the electric motor, a possibly realistic and reliable electromechanical model of the railway
drivetrain was applied. In the study, electric locomotives with the fully sprung wheelset drive
were used. In this drive system, the DC traction motor is a drive unit. The motor shaft is
connected to the pinion wheel of the gearbox by an elastic coupling. The gearbox provides the
transmission of the torque to the wheel axle thus reducing the angular speed. The gear wheel
is mounted on a hollow shaft which is coupled to the wheel axle by an elastic coupling. Motor
and gearbox housing are connected rigidly to each other and are suspended in the bogie frame
by rubber silent blocs (Fig. 1).

3. MATHEMATICAL MODEL OF THE RAILWAY TRACTION DRIVE SYSTEM

The kinematic diagram of the considered railway traction drive system model with a DC
motor is depicted in Figure 2. Output shaft of the electric motor is coupled to the hollow shaft
connected with the wheelset. The electrical drivetrain shown in Figure 1 can be reduced by
assuming infinite gear tooth stiffness and assuming the wheel shaft coupling as a single
spring. A simple model of this drive is shown in Figure 2. The output driving torque from the
electric motor is transmitted via coupling to the hollow shaft, which surrounds the wheelset
axle. On the opposite end of the hollow shaft, the torque is transmitted by means of a flexible
claw coupling to the disc-wheel. On the basis of the data on the cross-section area as well as
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the length of the hollow shaft and geometry of the wheelset, stiffness of these assembled

elements was determined. In the considered model, the toothed gear was omitted, treating it as

an element with several times more stiffness than the hollow shaft.
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Fig. 2. Scheme of model of railway drive

The equation of motion of the mechanical model shown in Fig 2 can be described in

matrix form

P
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= Tmotor *MTcreep i "

where | denotes the mass matrix containing mass moments of inertia of rotating elements of
the drive system, the matrixes, Ce-m, Ccoupl, Cwheelset, Kcoupled , Ke-m and Kwheerset represent the
torsional damping and stiffness properties of electric motor magnetic field, rotor shaft, the
hollow shaft and the wheelset, respectively. Vector Tmotor CONtains the electromagnetic torque
generated by the electric motor described in equation (1) of the paper and vector Mcreep
contains the traction torque generated by longitudinal tangential loads Tcreep_i in the wheel-rail

zones acting on wheel radius ri.
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The electromagnetic torque of DC motor Tmotor, the stiffness and damping generated by
the electromagnetic field between stator and rotor of the motor are defined by equation 2-4,
according to Riven [1].

Tmotor(®) = k;(u —ky -1 (1)), )
- 1
en |y @

where:  p=Tyotor/ 1, 7e =L/R. Parameters ky, R, L, U, lv, wo, 7, p and ¢ (t)are

respectively constant (ratio of the voltage generated by the motor to the speed), electrical
resistance and inductance of the motor windings, the power supply voltage, mass moments of
inertia of rotor, no-load speed of the motor, electromagnetic time constants, slope of torque
Tmotor Versus slippage characteristic (Fig. 3), angular speed of rotor. ke-m(w) and Ce-m(w) are
respectively the stiffness and damping coefficients associated with the electromagnetic field.
These parameters in the considered model are represented as the viscoelastic electromagnetic
clamping of the motor rotor with the immovable stator (Fig. 2). The angular position of the
rotor of the DC motor is represented by ¢1 and the angular positions of the wheels of the
wheelset are described by ¢, and ¢, respectively. lq, Ik are the mass moment of inertia of the
left and right wheel of the wheelset.

Depending on the adopted various maintenance, operation and weather conditions, an
adhesion in wheel-rail contact zone characteristic can take into consideration these various
forms [17]. The adhesion curve applied for the carried out investigations was plotted in Fig. 3
(left). Presented in the figure are an adhesion and traction characteristic and instantaneous
point equilibrium between them. Here, p and #i meaning respectively, the slope coefficients of
the traction characteristics (green curve) and adhesion characteristics (red curve) in the
vicinity of the temporary equilibrium point. Example graphs of the driving/electric torque
moment Tmotor and the resistance torque Mrcreep Caused by the coefficient of wheel-rail
adhesion are shown in Fig 4a and b. These diagrams illustrate the stability of the drive wheel
set depending on which of the Tmotor OF Mrcreep torque is larger. Such an appearance has an
effect on the torsional vibration of the wheelset.

The matrix form of traction drive model represented by a three-mass rotating system
(Fig. 2) can be described by a system of differential equations (5).

Ze * Tmotor *+ Tmotor =—P - ¢1

Im @1+ Kem - @1+ K- (0L — 92) + Com - @1+ €1 (@1 = 2) = Tnotor

l192 + ki - (92 —@1) + Ko - (92 = 3) + 01 - (92 — ) + Co - (P2 — P3) =10k - 2
lkp®3 + Ko - (@3 —¢2) +Co - (@3 — P2) =1ikp - 3

()

where ko and c; are the stiffness and damping characteristics of the wheelset structure. 7 and
nw coefficients of slope of the adhesion characteristics in the wheel-rail contact area of both
wheels. The electromagnetic time constant of the windings z, describes the delay of reduce
in the current in comparison to the initial value when the voltage is switched at the terminals

of DC motor. It is actually the stall current because as soon as the motor starts to rotate, it
generates a back electromotive force (EMF) to oppose the applied voltage, which reduces the
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actual current flowing. Therefore, for rapid acceleration of a motor, a very high voltage and
steady feed of the motor with a constant current circuit is needed.

instantaneous point of
equlibrium :
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Fig. 3. Equilibrium mode of adhesion and traction characteristic
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Fig. 4. Example of stability, a) and unstability, b) conditions of the adhesion
and traction characteristic [6]

In the considered case, we assume that the conditions of adhesion in wheel-rail zones of
both wheels of wheelset are the same. Therefore, we can simplify the considered system by
introducing a relationship that nw= nu= n (Fig. 3). If the system is on the boundary of
stability, the condition of energy balance implies that the average power supplied to the
system in the process of self-excited oscillations with i-th natural frequency is equal to the
average power dissipated in the process of self-oscillations, a similar approach was used in
this paper [12]. Assuming that the generalised coordinates of the model vary harmonically,
we define the average for the period of power supplied into the system in the process of self-
excited oscillations with natural frequency wi

Ti
Eqrr_i = | 11030~ 93(0)-sin( ] ek =05 -n(@3(®) ~ 50 ©
o
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where T; describes the period of oscillation with a natural frequency of this system, expressed
relation Tj =27/ wj. In the considered case, the power dissipated due to mechanical damping

of the railway drive elements E can be determined by equation 7

mech _i

Tj
B ech = Tl [Tce-m - 2f ®) + 1+ (@ O =, (1) +C2 - (92(1) ~ 1) ] -5in * (eit) dt -
o

= Llce-m-of (0 +c1 (21(1) - 02(0)° + 2 - (92() — (V)]

In order to estimate the average over power Eemech cOnsumed in the electromechanically
interaction in motor, the first equation of system (5) was analysed. In (5), Tmotor Stands for the
dissipative torque that reflects the electromechanical coupling in the electric motor.
Accordingly, to [12] the average power Ee-mech computed for the oscillation period can be
defined as follows:

T

[Tmotor - ¢i] dt, 8
0

1
Ee—mech_i - f

Introducing the assumption Tmotor=Tmotor SiN(wit+wi), we can estimate the modulus of
torque Tmotor, and solve the first equation of system (5) by employing the method of complex
amplitudes, described in detail in this paper [12]. This approach takes into account both the
amplitude-frequency characteristic of the inertial link W(wi) and phase angle ;i between the
velocity and torque of the motor. Such a link in the first order equation (5) can influence the
phase angle between the input and output in the range w=0-z/2. Note that a small value of the
dissipation phase angle y does not significantly affect the frequency of the oscillations.
Nevertheless, in calculating the power dissipation, the phase angle must be taken into account.
As a result, equation (8) can be represented by

T
E = 2 [ Mtor -y sin(xt) -sin( it +7) dt = 0.5-[p | W (@) P 92 1=
e—mech _i T, . motor * ¥7j I I I ' I 1i ©)

= 0.5Pequili_i 6912, Pequiti_i = P[W (@) 2= plrem;)? +1

where pequiti i 1S the dynamic slope coefficient of the traction characteristics of motor that
depends on the electrical machine’s time constant ze and frequency of the vibration of the
rotor wi.
The total average power Eg4 dissipated in the motor during the oscillations can be
computed using:
Eg = Enech * Ee-mech_i =1/ 2 [Co-m - @£ ®) + ¢ (1(0) — 22 ()% +C2 - (92(1) - 1 (1) + (10)
+(Plremr)” +1)- ofi]

The condition at which the input energy generated by self-excited vibration and the
dissipated energy are equal Eseir =Eq, and the system is on the stability boundary (Fig. 4a)
takes the following form:
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(@3 (t) — 95 (©) = Co_m - @£ ®) +¢1 - (@1 (1) — P2 (1)) +Cp - (P2 (1) — 1 (1) +

11
plzew;)® +1-0f . &y

Using the values of the coefficients of forms of vibration that correspond to the boundary
damping cj for the oscillations with the natural frequency wi, the equation (11) can be written

by:
or - 7105 () = 15 () o - (453 () — 145 (0) — Cemm - 24 () — (P Aree) +1) - e
(i (©) = p2i (0)% + (i () — i (1)

(12)

The natural frequencies of oscillations in the considered drive can be computed by using
the equation

(k=11 - @° +kem) - (k3 = (kg + kg + 1y - @) (kg + 1y - ©7) =0, (13)

where the coefficients of the natural forms are as follows:
kl + k _ k2
M g =

Hi =1 pi = (14)

—a)i2||v| +k1’ —a)i2|kp+k2.
In the case of the considered traction drive model, the coefficients of natural forms (14)
depend on the inertial parameters of drive Iy, lkp and stiffness coefficients ki, k2, Ke-m.
For the assumption that the damping in the wheelset is a small number and can be
neglected (c2=0), the equation (12) can be written as follows:

6 = 105 (0 = 15 () —Coom 44 () = (PHzei)® +1)- iy

5 5 (15)
(paai () — a2 (1) 7 + (pa0i (1) — 240 (1))
The expression (15) for the low-frequency mode of vibration becomes:
5y = M= 15 (0) = Cem - 41f (1)~ (P (ree) +1) 5)

2(u0i (t) 1)

Furthermore, the expression (15) for the high-frequency mode of vibration can be written
as:

6, = 210+ 15 () ~Comm - 14 () + (P () +1)
(222 (1) -1

(17)

In the numerical study, we considered a railway drivetrain system with torsionally
flexible hollow shaft. The wheelset of the total weight of 1700 kg and the loads for the wheels
of Q1=Q2=42 kN are assumed. The wheelset is driven by the DC motor by means of the
hollow shaft with the torsional stiffness and damping coefficient k;=3000 kNm and c1=100
Ns/m, respectively. It is assumed that the radius of the wheelset axle and the length of the axle
is respectively equal to 0.07 m and 1.6 m. The torsional stiffness of this axis was determined
as ko=14e7 Nm/rad. The remaining parameters used in the simulations are summarised in
Table 1.
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Tab. 1
Simulation base parameters
7, KNMS | Ce-m, Ns/m | cz, Ns/m | p, kNms | Im, kgm? | la= lir, KgM? | 7e, S
10 4 50 20 2.1 78 0.01

Applying equations 13 and 14 for the considered railway drive, we can demonstrate the
natural frequencies of the system as functions of the stiffness of the wheelset ko and stiffness
of the connection between the electric drive and wheelset ki1 (Fig. 5). The influence of
skipping of the stiffness coefficient kem associated with the electromagnetic field of electric
motor on the dynamics of the considered drive system is marked on the charts (Fig. 5) by
kem:O.

Using equations 15-17 obtained from the analysis of the railway drivetrain’s model are
plotted the regions of existence of torsional self-vibration by the consideration and non-
consideration of the damping coefficient associated with the electromagnetic field of electric
motor (Cem#0 and cem=0) (Fig. 6). The chart demonstrates four areas I, II, III, IV
corresponding to different types of vibrations.

o, [Hz]
500

500
400
300

200

100

0 i i é :
0,0 0,2 0,4 0,6 0,8 k1/k21 ,0

Fig. 5. The natural frequencies of existence of torsion vibration in the traction drive
as a function of the relationship ki/kz

Comparing the obtained results with those presented in the paper [12], a qualitative match
can be observed. Analysing the waveforms presented in Figure 5, it can be concluded that if
the damping coefficient ¢, in the driveline takes value located below the line c1, then the
system is sensitive to low frequency torsional vibrations. On the other hand, if the value of ¢,
is within the region located below the line c2, then the high self-excited torsional vibrations
can be observed.

Summarising the results, it can be concluded that in the region I, only the high-frequency
self-excited vibration may occur. The value of damping c in the region Il can induce the low-
frequency self-excited torsional vibrations. In region Ill, the self-excited torsional vibrations
cannot occur. Finally, in region 1V, both types of vibrations mentioned above may be induced.

It is worth mentioning that if we omit the damping cem generated by the electromagnetic
field in the model of DC motor, then the region IV expands its area. In the same time, the area
of the region I shrinks.
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Fig. 6. The regions of low-, high- and self- excited torsional vibrations
in the considered driveline

4. SUMMARY AND CONCLUSION

The obtained results demonstrated that the electromagnetic transient processes generated
in the electric motor should be taken into account when analysing the stability of the system.
The knowledge about the stability of drive transmission systems of railway vehicles is of
great importance in the field of dynamics and material fatigue of the drive systems
component.

In this paper, a dynamic interaction between the torsionally vibrating railway wheelset
and rotor of driving DC motor was investigated. Based on the method of the energy balance
of the natural modes as described in detail in this paper [12], the analysis on the oscillations of
a railway driveline takes into account the influence of electromagnetic parameters on its
stability in relation to self-excited torsional vibration generated by adhesion in the wheel-rail
zone.

From the viewpoint of the transient and steady state dynamic responses, particular
attention was focused on the influence of the dynamic properties of the mechanical system as
well as selected electromagnetic parameters of the electric motor. In the analysed case, special
attention was focused on the stiffness and damping coefficients associated with the
electromagnetic field of the DC motor. The less the mechanical damping in the driven system,
the greater the possibility of severe torsional resonances, particularly when in such a drive
train, a semi-elastic connection as hollow shaft with a linear characteristic is used. The
obtained results can serve for the design of the driven systems and be helpful for their users
during regular maintenance.
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