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Abstract: In today’s locomotives, various undesirable dynamic phenomena affect the torque efficiency
transmitted to the wheels. The impact of these dynamics ranges from minor effects to major effects that can
involve the locomotive as a whole, as in the case of a slip. In this paper, we analysed the behavior of the
torque transmitted to wheels during variable levels of adhesion. The results showed a comparison between
the motor torque value at different levels of adhesion and its value under normal operat-ing conditions
when the adhesion value is at its best.
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1 Introduction

Modern locomotives play an important role in transportation compared with other means of transport, as they
are characterized by strength, flexibility, reliability, high performance, and low-cost operation.

These features come with many challenges related to the external and internal dynamics which has a high impact
on the traction system. One of these challenges is what is known as the adhesion phenomena, which represents the
friction force between the wheels and the rails, and is influenced by the external ambient conditions of the train and
the rail condition (wet or dry, etc.).

Another dynamic phenomenon that affects the safe operation o the train is what is known as slip, which occurs
when the wheels circumference velocity exceeds the linear speed of the train itself as a result of applying a traction
force to the wheels greater than the friction force of the rail itself.

These undesirable dynamic conditions, has a direct impact on the electrical and mechanical systems of the train,
in particular the torque of the motor transmitted to the wheels, as the wheels are linked to locomotive traction motor
via the gearbox, and when slip occurs, the value of the torque drops significantly due to the decrease in adhesion.

2 Slip and Adhesion

In rail transport, Adhesion is a phenomenon without which it cannot be realized. There is therefore a great interest
in its use to the maximum extent possible to increase the efficiency of rail transport. The geometric-kinematic context
of adhesion is shown in Fig. 1.
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Fig. 1.Context of adhesoin between wheel and rail

In the case of an ideal rolling motion, a wheel of diameter d = 2r rotating at an angular velocity w moves to a distance
equal to the circumference of the wheel 2nr in a time equal to T = 2n/w, i.e., that it performs a horizontal motion with
speed v = 27tr/(2n/w) = wr.

During train operation, when a decrease in the adhesion between the wheels and the rail occurs, the speed of the
wheels increases by slip ratio (r.w-v)/v [2].

The value of the adhesion coefficient depends not only on the wheel slip but it is highly variable according to the
conditions prevailing at the point of contact of the wheel with the rail, such as humidity, temperature, pollution by oil,
dust, leaves, etc. Its direct on-line evaluation in the normal operation is very difficult.

According to Popovici table shown in Fig.2, In the region of low values of the slip, the adhesion coefficient
increases with the increasing value of the slip. Due to the unchanging wheel weight load Gw it means increase of the
wheel tangential force, i.c., more effective traction up to certain achievable maximum. It is clear that in an optimal
rail vehicle ride should be utilized this maximum, but there must be a protection against an overrun into the area where
the increase of the slip leads to a reduction of the adhesion coefficient. A ride under such conditions is unwanted,
delivered torque is not used in acceleration wheel turns quicker then it corresponds vehicle movement, adhesions go
into friction with all consequences such as wearing and mechanical stress.
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Fig. 2. Adhesion coefficient-Slip characteristics from Popovici table

In order to avoid slip occurrence, usually, locomotives drive unit is equipped with so-called Slip controllers,
where it takes the responsibility to regulate (reduce) the asynchronous motor torque in such a way that the slip will be
suppressed [1]. In our Simulink model, such a slip controller has been not yet developed, and alternatively, attention
was paid to optimize traction motor torque during the loss of adhesion and slip occurrence by analyzing the torque
response at changeable adhesion levels and different initial operation conditions, in addition to controlling the motor
torque using the vector control method.
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3  Asynchronous Motor and Wheelset

The main task of the locomotive wheel-set drive system is ensuring delivering the adequate torque value from
the asynchronous motor control system. In case of the absence of sensors that measure the wheel speed, the task of
controlling the entire drive system falls to the motor control system, which means that the wheelset velocity is
determined by the asynchronous motor velocity which is measured using a sensor mounted at the motor shaft.

It is worth here explaining the mutual relationship between the motor and the wheelset drive system. Thus, when
the adhesion value decreases, the speed of the wheels increases by slip ratio. This increase in wheel speed is linked
with the asynchronous motor rotational speed through gears. and thus, the motor angular velocity has a direct influence
on the internal dynamics and variables behaviors of the asynchronous motor via the so-called motor slip.

The motor angular velocity is used as an input signal to the motor control system. The increase of the wheels
speed is matched by a sudden decrease in the value of the torque transmitted to the wheels, and from simulation results,
we noticed that the decrease in adhesion value has an impact on both motor rotational velocity and the motor voltage
which results in an increase in the voltage value above its nominal value. This also results in an increase in the stator
frequency [1].

The significance of this effect becomes apparent if we know that the magnetic flux linkage which has a direct
impact on controlling torque must be maintained at a constant value, and this can be achieved by maintaining the
motor voltage within the nominal limits. The maximum torque of the asynchronous motor is directly determined by
the maximum value of the stator current, as shown in the relation (6). We have observed via simulation experiments,
that when the value of adhesion decreases, the decrease in torque is accompanied by a slight decrease in the value of
the stator current in order to keep the magnetic flux constant. Since the current is a measured quantity, then, it's good
to consider the possibility of early detection of wheel slip by generating a suitable delay for the Anti-slip controller to
respond in the case of a continuous decrease in the current value.

In order to achieve the desired dynamics of the locomotive movement, the concern not only includes generating
sufficient motor torque but also extends to involve the enhancement of the torque control quality using different control
methods. If an inadequate tractive torque is detected, it may lead to an inadequate wheel slip and a subsequent limiting
vehicle dynamic.

Studying the different asynchronous motor control methods used in the locomotive drive unit helps in
determining the torque behavior of the ASM more effectively, and can also lead to an increase of the locomotive's
response to unwanted dynamic changes affect it, and it may even be possible to predict these dynamic changes before
they occur.

3.1 Asynchronous Motor Model

The asynchronous motor is considered the main component of a railway locomotive, it is responsible for
delivering the adequate torque value to the wheelset in order to let the train move on the rail. In this paper, the ASM
model used is controlled only via the FOC method without VSI.

To obtain an ASM model, Clark and park transformation has been used for decades [4][5] to convert the motor
equations from three-axis reference coordinates "abc" into a two-axis "ap0" stationary reference frame or rotating
frame “dq0” [6]. There are multiple reasons behind using those transformation methods, one of these reasons is the
presence of time-varying inductances in the motor voltage equations [5]. Clark transformation matrix T, can be
expressed by the following equation:

3, BB M

2 2
and thus, we can easily obtain the iy, isp currents which are of a sinusoidal nature. To create an efficient control
method for ASM, the converted motor quantities using Clark transformation should be of continuous nature, and that
can be achieved by means of the Clark to Park transformation matrix represented in the Fig.3 using the following

equation:
[ifvdq] =T, '[iMﬂ]

iy | _[cosz,) sin(r)] [i @)
i, | |-sin(y,) cos(z,) ]| |i,

Where is izq, isqare the stator currents in rotating reference frame rated in [A].
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Fig. 3.Stator Current space vector in stationary and rotating reference frames

The stator and rotor voltages in stationary frame can be written as follows:

u, () =ri, O+ Ly 1)
LO=ri O+ Sy

. d
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The equation which gives the electromechanical torque of an asynchronous motor can be expressed as follows:

M) = %p,, WO, Oy, 0L 0) @)

Where M (t) represent the electromechanical torque rated in [N.m].

3.2 Field Oriented Control

So far, a variety of vector modelling methods like FOC and DTC [3][7][8][9] has been used in practice to control
the ASM.

For long time, FOC considered as the most common method to control AC motor in practice. FOC control
method is represented using what is known as direct quadratic coordinates (dg0 coordinates), and this coordinate
system rotates synchronously with rotor flux vector. In FOC, the torque is proportional to the cross product of stator
current and flux vector. By decoupling the torque and flux vectors form each other, the control of both torque and flux
is quite similar to DC motor control. In our Simulink model, we developed an ASM control based on FOC. The torque
vector is aligned with g-axis, and the flux vector is aligned with d-axis, which result in:

" {%}ZV,J )
V., 0

And hence ., = 0, the motor torque can be rewritten as:

MO=2p, v, 01,0=5p,p. 01,0 ©

We can notice from equation (6), that we can control the motor torque with stator current i, by keeping the rotor
flux at a constant value [10]. Fig.3 shows the FOC block diagram of ASM.
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Fig. 4. Block diagram of asynchronous motor

From Fig.4, two PI controllers are used to regulate the dg stator currents. The PI output voltages are transformed to
stationnary voltages using inverse Park to Clark transformation matrix:

Lus,dq (t)J = Tp .[us,aﬁ (I)J
u.,® cos(y ) —sin(ys) u ) (7)
ug || sinGr ) costr) || u @

We can convert the resulting stationary Ugg, Usq voltages to 3-phase voltages by means of Clark inverse matrix.

4 Simulation Results

So far, our Simulink model has satisfied the mechanical part, while the electrical part is still subject to further
development in order to optimize the motor torque and enhance the countability of the locomotive drive.

The asynchronous motor model used is modelled according to the parameters of a real ML4550-K / 6 motor
which has a maximum torque of 10000N.m[11]. A numerical simulation has been carried out using Matlab/Simulink
to show how motor torque transmitted to the wheels at different operation conditions and under undesired dynamics
changes.

Table 1, shows the parameter values for the simulation experiments. the torque value was set to a range of 4200-
8400 N.m at a normal operating velocity of 100 km.h"! and at a low operating velocity of 10 km.h"".

All simulation experiments were performed in two stages, in the first stage, no variable adhesion levels are taken
into account. While in the second stage, the values of adhesion levels were changed from 1 - 5, which are shown in
Fig.2.

The initial train velocity is of Step signal, while the torque setpoint is a ramp signal.

Tab. 1. Simulation parameters of the traction motor

Simulation Test Longitudinal Velocity km/h Torque N.m Adhesion Adhesoin Time
Level
I 100 4200 1
11 100 4200 1-5 2
11 100 8400 1 -
v 100 8400 1-5 <
v 10 4200 1 0
VI 10 4200 1-5 3
VII 10 8400 1 <
VIII 10 8400 1-5
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From Fig.5(a), we notice that when a 4800 Nm torque setpoint is applied at a speed of 100 km.h"! with no change
in the adhesion level, the motor torque tracks the desired torque setpoint with a negligible steady-state error, and the
response speed of the motor torque relative to the desired torque setpoint is fast with a low torque ripples amplitudes
transmitted to the wheels. When changing the adhesion levels according to the simulation times shown in Table 1, we
noticed a significant decrease in the motor torque ranges between 56 - 159 Nm as shown in Fig.5(b).
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Fig. 5.a) Motor torque response at 4200N.m and 100km.h"! with no adhesion changes.
b) Motor torque response at 4200N.m and 100km.h™' with changeable adhesion levels

By setting the desired torque value at 8400 N.m which represents the nominal value of the locomotive motor
torque at an operating speed of 100 km.h! and without changing the adhesion level, the motor torque is unable to
track the desired torque value. This could be clearly shown in Fig.6(a), where the steady-state error increases gradually
with time elapsed. When changing the adhesion level from 1-5, we noticed a significant decrease in the motor torque
value at the adhesion levels (2-3), and a severe non-linear drop in its value at the adhesion level 5, which represents a
case of slip occurrence in the locomotive wheels at Rail contact as shown in Fig.6(b).
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Fig. 6.a) Motor torque response at 8400N.m and 100km.h™' with no adhesion changes
b) Motor torque response at 8400N.m and 100km.h-1 with changeable adhesion levels

At low operating speeds of the locomotive at 10 km.h™!, with desired torque value of 4200 N.m without changing
the adhesion levels, the motor torque response is as shown in Fig.7(a), where the motor torque response speed is
slower compared to the torque response in Fig.5(a).

When changing the adhesion levels, we noticed that the motor torque failed to track the desired torque value at
the fifth level which represents the worst adhesion value as shown in Fig.7(b).
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Fig. 7.a) Motor torque response at 4200N.m and 10km.h"! with no adhesion changes
b) Motor torque response at 4200N.m and 10km.h™! with changeable adhesion levels

When we set a torque value of 8400N.m at a speed of 10 km.h™! without changing the adhesion level, we noticed
a very slow response of the motor torque related to the desired torque value as shown in Fig.8(a). By changing the
adhesion levels, we noticed a nonlinear decrement in the motor torque when the fourth adhesion level is reached,
which reflects an occurrence of slip as shown in Fig.8(b).
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Fig. 8.a) Motor torque response at 8400N.m and 10km.h"! with no adhesion changes
b) Motor torque response at 8400N.m and 10km.h™! with changeable adhesion levels

5 Conclusion

Studying the effect of the torque dynamic behavior of the asynchronous motor at specific operating conditions
on the dynamics of the locomotive such as the movement of its wheels, taking into account changes in the adhesion
conditions provides us with the possibility of early detection of dynamic phenomena occurrence such as slip.

Thus, this may help us to develop the current simulation model to include the possibility of optimizing
locomotive motor torque and make it able to adapt to changing driving and operating conditions.

The simulation results address the importance of obtaining an appropriate motor control model capable of
meeting the changing driving requirements of the traction motor.
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is,dq
iS,aﬁ
us,dq
us,aﬁ

lps,dq

CHANGEABLE DYNAMIC OPERATION CONDITIONS

bols
The symbols used in this paper are listed as follows.
stator current in rotary frame (A)
stator current in stationary frame (A)
stator voltage in rotary frame (V)
stator voltage in stationary frame (V)
stator flux linkage in rotary frame (Wb)

Ys.qp stator flux linkage stationary frame (Wb)

ir,dq
ir,aﬁ
ur,dq
ur,ab’

¢r,dq

rotor current in rotary frame (A)

rotor current in stationary frame (A)
rotor voltage in rotary frame (V)

rotor voltage in stationary frame (V)
rotor flux linkage in rotary frame (Wb)

Yy qp totor flux linkage stationary frame (Wb)

Ts stator resistance ()

7 rotor resistance (£2)

Wy,  angular speed (rad.s™)

M(t) -electromechanical torque (N.m)
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