
Received February 18, 2022, accepted March 22, 2022, date of publication March 25, 2022, date of current version March 30, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3162415

Torsional Vibration Suppression
in Railway Traction Drives
AHMED FATHY ABOUZEID 1,2, (Member, IEEE), JUAN M. GUERRERO 1, (Senior Member, IEEE),
IBAN VICENTE-MAKAZAGA3, IKER MUNIATEGUI-ASPIAZU3, AITOR ENDEMAÑO-ISASI3,
AND FERNANDO BRIZ 1, (Senior Member, IEEE)
1Department of Electrical, Electronic and Computer Engineering, University of Oviedo, 33003 Oviedo, Spain
2Department of Electrical Engineering, Port Said University, Port Said 42526, Egypt
3Department of Traction Systems, Ingeteam Power Technology, 48170 Zamudio, Spain

Corresponding author: Ahmed Fathy Abouzeid (abouzeidahmed@uniovi.es)

This work was supported in part by the European Commission H2020 under Grant UE-18-POWER2POWER-826417; in part by the
Spanish Ministry of Science, Innovation and Universities under Grant MCIU-19-PCI2019-103490; and in part by the Government of
Asturias under Project AYUD/2021/50988. The work of Ahmed Fathy Abouzeid was supported in part by the Scholarship from the
Ministry of Higher Education and Scientific Research of Egypt.

ABSTRACT Torsional vibrations phenomena are self-excited vibrations that occur in the wheelset of
railway powertrains due to the counter-phase oscillation of both wheels. Long-lasting events of this type
may lead to the catastrophic failures. Therefore, torsional vibration suppression and mitigation methods
have drawn significant attention from the railway industry in the recent few years. Conventional vibration
suppression methods reduce motor torque once the oscillation is detected. However, this can result in trip
delays. Design of methods which do not compromise the traction capability is challenging. This paper
proposes a novel torsional vibration suppression method using a Proportional-Resonant (PR) controller. The
proposed method is insensitive to mechanical drive-train parameter variation neither requires adding new
sensors to the wheelset. The method requires previous knowledge of the natural frequency of the wheelset
torsional mode but this significantly reduces the implementation complexity suffered by other anti-vibration
methods. Furthermore, the method will be shown to provide reduced sensitivity to slip velocities and wheel-
rail conditions.

INDEX TERMS Railway traction drives, torsional vibrations, slip-stick phenomenon, slip control, field-
oriented control, proportional-resonant controller.

I. INTRODUCTION
Derailment is one of the serious problems that should be
avoided in railways for ensuring passengers’ safety and
reducing maintenance costs. Derailment occurs when the
train vehicle comes off the track (i.e. the rail) which could
lead to major accidents and collisions [1]. Failure in the
mechanical components of the vehicle, track geometry defect
(due to excessive wear of wheels or rails), and wheel-
rail interaction such as excessive creepage are the most
significant reasons for the train vehicle derailment [2], [3].
Therefore, many efforts have been devoted to limiting the
creep (i.e. slip) between the wheel and the rail [4]–[6].

A certain amount of slip between wheel and rail is needed
to increase the tractive force generated by the traction motor
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to the rail. Traditional creep controllers, also known as
re-adhesion controllers, avoid slippage (i.e. the condition
when the wheel-rail slip velocity dramatically increases) by
limiting the slip velocity within a predefined threshold [7],
[8]. They can be divided into two types:

1) Direct methods: they compare either the wheel circum-
ference slip velocity or the wheel acceleration with a
predefined threshold [9]–[11]. The threshold is chosen
based on field-tests and trains’ driver experience [12],
[13]. The main drawback of the direct methods is that
the re-adhesion controller cannot optimally utilize the
adhesion in different rail surface conditions.

2) Indirect methods: they are intended for rolling stocks
where multiple motors are fed from the same inverter.
It is assumed that the speed of all paralleled motors
is not measured [14], some form of sensorless vector
control is therefore normally used. Slip is detected in
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this case from unbalances in the current consumed by
the paralleled motors. An obvious limitation of this
method is that it can only be used when the traction
converter feeds multiple motors.

Modern high-speed railway traction drives are often
equipped with slip controllers aimed to operate at the possible
maximum adhesion point while preventing slippage. Slip
controllers make use of the adhesion-slip characteristic curve;
reported approaches include:

1) Direct adaptation of the torque command using an
adhesion force controller. Maximum adhesion occurs
when the adhesion force gradient equals to zero (i.e.
at the peak of the adhesion-slip curve). Steepest gra-
dient method or Proportional-Integral (PI) controllers
aimed to keep the adhesion slope equal to zero are
commonly used for this purpose. [15]–[20].

2) Regulation of the slip velocity using an additional
speed controller [21]–[23]. In this case, the slip velocity
reference is increased progressively in small steps,
the commanded torque being monitored. When a slip
increase results in a decrease in the commanded torque,
it is considered that maximum adhesion has been
surpassed.

Finding the optimal slip velocity is a challenging task
due to the high unpredictability of adhesion-slip phenom-
ena and the subsequent uncertainty in the estimations.
Several approaches have been proposed for this purpose,
including: perturb and observe methods (P&O) [24], [25];
recursive least squares searching [26]–[28]. Model predictive
control and particle swarm intelligence methods are also
be found in [29], [30]. However, these searching algo-
rithms increase the complexity of the control and their
implementation in real trains has not been reported in the
literature.

While slip controllers enhanced with maximum adhesion
tracking increase the utilization of tractive force for high-
performance locomotives, they can potentially enter the
unstable adhesion region during the searching. As a result,
oscillations can arise in the torsional elements of the
locomotives power train [31]. These oscillations can also
be provoked by slip-stick phenomenon due to changes in
the adhesion condition and track irregularities. The most
severe oscillation occurs when both wheels of the locomotive
oscillate in counter-phase, which is sometimes referred as
slip-stick vibration. Such vibrations add more stress on the
press-fit joints of the wheelset axle, and could lead to their
failure and, as a consequence, to the derailment of the
locomotive.

Excitation of torsional resonances by the torque ripple and
the interaction between the electric and mechanical elements
are the main source of such vibrations [32]. Torsional
vibrations in mechanical systems fed from electrical drives
can be either passively or actively damped [33]. Passive
cancellation can be implemented using Infinite Impulse
Response (IIR) notch filters. The filter is designed to remove
dangerous oscillations from the torque command [34], avoid-

ing their propagation to the mechanical system. However,
notch filters might fail to suppress completely the resonant
frequency due to the output delays and the uncertainty
in the location of the resonance poles and zeros due to
changes of the inertia constant of the mechanical system.
A Finite Impulse Response (FIR) notch filter compensator
can be used instead [35], taking advantage of FIR systems
intrinsic stability and linear phase shift [36], [37]. Excitation
of resonant modes can be also avoided using an FIR
compensator by halving the output of the speed controller and
delaying one of the halves by half the resonance period, later
adding it to the non-modified half signal, which eventually
cancels the oscillation [35]. The limitation of this approach
relies on torque control transient response and the noise in
the feedback speed sensor.

Active damping of torsional vibration can be achieved
by using state feedback compensation where the torque
command can be adapted through the feedback signals
of torque control loop, speed control loop, or both [38].
Thus, all system poles can be placed at the desired location
by choosing the appropriate feedback gains [39], [40].
Usually, these methods require an estimator or observer
for non-measurable states [40], [41]. Moreover, advanced
control techniques using Linear Quadratic Regulator (LQR),
Linear Quadratic Gaussian (LQC), and H∞ have been
also proposed in [42]–[44]. However, these methods are
highly sensitive to system parameters, meaning that for
successful implementation they might need to be combined
with parameter identification methods. Furthermore, the
aforementioned torsional vibration methods use simplified
mechanical models, ignoring therefore system dynamics,
sensor noise, and other unexpected disturbances, which can
be highly relevant in railways due to wheel-rail slippage
phenomena.

Analysis and modeling of self-excited torsional vibrations
phenomena in railways has been discussed in [45]–[48].
In [49], an indirect passive anti-vibration control is pro-
posed. Torsional vibrations are extracted from the estimated
dynamic of the wheelset axle. If they exceed a predefined
limit, the control reduces the torque command. The effec-
tiveness of this method strongly relies on quick detection
of slip. While simple and therefore easy to implement, the
main shortcomings of this method are a decrease of traction
capability during the oscillation mitigation process, and the
need for additional wheel sensors, which increase the cost
and require the reconfiguration of existing locomotives in
service. In [50], a state-space active anti-vibration control
integrated with a slip re-adhesion control is proposed. This
control strategy was capable of damping slip-stick vibrations
up to a certain negative gradient of the adhesion force
characteristic. The method was further improved by adding a
virtual absorber at the indirectly driven wheel to suppress the
torsional vibrations [51]. Complete vibration damping at any
negative value of adhesion force gradient and without losing
the traction capability is feasible with the virtual damper
approach. The drawbacks of this method are its complexity
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FIGURE 1. Schematic representation of a single-driven axle for a high-performance locomotive.

and the difficult tuning of the controller and the observer.
Furthermore, natural frequencies identification is required
to adapt the mechanical drive-train parameters to reflect
variations due to wear and aging.

This paper proposes a torsional vibration suppression
method using a resonant controller. The proposed method
will be shown to be robust against changes in slip veloc-
ity and wheel-rail conditions. The paper is organized as
follows. Section II describes the traction drive system for
railways. Section III presents the detailed mechanical drive-
train and locomotive model. The slip velocity control and
the proposed vibration suppression method are addressed
in IV. The proposed method is validated by simulation
in section V. Finally, a summary of findings is provided
in section VI.

II. SYSTEM DESCRIPTION
This section overviews the powertrain for high-performance
locomotives (Fig. 1). The pantograph transfers the electrical
power from the overhead line (ac or dc) to the locomotive. The
ac transmission voltage can be 25 kV/50 Hz or 15 kV/16.7 Hz
while the dc voltage can be 3 kV or 1.5 kV. For ac catenaries,
the main transformer normally consists of a primary high-
voltage winding with multiple secondary windings supplying
both the traction converters and the auxiliary systems for
heating, ventilation, and air conditioning (HVAC), lighting,
etc.

A four-quadrant power converter (4QC) provides the
dc-link voltage feeding the traction inverters, which are
responsible for controlling the torque produced by motors
according to the locomotive driver commands. Motor torque
is transferred to the wheels through the mechanical drive-
train, producing the traction force.

The electric drive control is responsible for achieving the
traction force F∗t commanded by the driver. As shown in
Fig. 1, it consists of three main blocks: modulation, torque
control, and adhesion control.

FIGURE 2. Rotor field-oriented control (RFOC) scheme.

A. TORQUE CONTROL AND MODULATION TECHNIQUE
Vector control schemes are preferred at low speed since
they allow precise control of torque and flux, which is
achieved employing high-performance current regulators.
Typically rotor flux field-oriented control (RFOC) is used
(see Fig. 2). The electromagnetic torque Te using RFOC
can be represented by (1). As observed from (1), torque can
be controlled through the q-axis current ieqs; high bandwidth
current regulators are used for this purpose.

Te =
3
2
P
Lm
Lr
λr ieqs (1)

where P is the number of pole-pairs; Lm,Lr are the
magnetizing and rotor inductances respectively; λr is the
rotor flux.

At low speeds with RFOC, the inverter usually operates
with constant switching frequency using either carrier-
based Pulse-WidthModulation (PWM)with triplen harmonic
injection or Space Vector PWM. Both two-level and three-
level neutral-point clamped voltage-source inverters (3L-
NPC-VSI) using insulated-gate bipolar transistors (IGBTs)
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are of common use for traction drive [52]. The 3L-NPC-VSI
will be used in this paper.

For high-speed operation, the inverter often operates with
low switching-to-fundamental frequency ratios and high
modulation indexes, including full-wave. Due to this, syn-
chronous modulation methods, including Selective Harmonic
Elimination (SHE), combined with scalar control, are a
common choice in this case [53].

The electric drive control strategy can play a major role in
the implementation of torsional vibration cancellation. A key
aspect to consider is the bandwidth of the torque control,
ROFC being in general advantageous over scalar control
methods in this regard. This issue is addressed in section V-B.

B. ADHESION CONTROL
This block is responsible for adjusting the traction force
to the wheel-rail adhesion level to prevent the wheel from
slipping out, especially during acceleration/deceleration of
the locomotive or in the event of sudden changes of thewheel-
rail contact conditions. Recently with the rising awareness
of torsional vibrations and their side effects on the wheelset
axle, the adhesion control block has been enhanced with an
additional anti-vibration control strategy. The details on the
slip and anti-vibration control method will be discussed in
section IV.

III. MECHANICAL DRIVE-TRAIN MODEL
This section discusses the mechanical model of the drive-
train system. The hollow shaft drive-train of the German class
120 locomotive has been selected for the analysis [54], [55].

A. MATHEMATICAL MODEL
The traction drive-train consists of six rotational masses that
are connected by torsional elements in the series structure as
follows (see Fig. 3).
• The induction motor generates a drive torque Te
transmitted through the coupling to the gearbox TM .

• Then the torque exerted in the gearbox TMG is transmit-
ted to the direct-driven wheel THD through the cardan
hollow shaft, where the total inertia of the hollow shaft
including the braking discs and couplings is divided into
two rotating masses connected by an elastic shaft. The
received torque at the direct driven wheel follows the
transmission sequence: 1) from the gearbox to the first
half of hollow shaft (gear side) through a gear-hollow
shaft coupling TGH ; 2) then to the second half of the
hollow shaft (wheel side) via the elastic shaft THW ; 3)
afterward to the direct-driven wheel THD through the
hollow shaft-wheel coupling.

• Finally, the torque is transmitted to the indirect-driven
wheel via the wheelset axle TDI .

The general motion equation is given by (2),

[J ] ·
[
θ̈
]
+ [D] ·

[
θ̇
]
+ [C] · [θ ] = [T ] (2)

where J ,D, and C are the inertia, damping ratio, and stiffness
matrices, respectively. θ , θ̇ and θ̈ are the rotational angle, its

FIGURE 3. Six-inertia model of the mechanical traction drive-train.
Torque transmission from motor to direct and indirect wheels are
indicated by black and green arrows respectively; adhesion forces
exerted on both wheels are indicated by red arrows.

first and second derivatives matrices, respectively. T is the
applied torque matrix.

Applying (2) to the drive-train in Fig. 3, the differential
equations of the six-inertia model (3), as shown at the bottom
of the next page, are obtained, where: jM , jG, jHG, jHW , jD
and jI represent the inertia of the motor, the gear, the hollow-
gear, the hollow-wheel, the direct and the indirect wheels
respectively; dMG, dGH , dHW , dHD, and dDI ; cMG, cGH , cHW ,
cHD, and cDI are the torsional damping and stiffness values of
the motor to the gear, the gear to the hollow shaft, the hollow
shaft gear side to the hollow shaft wheel side, the hollow
shaft wheel side to the direct wheel and the direct to indirect
wheels respectively. TM , TD, and TI are the motor torque and
the traction torques applied to the direct and indirect wheels
respectively. Note that all values in (3) are referred to the
wheelset side of the drive-train, with Rg being the gear ratio.

B. SIMULATION MODEL
Applying Laplace transformation to (3), the drive-train block
diagram Fig. 4 is obtained. The transmitted traction forces
in the wheel-rail contact point are calculated from (4) where
rw, µD,I and TD,I are the wheel radius, adhesion coefficient
and torque on each wheel, respectively; ml , Nm, g are the
locomotive mass, the total number of motors and the gravity
constant, respectively.

TD,I = rw · FD,I = rw · µD,I ·
ml · g
2 · Nm

(4)

The adhesion characteristics for different wheel-rail condi-
tions (dry, wet, . . . etc.) are calculated offline and stored in a
look-up table [7]. Finally, the train speed vtrain is obtained as
shown in Fig. 5, where mt is the total mass of the train, Fres
is the resistive force due to the air (Kair ) and rolling (Kroll)
resistances [55]. Forces due to track grading are not shown in
this figure. It is noted that the vehicle model in Fig. 5 assumes
that all powered axles transmit the same traction force.

C. MODAL ANALYSIS
Modal analysis is a useful tool to identify the most stressed
elements of the mechanical drive-train from vibration char-
acteristics, i.e. natural frequencies and mode shapes. Natural
frequencies, also referred to as resonance frequencies,
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FIGURE 4. Block diagram of the six-inertia drive-train model.

FIGURE 5. Block diagram of the wheel-rail contact model including the
vehicle dynamics.

indicate the vibration modes of the elastic elements in the
drive-train; mode shapes indicate the relative displacement
between adjacent elements (inertias).

Drive-train natural frequencies and mode shapes can be
obtained from the homogeneous equation (2) using (5), where
λ, [I ] represent the eigenvalues (roots) of the system and
the identity matrix respectively. It is noted that damping

coefficients have been neglected, which corresponds to the
worst-case scenario.

det
(
λ2 · [I ]− [J ]−1 · [C]

)
= 0 (5)

where eigenvalues represent the resonance frequencies of
the mechanical system, eigenvectors represent the angle
deviation and the direction of rotation for each inertia relative
to adjacent inertias. Mode shape is a graphical representation
that shows the angle deviation between the mechanical
element at each resonance frequency (see Fig. 6). Eigenvalues
and eigenvectors problems for the targeted drive-train model
are obtained using MATLAB and normalized based on the
maximum angle deviation found from all elements at each
mode. For instance, in the second mode, the indirect wheel
has the maximum angle deviation which is selected to be the
base value for the rest of the elements. The six-inertia system
consists of five torsional stiffness elements, producing five
natural frequencies andmode shapes, in addition to one trivial
mode as the discussed following (see Fig. 6):


jM 0 0 0 0 0
0 jG 0 0 0 0
0 0 jHG 0 0 0
0 0 0 jHW 0 0
0 0 0 0 jD 0
0 0 0 0 0 jI

 ·

¨θM
θ̈G
¨θHG
¨θHW
θ̈D
θ̈I



+


dMG −dMG 0 0 0 0
dMG (dMG + dGH ) −dGH 0 0 0
0 −dGH (dGH + dHW ) −dHW 0 0
0 0 −dHW (dHW + dHD) −dHD 0
0 0 0 −dHD (dHD + dDI ) −dDI
0 0 0 0 −dDI dDI

 ·

˙θM
θ̇G
˙θHG
˙θHW
θ̇D
θ̇I



+


cMG −cMG 0 0 0 0
cMG (cMG + cGH ) −cGH 0 0 0
0 −cGH (cGH + cHW ) −cHW 0 0
0 0 −dHW (cHW + cHD) −cHD 0
0 0 0 −cHD (cHD + cDI ) −cDI
0 0 0 0 −cDI cDI

 ·

θM
θG
θHG
θHW
θD
θI

 =

TM
0
0
0
−TD
−TI

 (3)
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FIGURE 6. Mode shapes of the six-inertia model.

• First mode shape occurs at 0 Hz and is due to the rigid
body motion.

• Second mode shape (i.e. the first vibration mode) is
located at 21.3 Hz and occurs when the whole wheelset
oscillates against the motor. This vibration mode can be
totally damped using a proper speed controller [54].

• Third mode shape reveals the second vibration mode at
50.8 Hz, which occurs when direct and indirect wheels
oscillate in the counter phase, twisting the wheelset axle.
It can be noticed that this vibration mode can have a
reduced impact on the motor. Detectability of the second
vibration by motor control will play a key role for active
damping methods, use of speed/position sensors directly
attached to the wheels might be required otherwise.

• The remaining mode shapes at higher frequencies have
less influence on the traction motor and the wheelset,
hence, they are normally neglected [51].

IV. WHEEL-RAIL SLIP CONTROL AND PROPOSED
TORSIONAL VIBRATIONS SUPPRESSION
This section first discusses slip-stick phenomenon, its effect
on initiating the torsional vibrations and the available
methods for their suppression. A new method, which is the
main contribution of this paper, is proposed in Section IV-C.

A. SLIP CONTROL AND VIBRATION EXCITATION
As mentioned in section II-B, the traction force is regulated
by adapting the slip velocity between the wheel and the rail.
The slip velocity command can be modified to maximize the
adhesion level with different operating conditions or simply
kept at a certain value that does not exert much wear on the
rail. The slip velocity is calculated from the motor speed and

the estimated train velocity. Either P or PI controllers can be
used to track the commanded slip velocity. The block diagram
of the traction drive control is shown in Fig. 7.

Slip controller tuning is not trivial, as mechanical system
dynamics depend on the non-linear wheel-rail contact
characteristics. For this purpose, a linearized reduced order
model including the first three mode shapes (top three
traces in Fig. 6) can be obtained from the six-inertia drive-
train model [54]. Using modal approximation method, the
equivalent model (6), as shown at the bottom of the next
page, consisting of three equivalent inertias (J1, J2, J3), two
equivalent damping (d12, d23) and two equivalent stiffness
(c12, c23) elements is obtained [54]. θ12 and θ23 represent
the relative angle between the two rotating masses. The load
torque is TL = T12 = c12θ12 and the wheelset axle torque
is TDI = T23 = c23θ23, both being referred to the wheelset
side. Factors dD and dI represent the additional damping on
direct and indirect wheels when the adhesion profile changes.
According to [51], these damping factors are function of the
adhesion force gradient δµ

δvslip
which is calculated from (7), as

shown at the bottom of the next page.
For positive adhesion force gradient, the wheelset

adds damping to the drive-train, improving the stability
(P1,P2,P3 in Fig. 8a). If the slip velocity is increased beyond
the peak of the adhesion coefficient (P′1,P

′

2,P
′

3 in Fig. 8a),
then the adhesion force gradient becomes negative which
reduces the overall damping of the drive-train, increasing
the risk of instability. As the damping of the drive-train
reduces, the self-resonant frequencies start to appear, their
magnitude increasing proportionally to the negative slope of
the adhesion coefficient (i.e. δµ

δvslip
).

The eigenvalues state-space wheelset model in (6) can
be represented by an equivalent transfer function (8); it
consists of a pure integrator while the remaining four poles,
as well as the zeros, can be proven to be complex conjugate
pairs [51], [54].

Gw(s) =
b4s4 + b2s2 + b0

s
(
a4s4 + a2s2 + a0

) (8)

Coefficients of the transfer function b0 . . . b4, a0 . . . a4,
can be expressed a function of drive-train parameters,
the resulting expressions are omitted due to the room
constraints [51]. The detailed block diagram of the closed-
loop traction drive of the slip velocity control is shown
in Fig. 7. The closed-loop block diagram includes the slip
velocity control, the torque control, the inverter time delay,
the motor electrical and mechanical dynamics respectively
which are given by (9)-(12).

Gs(s) = kps +
kis
s

(9)

Gc(s) = kpi +
kii
s

(10)

Ge(s) =
1

L̂σ ss+ R̂′s
(11)

Gm(s) =
1

Ĵms+ β̂
(12)
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FIGURE 7. Block diagram of slip velocity control coupled with anti-vibration strategy.

where kps and kis are the proportional and integral (PI)
gains for the slip velocity control, respectively; kpi and kii
are the current controller PI gains, respectively; L̂σ s and R̂′s
are the estimated stator leakage inductance and resistance,
respectively; Ĵm and β̂ are the estimated motor inertia and
friction coefficient, respectively.

To investigate the influence of the wheel-rail contact on
the traction drive system, a range of variation of adhesion
force gradient −0.12 s/m <

δµ
δvslip

< 0.12 s/m is typically
used [51]. Closed-loop poles migration of the drive-train
for the two extreme cases of −0.12 s/m and 0.12 s/m are
shown in Fig. 8b. It is observed that by a proper selection of
controller gains, the slip controller is able to damp the first
vibration mode (chatter), i.e. associated closed-loop poles
are moved to the left-half plane. On the other hand, the
second vibration mode (torsional) is insufficiently damped;

consequently, drive-train resonance due to this mode will
result in torsional vibrations. An additional anti-vibration
control for this specific mode is required which will be
addressed next.

B. OVERVIEW OF ANTI-VIBRATION METHODS
Anti-vibration control is required to mitigate or suppress this
specific torsional vibration mode. The conventional solution
is to estimate the dynamic torque on the wheelset axle.
A regular PI controller is used to limit the envelope of the
oscillation (see Fig. 9a). A limit of 100 kNm is used, this
value being obtained at the design stage of the powertrain.
PI controller output T ∗c is added to the output of the slip
controller (T ∗e , see Fig. 7). In traction mode, the magnitude
of the torsional vibration is limited but at the cost of losing
traction capability. Also, it is found that the conventional

Ẋ = A · X + B · U

Y = C · X + D · U

A =



−d12
J1

d12
J1

0
−c12
J1

0

d12
J2

− (d12 + d23 + dD)
J2

−d23
J2

c12
J2

−c23
J2

0
d23
J3

− (d23 + dI )
J3

0
−c23
J3

1 −1 0 0 0
0 1 −1 0 0


;

B =
[
Rg
J1

0 0 0 0
]T
;

C =
[
Rg 0 0 c12 c23

]
; D = [0]

X =
[
ω1 ω2 ω3 θ12 θ23

]T
;

U =
[
Te 0 0 0 0

]T
; Y =

[
ωm 0 0 T12 T23

]T (6)

dD,I = r2w ·
mt · g
2 · Nm

·
δµD,I

δvslipD,I
(7)
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FIGURE 8. Influence of wheel-rail contact on the traction drive-train:
a) variation of adhesion force gradient over the characteristics curve;
b) Root locus plot of the traction drive closed-loop response for the case
of the adhesion force gradient being equal −0.12 s/m and 0.12 s/m
respectively.

anti-vibration can effectively damp the vibrations for adhe-
sion curves with negative adhesion gradients bigger than
−0.04 s/m (i.e. δµ

δvslip
>−0.04 s/m) [50]. Advanced state-space

control approaches based on pole-placement techniques have
been recently applied to vibration suppression strategies
for negative adhesion gradients less than −0.04 s/m (i.e.
δµ
δvslip

<−0.04 s/m). Virtual absorber controller is another
promising solution for actively damping not only the torsional
vibrations but also improving the whole traction system
dynamics [51]. The basic idea of this approach is to emulate
a mechanical absorber mounted in the indirect-driven wheel
by a feedback controller which is based on the estimated
electromagnetic torque (T̂e) and the measured motor speed
(ωm). Combining two or multiple anti-vibration methods
(see Fig. 9a) is advantageous to provide high damping to
the torsional vibrations even with a very steep adhesion
force gradient δµ

δvslip
<−0.12 s/m. However, due to wear,

aging, and temperature-dependent of the traction drive-train
elements, the vibration frequencies will increase over time.
Thus, parameters estimates of the drive-train and the virtual
absorber must be very accurate, the equivalent reduced-
order model should be automatically adapted accordingly.

FIGURE 9. Anti-vibration control strategies based on traction motor
variables: a) Existing anti-vibration control; b) Proposed vibration
suppression method using PR controller.

This requires additional natural identification and parameter
estimation algorithms which add complexity to the system
implementation.

C. PROPOSED PROPORTIONAL-RESONANT
ANTI-VIBRATION CONTROL
From the previous discussion, it can be concluded that the
traction drive control, without any additional mechanical
components, and relying on motor variables only (voltage,
current, speed), should be able to suppress the wheelset
torsional vibrations. The key aspect of damping the vibrations
is to provide the torque correction signal required to adapt
the commanded torque according to the wheel-rail operating
condition. Since wheel-rail contact act as a disturbance to the
motor, a disturbance-observer is used to estimate the motor
load torque which contains the vibration transferred from the
wheelset side (see fig. 9b). Taking the Laplace transformation
for the differential equation of motion on the motor shaft in
(13), the load torque is estimated using (14) where τ is the
time constant of the low-pass filter in the disturbance observer
used for noise reduction in the measured speed. Then, the
estimated load torque is subtracted from the commanded
torque signal to extract only the vibrating component. Finally,
a proportional-resonant (PR) controller is used to suppress
the torsional vibrations by injecting the correction torque
signal (T ∗c ) with the resonance frequency corresponding to
the torsional vibration mode.

TL = Te − βωm − Jmω̇m (13)

T̂L(s) = T̂e(s)− βωm(s)− Jms ωm(s)
(

1
τ s+ 1

)
(14)

The use of an ideal resonant controller is not advisable
in practice due to its high sensitivity to the frequency of
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FIGURE 10. Bode plot of ωm(s)
ω∗m(s) of the slip velocity control without (in

blue) and with resonant controller (in red).

the input signal, which might result in instability due to
the narrow bandwidths being used. Usually, the resonant
controller (PR) given in (15) is preferred, where kpr and kir
are the proportional and integral gains, ωn is the resonant
frequency and ωc is the pass-band frequency range.

Gpr (s) = kpr +
2krrωcs(

s2 + 2ωcs+ ω2
n
) (15)

The effectiveness of the resonant controller can be noticed
for the second oscillation (torsional mode) in the bode plot of
the closed-loop slip velocity control system (see the red line
in Fig. 10). For this specific mode, the PR controller achieves
high magnitude attenuation with eliminating the phase delay
in the closed-loop response while it does not affect the
first oscillation mode. In this way, the torsional (slip-stick)
vibrations are suppressed without deteriorating the traction
performance and with simple control requirements.

V. SIMULATION RESULTS
To investigate the performance of the proposed vibration
suppression method, the entire traction drive system is
modeled and simulated using MATLAB/Simulink following
the block diagram seen in Fig. 11, with a simulation step
of 10 µs. The detailed simulation model consists of the
traction drive control, a three-level NPC inverter, the six-
inertia wheelset model, the wheel-rail contact characteristics,
and the vehicle model. The general specification of the
locomotive is given in table 1; the six-mass model parameters
are given in table 2 in the appendix A [54]. RFOC and
SVPWM with a switching frequency of 1 kHz are used.
Current controllers are tuned using the zero/pole cancellation
to provide 200 Hz bandwidth, while the slip velocity
controller gains are selected from the root locus closed-loop
plot in Fig. 8b to achieve better damping of chatter vibration
mode. The disturbance-observer filter is chosen to have a
time constant of τ = 1 ms while the resonant controller is
tuned at ωn = 340 rad/s with a pass-band width of ωc =
12.5 rad/s. Selection of gains kpr , kir is therefore extremely

TABLE 1. General specifications of the German class 120 locomotive.

challenging due to the variability of operating conditions,
a common practice is to follow a trial and error process to
achieve sufficient damping to the system for all operating
conditions [56].The close-loop controllers gains are given in
table 3 in the appendix B.

To initiate the torsional vibrations, the slip velocity
command v∗slip is increased from 0.1 to 1 m/s, the adhesion
force gradient changing from positive to negative (see
Fig. 8a). Fig. 12a shows the system response when it enters
the unstable region of the adhesion-slip curve. The torsional
vibration appears after ≈ 3 seconds when 1 m/s slip velocity
is commanded. In general, the more negative is the gradient,
the sooner vibration will start. Fig. 12b shows the frequency
spectrum of torque and speed signals when the system is
in vibration mode. Vibration frequency is around 50.8 Hz,
which matches the results from mode shape analysis in
subsection III-C. The highest torque vibration occurs at the
wheelset axle (TDI = 40 kNm), the magnitude increasing
proportionally to the (negative) adhesion force gradient. It can
be also noticed the traction motor torque and the measured
speed contains the vibration information, which is required
to detect and further control the torsional vibration.

The effectiveness of the proposed method in the same
scenario is shown in Fig. 13a. PR controller is first enabled
and disabled gradually (6 s ≤ t ≤ 11 s), and latter suddenly
at t = 14 s, see Fig. 13a-bottom). The activation process is
done using a sliding factor (varying from 0 to 1) where it is
multiplied by the PR output signal. It is seen that the proposed
PR controller damps the torsional vibration, no adverse
effects are observed due to sudden activation/deactivation.
It is also seen that if adverse adhesion conditions remain,
torsional vibrations resume a few seconds after PR control is
disabled. Therefore, it is advisable to keep the PR controller
enabled all the time.

A potential concern for the proposed method would
be the noise in the estimated motor speed. Incremental
encoders are widely used in railway. Encoder signals are
normally converted into pulses to ease their acquisition and
processing. However, since the encoder provides a position
signal, some type of differentiation is required to obtain
the angular speed. Due to the discrete nature of encoder
signal, differentiation will result in quantization noise in the
estimated speed [57]. In this work, speed is estimated by com-
bining periodimeter and frequencimeter methods [57], [58].
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FIGURE 11. Schematic representation of the complete traction drive simulation model with the proposed anti-vibration control.

FIGURE 12. Response of the slip velocity control while commanding 1 [m/s] at t = 1 s.

The effect of quantization noise in the estimated speed
is shown in Fig. 13. A rotary incremental encoder with
4-channels 256 pulse per revolution (PPR) was used [59].
Comparing the results with ideal speed measurement in
Fig. 13a and considering quantization noise in Fig. 13b, it is
observed that the main difference occurs when the PR is
activated suddenly. On the contrary, almost no difference is

observed if PR is activated progressively, or when it remains
enabled.

The proposed method is validated against the conventional
vibration mitigation method shown in Fig. 9a where the
vibration limit is set to 20 kNm (see Fig. 14 vs. Fig. 13a from
t = 6 −→ 11 s and t = 14 −→ 24 s). A clear observation
is the loss of traction torque in the conventional suppression
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FIGURE 13. Response of the proposed method when PR is activated/deactivated gradually (t = 6 s −→ t = 10 s), and suddenly
(t = 14). (a) With ideal speed measurement; (b) using and incremental encoder for speed measurement.

FIGURE 14. Response of conventional torsional vibration mitigation
method.

method (see Fig. 14) to damp the oscillation. However, after
suppressing the oscillation and restoring the traction torque
capability, the oscillations appear continuously as the slip
velocity command remains at the same operating point with
the negative slope of the adhesion curve (i.e. 1 m/s). In the
contrast, the proposed suppression method maximized the
utilisation of the traction torque with completely suppressing
the oscillations as seen in Fig. 13a.

Evaluation of the proposed method under varying condi-
tions will be discussed in the following subsections:

A. EFFECTS OF VARYING SLIP VELOCITY AND
WHEEL-RAIL CONDITION
Variations in the slip command can occur when the loco-
motive has an outer control loop implementing maximum
traction force searching. This might drive the operating point
into the unstable region where the torsional vibration arises.
An example of the response of the proposed method to
changes in the slip velocity is shown in Fig. 15a. Wheel-rail
contact is modeled as profile 1 in the adhesion curve shown
in Fig. 8a. The traction torque is increased from 5 kNm to
5.8 kNm by decreasing the slip velocity to 0.5 m/s. Then, the
torque is decreased to 4.6 kNm when operating at the slip
of 1.5 m/s. The maximum adhesion force can be achieved
when vslip = 0.25 m/s with this specific adhesion profile.
However, the resonant controller was able to dampen the
wheelset oscillations for all commanded slip velocities.

Variations of wheel-rail contact conditions have been
reported as the main mechanism for exciting the wheelset
natural frequencies leading to dynamic torque oscillations
[31], [60]. Fig. 15b shows the response when the contact
condition changes between dry to wet (profiles 1 to 3 in
Fig. 8a). The change can occur for one wheel or both wheels,
this second case is shown in the figure. The change from
dry to wet decreases the adhesion force gradient δµ

δvslip
of

both wheels initiating oscillations in the counter phase. It is
observed from Fig. 15b that the torsional control reacts
reducing torque from 5 kNm to 1 kNm at t = 8 s. This
will keep the slip velocity at 1 m/s avoiding excessive slip.
Once the wheel-rail contact returns to a dry condition, the
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FIGURE 15. Response of the proposed method at different operating conditions.

FIGURE 16. Response of the proposed method with changing the current controller bandwidth (150, 100 and 50 Hz) for two different
tuning sets of the slip velocity controller.

motor torque returns to its initial value. Again, the proposed
method is seen to provide a good response under challenging
operating conditions.

B. EFFECT OF THE DRIVE CONTROL BANDWIDTH
In the previous simulations, fast torque control is assumed,
which is achieved thanks to the use of vector control
with 200 Hz bandwidth for current regulators. Frequently,
drive control is switched to scalar methods at high speed,

especially when the inverter is operated in the overmodulation
region close to the voltage limit. A drawback of scalar control
is the slow dynamic response of the torque control loop.

Fig. 16b shows the effect of the torque control bandwidth,
with the same slip control setup shown in Fig. 11. It is clear
that the lower the bandwidth, the longer the time needed to
fully suppress the vibration. Interestingly, it is found that for
torque control bandwidths below <≈ 60 Hz, oscillations
are not properly cancelled. By doubling the slip controller
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gains, the control system is able to damp the oscillation
for all bandwidths (50 to 150 Hz) (see Fig. 16a). However,
increasing the slip velocity controller gains is not desired as it
will amplify the feedback noise coming from the motor speed
measurement and might also lead to oscillations in practice.

A potential concern when high bandwidth current reg-
ulators are used, is the presence of electrical noise in the
measured currents. The reduce this risk, oversampling of
current sensors was used [61]. A field-programmable gate
array (FPGA) measures the signal every 5 µs, and averages
the measurement over the whole control period. The PWM
operates with a period of 1 ms and with double update,
100 samples being therefore averaged each control period.
This will reduce the noise in the signals to negligible
levels [62], [63].

VI. CONCLUSION
Design and analysis of dynamic torque control for railways
have been addressed in this paper. Modeling of the electric
drive, mechanical drive-train, and vehicle considering slip-
page and vibrations phenomena have been presented. The
conclusions of the analysis can be summarized as follows:
• The adhesion force gradient is the key factor for
torsional vibration phenomena. This factor is often
unpredictable. Moving this factor from positive to
negative values pushes the system to the stability limit
or even towards the instability.

• Operating with negative adhesion force gradient will
excite the resonance frequencies of the mechanical
elements in the drive-train, their severity increasing pro-
portionally to the negative slope of the adhesion curve.

• The first two resonance frequencies are the most
affecting modes on the motor shaft and the press-
fit of the wheelset axle. These two modes should be
eliminated or kept asminimumvalue as possible to avoid
fatigue and failure of the drive-train element.

• Equipping the electric drive with a slip controller,
besides preventing the wheel from slipping on the
rail, can perfectly dampen the first resonance mode
(chatter mode) and return the system to the stable
region. However, the slip control has less influence on
the second resonance mode occurring between the two
wheels (torsional mode).

• Reducing the motor torque is one of the simplest
solutions to damp the torsional resonance mode but at
the cost of losing traction force. Therefore, advanced
control techniques are required to be added in parallel
with the slip controller.

An anti-vibration method using a resonant controller has
been proposed in this paper. A PR controller is used for this
purpose, whose output is added to the torque command used
to provide traction effort. Torque oscillations are obtained
from the estimated traction motor load torque. Only the
estimated electromagnetic torque and the measured motor
speed are required, no additional sensors/cabling or drive-
train state observers are therefore needed. The proposed

anti-vibration control is robust against variations of slip
velocity and under changing wheel-rail conditions providing
maximum available traction with no interruption. It has also
been shown that proper operation of the proposed method
requires torque control bandwidths in the range of 60 Hz or
higher. As a general conclusion, higher bandwidths in the
slip controller will improve the overall performance of the
traction control system using the proposed method.

APPENDIX A
MECHANICAL DRIVE-TRAIN PARAMETERS
TABLE 2. Six-inertia drive-train model parameters of the German class
120 locomotive referred to the wheelset side [54], [55].

APPENDIX B
CONTROLLERS GAINS

TABLE 3. Closed-loop control gains of the simulated model.
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