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RESUMEN (en español) 

La electrificación del transporte se ha impuesto últimamente en el sector del transporte para 
reducir las emisiones de gases de efecto invernadero y mitigar los efectos del cambio climático 
en el planeta. Por electrificación del transporte se entiende el proceso de sustitución de 
vehículos propulsados por combustibles fósiles por otros eléctricos, incluidos vehículos de 
carretera, todoterreno, ferroviarios, aviones y barcos. Los ferrocarriles eléctricos, entre otros 
medios de transporte, ofrecen una eficiencia energética sustancialmente mayor, menos 
emisiones y menores costes de explotación. Además, algunos sistemas de tracción eléctrica 
ofrecen una función de frenado regenerativo que convierte la energía cinética del tren en 
energía eléctrica, devolviéndola al sistema de suministro para que la utilicen otros trenes o la 
red eléctrica. Además, los ferrocarriles eléctricos pueden abastecerse de diversas fuentes, 
incluidas las energías renovables, en comparación con las locomotoras diésel.  

Los trenes eléctricos tienen una relación potencia-peso superior a la de los trenes propulsados 
por depósitos de combustible a bordo. Esto permite una aceleración más rápida, mayor 
potencia y límites de velocidad con menor producción de contaminación acústica. 
Desgraciadamente, el coste de capital de la electrificación ferroviaria es el principal, ya que 
requiere una nueva infraestructura que incluye estaciones de suministro eléctrico, líneas 
aéreas, sistemas de señalización y circuitos de protección contra interferencias, etc. Por lo 
tanto, las soluciones optimizadas para la electrificación ferroviaria deben ser consideradas 
durante las fases de diseño y operación para lograr los ingresos deseados.  

Esta tesis aborda las soluciones optimizadas para los accionamientos de tracción eléctrica en 
ferrocarriles desde la perspectiva del control. Se presentan en detalle los principales elementos 
que conforman el control de los accionamientos de tracción eléctrica, incluyendo las técnicas 
de modulación, el control del par y el control antideslizamiento rueda-carril. A continuación, se 
presentan varias estrategias propuestas para aprovechar al máximo las capacidades de par y 
tracción del motor de inducción alimentado por inversor en ferrocarriles. Se han analizado los 
principios físicos, la implementación y la evaluación del rendimiento de las estrategias 
propuestas.  

Además, se implementa la protección contra la vibración torsional como parte del control de 
tracción para mejorar la capacidad de tracción. La vibración torsional se ha simulado con éxito 
de acuerdo con las mediciones en pista. A partir de este logro, el modelo de simulación se 
aplicará a otros vehículos para validar la predicción de los valores de par dinámico máximo. La 
capacidad de predecir valores de par dinámico máximo es muy demandada por los fabricantes 
de vehículos ferroviarios, para permitir un desarrollo más eficiente de nuevos juegos de ruedas. 
Del mismo modo, estas simulaciones pueden ayudar a los fabricantes a probar la eficacia de 
sus implementaciones de protección contra las oscilaciones torsionales. 



RESUMEN (en Inglés) 

Transportation electrification has become more dominant recently in the transport sector for 
reducing greenhouse gas emissions and mitigating the effects of climate change on the planet. 
Transportation electrification means the process of replacing fossil fuel-powered vehicles with 
electric ones including on-road, off-road, rail vehicles, airplanes, and ships. Electric railways, 
amongst other means of transportation, offer substantially better energy efficiency, lower 
emissions, and lower operating costs. Besides, some electric traction systems offer 
regenerative braking feature that turns the train's kinetic energy back into electric form, returning 
it to the supply system to be used by other trains or the utility grid. Additionally, electric railways 
can be supplied from diverse sources, including renewable energy compared to diesel 
locomotives.  

Electric trains have a superior power-to-weight ratio compared to trains powered by onboard 
fuel tanks. This allows faster acceleration, higher power, and speed limits with less noise 
pollution production. Unfortunately, railway electrification capital cost is the main disadvantage 
as it requires new infrastructure including power supply stations, overhead lines, signaling 
systems, interference protection circuits, etc. Therefore, optimized solutions for railway 
electrification should be considered during the design and operation phases to achieve the 
desired revenue.  

This dissertation addresses the optimized solutions for electric traction drives in railways from 
the control perspective. The main elements forming the electric traction drive control including 
modulation techniques, torque control, and wheel-rail anti-slip control are presented in detail. 
Then, various proposed strategies are introduced to fully utilize the torque and traction 
capabilities of the inverter-fed induction motor in railways. The proposed strategies' physical 
principles, implementation, and performance evaluation have been analyzed.  

Additionally, torsional vibration protection is implemented as part of the traction control to 
improve traction capability. Torsional vibration has been successfully simulated in accordance 
with on-track measurements. Based on this achievement, the simulation model shall be applied 
to other vehicles in order to validate the prediction of maximum dynamic torque values. The 
capability of predicting maximum dynamic torque values is highly demanded by railway vehicle 
manufacturers, to enable more efficient development of new wheelsets. In the same way, such 
simulations can help manufacturers to prove evidence of the effectiveness of their torsional 
oscillation protection implementations. 

SR. PRESIDENTE DE LA COMISIÓN ACADÉMICA DEL PROGRAMA DE DOCTORADO 
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Abstract

Transportation electrification has become more dominant recently in the

transport sector for reducing greenhouse gas emissions and mitigating the ef-

fects of climate change on the planet. Transportation electrification means the

process of replacing fossil fuel-powered vehicles with electric ones including on-

road, off-road, rail vehicles, airplanes, and ships. Electric railways, amongst

other means of transportation, offer substantially better energy efficiency, lower

emissions, and lower operating costs. Besides, some electric traction systems

offer regenerative braking feature that turns the train’s kinetic energy back

into electric form, returning it to the supply system to be used by other trains

or the utility grid. Additionally, electric railways can be supplied from diverse

sources, including renewable energy compared to diesel locomotives.

Electric trains have a superior power-to-weight ratio compared to trains

powered by onboard fuel tanks. This allows faster acceleration, higher power,

and speed limits with less noise pollution production. Unfortunately, railway

electrification capital cost is the main disadvantage as it requires new infras-

tructure including power supply stations, overhead lines, signaling systems,

interference protection circuits, etc. Therefore, optimized solutions for railway

electrification should be considered during the design and operation phases to

achieve the desired revenue.

This dissertation addresses the optimized solutions for electric traction

drives in railways from the control perspective. The main elements forming the

electric traction drive control including modulation techniques, torque control,

and wheel-rail anti-slip control are presented in detail. Then, various proposed

strategies are introduced to fully utilize the torque and traction capabilities of

the inverter-fed induction motor in railways. The proposed strategies’ physical

principles, implementation, and performance evaluation have been analyzed.

Additionally, torsional vibration protection is implemented as part of the

traction control to improve traction capability. Torsional vibration has been
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successfully simulated in accordance with on-track measurements. Based on

this achievement, the simulation model shall be applied to other vehicles in

order to validate the prediction of maximum dynamic torque values. The ca-

pability of predicting maximum dynamic torque values is highly demanded by

railway vehicle manufacturers, to enable more efficient development of new

wheelsets. In the same way, such simulations can help manufacturers to prove

evidence of the effectiveness of their torsional oscillation protection implemen-

tations.



Resumen

La electrificación del transporte se ha impuesto últimamente en el sec-

tor del transporte para reducir las emisiones de gases de efecto invernadero

y mitigar los efectos del cambio climático en el planeta. Por electrificación

del transporte se entiende el proceso de sustitución de veh́ıculos propulsados

por combustibles fósiles por otros eléctricos, incluidos veh́ıculos de carretera,

todoterreno, ferroviarios, aviones y barcos. Los ferrocarriles eléctricos, entre

otros medios de transporte, ofrecen una eficiencia energética sustancialmente

mayor, menos emisiones y menores costes de explotación. Además, algunos

sistemas de tracción eléctrica ofrecen una función de frenado regenerativo que

convierte la enerǵıa cinética del tren en enerǵıa eléctrica, devolviéndola al sis-

tema de suministro para que la utilicen otros trenes o la red eléctrica. Además,

los ferrocarriles eléctricos pueden abastecerse de diversas fuentes, incluidas las

enerǵıas renovables, en comparación con las locomotoras diésel.

Los trenes eléctricos tienen una relación potencia-peso superior a la de los

trenes propulsados por depósitos de combustible a bordo. Esto permite una

aceleración más rápida, mayor potencia y ĺımites de velocidad con menor pro-

ducción de contaminación acústica. Desgraciadamente, el coste de capital de la

electrificación ferroviaria es el principal, ya que requiere una nueva infraestruc-

tura que incluye estaciones de suministro eléctrico, ĺıneas aéreas, sistemas de

señalización y circuitos de protección contra interferencias, etc. Por lo tanto,

las soluciones optimizadas para la electrificación ferroviaria deben ser consider-

adas durante las fases de diseño y operación para lograr los ingresos deseados.

Esta tesis aborda las soluciones optimizadas para los accionamientos de

tracción eléctrica en ferrocarriles desde la perspectiva del control. Se pre-

sentan en detalle los principales elementos que conforman el control de los

accionamientos de tracción eléctrica, incluyendo las técnicas de modulación,

el control del par y el control antideslizamiento rueda-carril. A continuación,

se presentan varias estrategias propuestas para aprovechar al máximo las ca-
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pacidades de par y tracción del motor de inducción alimentado por inversor

en ferrocarriles. Se han analizado los principios f́ısicos, la implementación y la

evaluación del rendimiento de las estrategias propuestas.

Además, se implementa la protección contra la vibración torsional como

parte del control de tracción para mejorar la capacidad de tracción. La vi-

bración torsional se ha simulado con éxito de acuerdo con las mediciones en

pista. A partir de este logro, el modelo de simulación se aplicará a otros

veh́ıculos para validar la predicción de los valores de par dinámico máximo.

La capacidad de predecir valores de par dinámico máximo es muy demandada

por los fabricantes de veh́ıculos ferroviarios, para permitir un desarrollo más

eficiente de nuevos juegos de ruedas. Del mismo modo, estas simulaciones

pueden ayudar a los fabricantes a probar la eficacia de sus implementaciones

de protección contra las oscilaciones torsionales.
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x Conjugate of the complex vector

xs Vector is rotating with synchronous reference frame

xsf Vector is rotating with stator flux reference frame

xrf Vector is rotating with rotor flux reference frame





Chapter 1

Introduction

1.1 Background

The transport sector is considered one of the most significant contributors

to global greenhouse gas (GHG) emissions and climate change, accounting for

more than one-third of total energy consumption among European Environ-

ment Agency member countries [1]. GHG emissions can be mitigated by involv-

ing integrated solutions like replacing fossil fuels with low-carbon sustainable

sources (i.e. renewable energy sources) and emerging new technologies such as

transportation electrification [2–7]. Powertrain electrification combined with

battery energy storage systems provides a promising solution for a fast and

efficient mode of transportation with reduced energy consumption [8–10].

Rolling stock is considered to be the most energy-efficient compared to

other modes of transportation, such as vehicles and airplanes (see Fig. 1.1).

Trains and locomotives can transport large numbers of passengers and goods

over long distances with relatively low energy consumption levels [11]. Ad-

ditionally, rail traction systems are often powered by electricity which facili-

tates the integration with renewable energy sources and reduces their carbon

footprint. In contrast, electric vehicles (EV) minimize GHG associated with

personal mobility [12,13]. EVs are becoming more feasible for many consumers

with the development of battery technology [14]. However, EVs spreading still

face challenges due to range anxiety, charging infrastructure, and overall cost

compared to traditional gasoline-powered vehicles [15].
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Figure 1.1: Average greenhouse gas GHG emissions (gCO2e per tonne-km) for freight

transport in the European Union (EU-27), 2022 [11].

Rolling stock can be classified according to the power level of the traction

system, ranging from several tens of kW for Light Rail systems, to several

MW for High-Speed Trains (HST) and Heavy Rail Locomotives [16]. Traction

systems can be concentrated or distributed. In concentrated systems, one or

more locomotives pull non-motorized coaches. On the contrary, distributed

traction systems use Electric Multiple Units (EMU), i.e., self-propelled car-

riages. Both options have advantages and disadvantages. EMUs can provide

superior performance in terms of acceleration and deceleration times, adhesion

effort, and transport capacity. However, passenger comfort, maintenance, and

pantograph operation can be compromised in this case [17,18]. For the case of

HST, European manufacturers have predominantly adopted the concentrated

traction option, while the distributed option has been preferred by Japanese

manufacturers [19]. Fig. 1.2 shows the main elements of a modern European

high-performance locomotive [20].

Despite being one of the most energy-efficient means for mass transporta-

tion [21–23], there is pressure to develop a more efficient, reliable, cheap, and

compact railway traction system, which should be achieved without compro-

mising customer satisfaction [24–26]. To achieve this, optimized solutions and

strategies for traction systems can be improved and developed from both elec-

trical and mechanical perspectives.

From the electrical perspective, the development of a cost-effective traction

system for a given application involves a complex, iterative process to decide the

number of traction motors, motor size, inverter-rated power, cooling system,

etc.

2
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Figure 1.2: Cross section of a European high-performance locomotive (top and side

view) [20].
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1.1 Background

Once the physical elements of the traction system have been decided, the

control and modulation strategies need to be defined. Again, in this case, a

complex iterative process can be required as the traction system must com-

ply with a number of requirements. These include those imposed by the de-

sired train performance (e.g., torque-speed characteristic, maximum torque

and speed, acceleration/deceleration times, etc.), electric drive performance

(e.g., machine and inverter efficiency, temperature limits, maximum torque

ripple, etc.), existing standards (e.g., electromagnetic interference, acoustic

noise, etc.), and so on.

Unfortunately, these targets will often be in conflict. The reduction of

inverter losses requires low switching frequencies, which in turn result in higher

losses and large torque pulsations in the motor, and can also compromise the

dynamic response or even the stability of the drive. Especially challenging is

the operation of the traction drive at high speeds. The large back-electromotive

force, in this case, forces the inverter to operate in the overmodulation region,

including square-wave modes. The control operates in this case with a reduced

(or even no) voltage margin and large distortions in the currents, which can

further deteriorate the drive performance.

A schematic representation of the main elements involved in the operation

of a traction drive is shown in Fig. 1.3. The pantograph transfers the electrical

power from the overhead line (AC or DC) to the locomotive. The AC trans-

mission 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 drivetrain, producing the traction force.

Three-phase induction motors (IMs) were adopted in the 1990s for traction

systems in railways replacing DC machines [27] due to their increased robust-

ness and reduced cost and maintenance requirements. In addition, precise

control of the IM torque/speed is perfectly possible thanks to the development

of new power devices and digital signal processors, combined with the advances

in AC-drives control methods. Furthermore, the inherent slip of IM allows mul-

tiple motors to be fed from a single inverter, even if they rotate at different
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Figure 1.3: Schematic representation of a single-driven axle for a high-performance

locomotive.

speeds due to differences in wheel diameters. As a result, the voltage-source

inverter-fed IM drive (VSI-IM) is currently the preferred option in traction

systems for railways [28]. While Permanent Magnet Synchronous Machines

(PMSM) have also been considered and can be found in several traction sys-

tems, cost and reliability concern intrinsic to this type of machine, mainly due

to magnets, have so far prevented their widespread use [29].

The electric drive control is responsible for achieving the traction force F ∗t
commanded by the driver (see Fig. 1.3). The drive will normally receive a

torque command coming from outer control loops (e.g., the train driver or

speed control loop). From the torque command and the operating condition

of the machine, a flux command is derived; different criteria can be followed

for this purpose. Torque and flux are controlled by the inner control loops;

a number of solutions are available for this purpose. Inner control loops will

provide the voltage command to the Voltage Source Inverter (VSI) feeding the

machine, with the selection of the modulation method being of the highest

importance.

High-power traction drives usually operate with low switching frequencies

(< 1 kHz) to reduce switching losses. This results in significant current and

consequently torque ripples, which can have implications for mechanical trans-

mission stress, train comfort, standards compliance, etc. Trading-off switching

losses and torque pulsations is a challenge for the selection of modulation meth-

ods. Furthermore, modulation and control strategies often change with the

output frequency. Typically, Asynchronous Pulse-Width Modulation (PWM)
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is used at low speeds, changing to Synchronous Modulation with Selective Har-

monic Elimination (SHE) and finally single pulse modes as the speed increases

(see Fig. 1.4) [30].

Overmodulation is used in electric drives to maximize the fundamental

output voltage of the inverter. This has two beneficial effects: 1) an increase of

the fundamental output voltage allows to get more torque at high speed, and

consequently more power; 2) the number of commutations, and consequently,

the switching losses in the inverter are reduced [31]. Unfortunately, this is

at the price of an increase in the distortion of the currents creating torque

harmonics with the subsequent effects such as noise, vibration, additional losses

in the machine, etc [32]. Many efforts have been devoted to improving drive

performance in overmodulation [33–39]. However, the analyses reported in

the literature primarily focus on voltage utilization and harmonic content, the

effect on switching losses is normally ignored.

On the other hand, optimized solutions for traction systems from the me-

chanical perspective require advanced techniques capable of detecting and pre-

venting locomotives from the derailment. 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 col-

lisions [40]. Failure in the mechanical components of the vehicle, track geome-

try defect (due to excessive wear of wheels or rails), and wheel-rail interaction
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such as excessive creepage are the most significant reasons for the train vehicle

derailment [41, 42]. Therefore, many efforts have been devoted to limiting the

creep (i.e. slip) between the wheel and the rail [43–45].

However, a certain amount of slip between the wheel and rail is needed to

increase the tractive force generated by the traction motor to the rail. Tradi-

tional 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 [46, 47]. They can be

divided into two types:

1. Direct methods: they compare either the wheel circumference slip

velocity or the wheel acceleration with a predefined threshold [48–50].

The threshold is chosen based on field tests and trains’ driver experi-

ence [51, 52]. 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 [53], some form of sensorless

vector control is therefore normally used. Slip is detected in 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.

Finding the optimal slip velocity is a challenging task due to the high

unpredictability of adhesion-slip phenomena and the subsequent uncertainty

in the estimations. Several approaches have been proposed for this purpose,

including: perturb and observe methods (P&O) [54,55]; recursive least squares

searching [56–58]. Model predictive control and particle swarm intelligence

methods are also be found in [59,60]. However, these search algorithms 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 [61]. These oscillations can also be provoked by the slip-stick phenomenon

due to changes in the adhesion condition and track irregularities.
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Excitation of torsional resonances by the torque ripple and the interaction

between the electric and mechanical elements are the main source of such vi-

brations [62]. Torsional vibrations in mechanical systems fed from electrical

drives can be either passively or actively damped [63]. Passive cancellation can

be implemented using Infinite Impulse Response (IIR) notch filters. The filter

is designed to remove dangerous oscillations from the torque command [64],

avoiding 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 in the inertia constant of the mechanical system. A Finite Im-

pulse Response (FIR) notch filter compensator can be used instead [65], taking

advantage of FIR systems intrinsic stability and linear phase shift [66,67]. Ex-

citation 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 [65]. 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 feed-

back compensation where the torque command can be adapted through the

feedback signals of the torque control loop, speed control loop, or both [68].

Thus, all system poles can be placed at the desired location by choosing the

appropriate feedback gains [69,70]. Usually, these methods require an estima-

tor or observer for non-measurable states [70,71]. Moreover, advanced control

techniques using Linear Quadratic Regulator (LQR), Linear Quadratic Gaus-

sian (LQC), and H∞ have been also proposed in [72–74]. However, these

methods are highly sensitive to system parameters, meaning that for success-

ful implementation they might need to be combined with parameter identifica-

tion methods. Furthermore, the aforementioned torsional vibration mitigation

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 have been discussed in [75–78]. In [79], an indirect passive anti-

vibration control is proposed. 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 effectiveness of this method strongly

relies on the quick detection of slips. While simple and therefore easy to im-

plement, the main shortcomings of this method are the decrease in traction
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capability during the oscillation mitigation process, and the need for addi-

tional wheel sensors, which increase the cost and require the reconfiguration

of existing locomotives in service. In [80], 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 tor-

sional vibrations [20]. 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 com-

plexity and the difficult tuning of the controller and the observer. Furthermore,

natural frequency identification is required to adapt the mechanical drive-train

parameters to reflect variations due to wear and aging.

1.2 Dissertation Aims and Objectives

Optimized utilization of traction force is a key aspect in modern railway

traction systems for multiple reasons as safety, reliability, energy management,

and economical concerns. Traction force is defined as the force developed

by the traction motor being transferred to the train vehicle’s wheel to move

the train. Maximizing the traction force leads to efficient and fast acceler-

ation/deceleration rates. This allows for following the planned travel speed-

distance profile precisely, avoiding trip delays and reducing energy consump-

tion. Therefore, implementation of control methods able to maximize the trac-

tion force becomes crucial to traction systems manufacturers and trains service

providers being beneficial from revenue aspect and punctuality as well.

As mentioned in the previous section, the optimization of torque and adhe-

sion control capabilities for railway traction drives requires a complex iterative

process not only in the design and selection stage of the traction system ele-

ments but also during the operation. Introducing new strategies and improving

existing methods in the electric traction drive can lead to higher efficiency com-

pared to the same drive with unchanged elements.

The aim of this dissertation is twofold: first, to investigate and bridge the

gap between theory and practice in the field of electric traction drives for rail-

ways. This is achieved by addressing recent control advances, and considering

both electrical and mechanical challenges. Second, to improve existing methods

such as motor torque control and modulation techniques, as well as propose
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novel control methods for wheel-rail slip and its impact on the mechanical

drivetrain elements, such as torsional vibrations.

1.3 Dissertation Outlines

This thesis is organized into six chapters and two appendices:

• Chapter 1: introduces the research line of this dissertation, including

an overview of control strategies and recent challenges of traction drives

for railways. Moreover, the objectives and outlines of the dissertation are

presented.

• Chapter 2: describes the modulation techniques used in traction appli-

cations, including synchronous and asynchronous pulse-width modulation

(PWM) methods. The investigation expands to cover overmodulation

strategies existing in the literature and proposes a novel generalized form

of space-vector PWM (SVPWM) overmodulation strategy. Additionally,

a comparative analysis of overmodulation strategies are performed and

validated experimentally.

• Chapter 3: gives a brief discussion of induction motor (IM) modeling

and design aspects. Additionally, it summarizes IM control strategies

for traction applications and proposes a dynamic torque enhancement

to the scalar control scheme for high-speed operation. Furthermore, it

introduces a remagnetization strategy during reduced flux operation at

light loads to improve IM efficiency.

• Chapter 4: discusses the wheel-rail slippage phenomenon occurs in rail-

ways. Then, summarizes the existing anti-slip control methods in lit-

erature and proposes new optimized techniques aim to track maximum

adhesion and preventing excessive slippage as well. A scaled roller rig is

used for fair comparison of all described methods.

• Chapter 5: summarizes the origins and mitigation methods of tor-

sional vibrations in railways. The mathematical and simulation models

of mechanical various drivetrains are presented. Moreover, active anti-

vibration control based on proportional-resonant (PR) controller is pro-

posed, verified by means of simulation, and compared to real locomotive

drivetrain measurements.
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• Chapter 6: summarizes the main findings obtained throughout this

dissertation and future research lines aimed to improve the addressed

methods.

• Appendix A includes parameters of the electrical and the mechanical

elements used in this dissertation as well as controllers gains.

• Appendix B includes publications conducted during this dissertation

and journal matrices.
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Chapter 2

Modulation Techniques in

Traction Applications

2.1 Introduction

This chapter presents short notes on asynchronous and synchronous modu-

lation techniques including carrier-based PWM methods, space-vector modula-

tion, and selective harmonic elimination. Linear and overmodulation extending

to six-step operation will be discussed in more detail. Finally, a comparative

analysis of overmodulation methods for AC electric drives using three criteria:

output vs. commanded modulation index (i.e. linearity); harmonic content;

and the number of commutations (i.e. switching losses). Thus, the analysis

will primarily focus on existing methods reported in the literature, followed by

a generalized form for improving some of these methods will be also addressed.

In this chapter the modulation index used is referred to six-step operation,

calculated in (2.1), where V ∗ln(peak)
is the peak line-neutral and Vdc is the DC

bus voltage.

Mi =
V ∗ln(peak)

2
πVdc

(2.1)

The carrier-based PWM can be classified into Continuous PWM (CPWM)

and Discontinuous PWM (DPWM) categories. In the CPWM, all the inverter

switches are continuously switching at each switching cycle when the reference

magnitude is lower than the peak of the carrier signal (linear region). In
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contrast, for DPWM methods there is always one of the three inverter branches

clamped to the positive or negative DC bus. The branch being clamped does

not switch as there is no intersection between the modulated and carrier signals.

In the following sections, some of the CPWM and DPWM methods will be

considered [81].

2.2 Continuous PWM (CPWM)

2.2.1 Sinusoidal PWM (SPWM)

In SPWM, the modulating signals at steady-state are sinusoidal waveforms

(2.2)-(2.4), which are compared with a high-frequency triangular carrier signal.

The intersection between these signals generates the switching signals of the

inverter power devices. SPWM offers the simplest implementation method of

carrier-based PWM. However, the maximum magnitude of the output voltage

V ∗ln(peak)
for linear operation is limited to Vdc

2 , which corresponds to 78.5% of

the six-step voltage, i.e. Mi = 0.785. Therefore, the main drawback of this

method is the low utilization level of the DC bus voltage.

V ∗a = V ∗ln(peak)
cos

(
θ∗
)

; where V ∗ln(peak)
=

4

π
M∗i (2.2)

V ∗b = V ∗ln(peak)
cos

(
θ∗ − 2π

3

)
(2.3)

V ∗c = V ∗ln(peak)
cos

(
θ∗ +

2π

3

)
(2.4)

In order to increase the DC bus voltage utilization, a zero-sequence signal

V0 can be added to the reference signals (2.5)-(2.7) that increases the V ∗ln(peak)

to Vdc√
3

. The injected zero-sequence signal is commonly referred to as triplen

harmonic injection which is calculated by (2.8). Hence, from (2.1) the linear

operation is extended to Mi
∼= 0.907. Since SPWM without triplen harmonics

does not fully utilize the DC link voltage, it is disregarded. Hereafter any

reference to SPWM assumes triplen harmonic injection. Fig. 2.1 shows a

comparison of phase voltages for SPWM with and without triplen harmonic

component and its block diagram for three-level inverter.
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Figure 2.1: Reference voltages of SPWM method: (a) Mi= 0.7; (b) Mi= 0.907; (c)

block diagram. Dashed line (- -) for conventional SPWM; Solid line (-) for SPWM

with triplen harmonic injection.

V ∗a(min,max) = V ∗a + V0 (2.5)

V ∗b(min,max) = V ∗b + V0 (2.6)

V ∗c(min,max) = V ∗c + V0 (2.7)

where

V0 = −(v∗max + v∗min)

2
;




v∗max = max (V ∗a , V

∗
b , V

∗
c )

v∗min = min (V ∗a , V
∗
b , V

∗
c )

(2.8)

2.2.2 Conventional Space-Vector PWM (CSVPWM)

CSVPWM is based on the volt-second balance principle, i.e. the reference

voltage vector in sector n can be generated using zero vector (V0 or V7) in
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combination with the two nearest active vectors (Vn, Vn+1). Assume that the

reference voltage vector be in the first sector as shown in Fig. 2.2, the reference

voltage vector can be calculated as in (2.9) where (T1, T2) are the applied effec-

tive time corresponding to the active vectors, and Ts is the switching period.

The effective times can be deduced as in (2.10) where θ∗ is the voltage angle

between the reference vector and the active vector in the clockwise direction.

Ts · V s∗
s = T1 · V1 + T2 · V2 (2.9)





T1 =
|V s∗
s | · Ts

2/3Vdc
· sin (π/3− θ∗)

sin (π/3)

T2 =
|V s∗
s | · Ts

2/3Vdc
· sin (θ∗)

sin (π/3)

TZ = Ts − T1 − T2; T0 = T7 = TZ/2

(2.10)

Figure 2.2: Space-vector diagram of the reference voltage vector in the stationary

reference frame located in the first sector.
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CSVPWM provides a maximum modulation index of Mi
∼= 0.907 in the

linear operation, as shown in Fig.2.3. Although CSPVM requires more com-

putational effort and the transformation of complex vectors, the CSVPWM

shows low harmonic distortion and more flexibility to use redundant states

in multi-level inverters. Space-vector modulation of the three-level Neutral-

Point-Clamped (3L-NPC) inverter considered for the following analysis in this

chapter is shown in Fig. 2.4 [82–84].

2.3 Discontinuous PWM (DPWM)

The DPWM method aims to reduce the switching losses of the inverter by

introducing discontinuous zero-sequence voltage (ZSV). The introduced ZSV

modifies the reference sinusoidal voltage to clamp the positive or negative DC

bus (V dc2 ) for a total duration of 120o electrical degrees at each fundamental

cycle. Several DPWM methods have been implemented by using different ZSV,

but each DPWM method splits the clamping period into several segments [81].

Generally, DPWM methods utilize the DC bus voltage in the linear modula-

tion range to Mi
∼= 0.907 with reduced switching losses by 33% compared to

the CSVPWM. However, the main drawback of DPWM methods is the high

current harmonic distortion and worse waveform quality at low and medium

modulation indexes.

2.3.1 120o DPWM

In this method, the modulating signals have only one segment at each

fundamental period of a duration of 120o electrical degrees at which they are

clamped to the DC bus. It is divided into two subcategories:

• DPWMMAX: the modulating signals are clamped to the positive DC

bus and the zero-space vector V0 is removed.

• DPWMMIN: the modulating signals are clamped to the negative DC

bus and the zero-space vector V7 is removed.

Fig. 2.5a and 2.5b show the DPWMMAX and DPWMMIN with the in-

jected ZSV respectively. The main disadvantage of these methods is the un-

equal stress distribution on the inverter switching devices during the clamped

period.
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2.3.2 60o DPWM

In this method, the total clamping period of 120o is split into two 60o

intervals by alternately changing the homopolar voltage Vh between V0 and V7

at each fundamental cycle. Based on the placement of the two 60o intervals in

the 120o clamping region, different 60o DPWM schemes can be implemented

as following (see Fig. 2.5c, 2.5d and 2.5e):

• DPWM0: It is generated when the phase difference between the clamped

segment and the peak of the reference phase is leading by 30o.

• DPWM1: It is generated when the two 60o is placed in the middle of

the peak (positive and negative) of the reference phase.

• DPWM2: It is generated when the phase difference between the clamped

segment and the peak of the reference phase is lagging by 30o.

Among these various DPWM methods, DPWM1 shows minimum switching

losses making it the most interesting for AC motors applications [85].

2.3.3 30o DPWM

In this method, the total clamping period per phase of 120o is split into

four segments with a 30o electrical degrees interval. DPWM3 is an alternative

common name to this method which has low harmonic distortion. The refer-

ence modulating signals with the injected ZSV are shown in Fig. 2.5f.
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2.3 Discontinuous PWM (DPWM)

Figure 2.5: Summary of reference voltages of discontinuous PWM (DPWM) methods.
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2.4 Generalized PWM Algorithm (GPWM)

In this algorithm, different PWM methods mentioned above can be imple-

mented by changing the zero-sequence signal [85, 86]. It is also called Hybrid

PWM as a combination of different modulation methods that can be used based

on the voltage magnitude, i.e., using CSVM in the low modulation index then

it changes to one of the DPWM methods. Recalling equations (2.5)-(2.7), the

zero-vector voltage, calculated in (2.11), is added to the instantaneous refer-

ence phase voltages. Where K and δ are variables in table 2.1 that depends

on each PWM method and ω is the angular speed of the reference voltage.

V0 = [−K · v∗max + (K − 1) · v∗min + (2K − 1)] (2.11)

Table 2.1: K and δ variables for different PWM methods.

Method K δ

CSVPWM 0.5 -

DPWMMAX 1 -

DPWMMIN 0 -

DPWM0

−1
2

[
1− sign

(
cos

(
3 · (ωt+ δ)

))] δ = −π/6
DPWM1 δ = −π/3
DPWM2 δ = 0

DPWM3 δ = +π/6

2.5 Unified Voltage Modulation Technique of the

Space Vector PWM

From the previous GPWM, it can be noted that the unified voltage modula-

tion algorithm deals with the instantaneous three-phase reference voltages and

a zero-sequence signal with triplen harmonic of the fundamental. The GPWM

is suitable for steady-state operation but during the transients, its performance

is not satisfactory. Besides, commonly in high-performance drives like field-

oriented schemes, the whole control process is made on the reference space

vector (magnitude and angle) combined with CSVPWM method. In [87, 88],
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a new unified voltage modulation technique based on the space voltage vec-

tor is proposed. This strategy offers simple implementation, less computa-

tional effort, and does not involve any look-up tables or logic operation for

actual switching time calculations. In addition, all PWM methods (SPWM,

CSVPWM, DPWM) can be implemented from the space voltage vector in the

stationary frame by only changing one variable (offset time).

Considering the reference voltage vector shown in Fig. 2.2 in the stationary

reference frame, the unified PWM strategy procedure is described as follows:

1. The reference phase voltages are obtained from the reference voltage

vector in the stationary reference frame.


V ∗as
V ∗bs
V ∗cs


 =




1 0

−1/2
√

3/2

−1/2 −
√

3/2


 ·
[
V ∗αs
V ∗βs

]
(2.12)

2. Calculate a virtual time proportional to each phase voltage:




Tas = Ts
Vdc
· V ∗as

Tbs = Ts
Vdc
· V ∗bs

Tcs = Ts
Vdc
· V ∗cs

where,




V ∗as + V ∗bs + V ∗cs = 0

Tas + Tbs + Tcs = 0 (2.13)

3. Calculate the active and zero times. The effective time is the time in

which an active voltage is supplied to the load (machine):

Teff = Tmax − Tmin; where

[
Tmax = max(Tas, Tbs, Tcs)

Tmin = min(Tas, Tbs, Tcs)
(2.14)

Tz = Ts − Teff (2.15)

4. Calculate the offset time which is required to distribute the zero voltage

during one switching period. The offset time is a degree of freedom that

can change the modulation method as listed in table 2.2. The DPWM0

and DPWM2 also can be implemented by the same way if needed.

5. Calculate the actual ON gate time signals (switching times) of the top

TabcT and bottom TabcB devices for each inverter leg.





TaT = Tas + Toffset ; TaB = Ts − TaT
TbT = Tbs + Toffset ; TbB = Ts − T bT
TcT = Tcs + Toffset ; TcB = Ts − T cT

(2.16)
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Table 2.2: Offset time calculation for unified voltage modulation technique.

PWM

Method

Offset time, Toffset

SPWM Toffset = Ts
2

CSVPWM Toffset = TZ
2 − Tmin

DPWMMAX Toffset = Ts − Tmax

DPWMMIN Toffset = − Tmin

DPWM1





if(Tmin + Tmax) ≥ 0 then Toffset = Ts − Tmax
if(Tmin + Tmax) < 0 then Toffset = −Tmin

DPWM3





if(Tmin + Tmax) ≥ 0 then Toffset = −Tmin
if(Tmin + Tmax) < 0 then Toffset = Ts − Tmax

2.6 Selective Harmonic Elimination (SHE)

Selective Harmonic Elimination (SHE) is an attractive option for high-

power applications providing low switching frequency PWM for reducing the

switching losses of the semiconductors. It eliminates the low order-harmonics

that would appear in the output voltage hence improving the machine perfor-

mance. SHE technique uses a number of switching angles per quarter funda-

mental cycle which are pre-defined via Fourier analysis to ensure the elimina-

tion of undesired low-order harmonics [89]. However, the eliminated harmonic

energy in the switched waveform is redistributed over the other harmonic com-

ponents causing an increase in the non-eliminated harmonics. The idea of the

SHE method is to make the Fourier coefficients (harmonic components) of the

reference switched waveform equal to zero for those undesired harmonics, while

the fundamental component is equal to the desired reference amplitude. This

can be achieved by solving a set of non-linear equations offline using numerical

methods to obtain the desired switching angles [90, 91]. The phase-to-neutral

output voltage is given by equation (2.17), while the Fourier coefficients of the

predefined waveform with the switching angles as unknown variables are given

in (2.18).
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2.6 Selective Harmonic Elimination (SHE)

Vln =
∞∑

n=1

[
4Vdc
nπ

N∑

k=1

(−1)k+1 cos(nαk)

]
· sin(nωt) (2.17)

hn =
4

nπ

[
N∑

k=1

(−1)k+1 cos(nαk)

]
, α1 < α2 < . . . < αk <

π

2
(2.18)

where,

hn the amplitude of harmonic order n;

αk the corresponding switching angle;

N the number of switching angles required to eliminate (N − 1) of

harmonic components.

An example of SHE with three switching angles is shown in Fig. 2.6a.

With three angles, it is possible to cancel two harmonics of the output voltage

(typically the 5th and 7th), in addition to controlling the magnitude of the

fundamental voltage as in (2.19) (see Fig. 2.6b). The third harmonic and its

multiples are naturally eliminated by the three-phase load connection. The

Newton-Raphson iterative method is usually employed to solve such equations

to find the appropriate switching angles [92].

4

π
= cos(α1) + cos(α2) + cos(α3),

0 = cos(5α1) + cos(5α2) + cos(5α3),

0 = cos(7α1) + cos(7α2) + cos(7α3) (2.19)

As the speed (i.e fundamental frequency) increases, SHE changes to one

pulse mode (see Fig. 2.6c & 2.6d) to reduce switching losses. SHE implemen-

tation is schematically shown in Fig. 2.6e for a three-level NPC inverter where

α∗k refers to any number of switching angles.
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Figure 2.6: Selective Harmonic Elimination (SHE) of 3L-NPC inverter. Phase voltages

and switching angles values for the case of: (a) & (b) three switching angles; (b) &

(c) one switching angle; (e) SHE block diagram.

2.7 Overmodulation (OVM) Strategies

The actual output-to-reference voltage ratio indicates the linearity of the

modulation method used. SPWM in the linear modulation range (output fun-

damental voltage equal to reference voltage) is 0 ≤ Mi ≤ π
4 , (0 ≤ Mi ≤
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2.7 Overmodulation (OVM) Strategies

0.7854). Using CSVPM or SPWM with triplen harmonic injection extends the

linear region to 0 ≤Mi ≤ π
2
√

3
, (0.7854 ≤Mi ≤ 0.907). In the overmodulation

range (0.907 ≤ Mi ≤ 1), the voltage waveform is distorted and results in ad-

ditional odd harmonics, the fundamental output voltage vs. reference voltage

ratio follows a non-linear behavior.

Overmodulation strategies aim to compromise output voltage harmonic

distortion, and DC bus utilization when the inverter operates beyond its linear

limit. The most widely used OVM methods are (see Fig. 2.7):

• Minimum-phase error (MPE), Vs1 [86].

• Minimum-distance/magnitude error (MME), Vs2 [86].

• Switching-state (DPWM1), Vs3 [86].

• Single-mode (Bolognani), Vs4 [93].

• Piecewise-fitting dual-mode (Dong-Lee), Vs5 [94].

Figure 2.7: Space-vector diagram of the reference voltage vector for different overmod-

ulation strategies.
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2.7.1 Minimum-phase Error (MPE), Vs1

In this strategy, the reference voltage vector is limited to the hexagon sur-

face in the whole OVM process. Using the unified PWM strategy and recalling

equations (2.13)-(2.15), the OVM can be detected when the zero-vector time

is negative value [87, 88]. Then the imaginary switching times and the offset

time are modified as in (2.16). The output voltage vector is always in phase

with its reference vector. The results for this method have been omitted as it

requires infinity gain to reach six-step operation.





T ∗as = Tas · Ts
Teff

T ∗bs = Tbs · Ts
Teff

T ∗cs = Tcs · Ts
Teff

where, Toffset = −Tmin ·
Ts
Teff (2.20)

2.7.2 Minimum-distance/magnitude Error (MDE), Vs2

In this strategy, the output voltage vector is modified to a point which is

the projection of the reference on the hexagon limit during the OVM process.

This strategy is naturally implemented by limiting the three-phase voltage

references in the GPWM method. Fig. 2.10a shows the MME method for

different modulation indexes at OVM process. Due to the symmetry of the

modulation method, the first sector is only presented in Fig. 2.10. It can

be noted that the OVM is applied only when the reference voltage vector is

outside the hexagon. Therefore, the produced output voltage will be less than

its reference value. The modified output voltage lags and leads the reference

vector for each half-sector respectively.

2.7.3 Switching-state (DPWM1), Vs3

The switching-state or (DPWM1) modulation method belongs to the 60o

DPWM category discussed in Section 2.3.2. However, in this strategy, the

output voltage vector is modified to a point at which the vector difference

between the reference and the output voltage vector makes a 60o with the

hexagon surface during the OVM process (see Fig. 2.10b). The modified output

voltage lags and leads the reference vector for each half-sector, respectively.
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Figure 2.8: Space-vector diagram of the reference voltage vector for for Bolognani

overmodulation strategy.

2.7.4 Single-mode (Bolognani), Vs4

The operating principle of this strategy is to change the output voltage

vector angle while keeping the magnitude as its reference value. The modified

output voltage vector angle following the conditions in (2.21), where θh is the

holding angle [93]. It can be concluded that when the reference vector exceeds

the hexagon boundary, the output vector is held at the intersection point until

the reference vector enters back inside the hexagon. The intersection point, i.e.

the intersection of the reference vector with the hexagon boundary is obtained

from the holding angle (2.21). The output voltage vector locations belong to

the blue arc shown in Fig. 2.8. As a result, the phase angle of the reference

vector shifts to the next or the previous intersection point depending on its

location in the sector. Consequently, high harmonic components in the output

voltage will be produced. Otherwise, the output voltage vector is equal to the

commanded value. The holding angle is inversely proportional to the reference

vector where the six-step operation is reached when V ∗ = 2
3Vdc (red circles in

Fig. 2.8). The modified output voltage lags and leads the reference vector in

each half-sector, respectively (see Fig. 2.10c).
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θ∗m =





θ∗ 0 ≤ θ∗ ≤ θh
θh θh ≤ θ∗ ≤ π

6
π
3 − θh

π
6 ≤ θ∗ ≤ π

3 − θh
θ∗ π

3 − θh ≤ θ
∗ ≤ π

3

; where, θh =
π

6
− cos−1

(
Vdc√
3 · V ∗

)
(2.21)

2.7.5 Piecewise-fitting Dual-mode (Dong-Lee), Vs5

To overcome the single-mode disadvantage of having high harmonic com-

ponents of the output voltage, a dual-mode overmodulation method based on a

piecewise-fitting curve is proposed in [94]. In this method the overmodulation

region is divided into two regions:

• OVM region I (0.9069 <Mi ≤ 0.9517): In this region only the mag-

nitude of the reference vector is changed while the phase angle remains

unchanged. The output vector is limited to the hexagon surface if the

reference vector is outside the hexagon boundary. When the reference

vector is inside the hexagon, the output vector magnitude is increased

with an appropriate value to compensate for the difference in the refer-

ence vector during the operation outside the hexagon limit as shown in

Fig. 2.9a. The modified vector magnitude is a function of the reference

angle αr according to (2.22). The relationship between the αr and Mi is

linearized for the online modulation process in (2.23).

V ∗out =





Vdc√
3 · cos (π6 − αr)

0 ≤ θ∗ ≤ αr
Vdc√

3 · cos (π6 − θ∗)
αr < θ∗ ≤ π

3 − αr
Vdc√

3 · cos (π6 − αr)
π
3 − αr < θ∗ ≤ π

3

(2.22)

αr =





π
6 (Mi < 0.9069)

−30.23 ·Mi + 27.94 (0.9069 ≤Mi < 0.9095)

−8.58 ·Mi + 8.23 (0.9095 ≤Mi < 0.9485)

−26.43 ·Mi + 25.15 (0.9485 ≤Mi < 0.9517)

(2.23)

• OVM region II (0.9517 < Mi ≤ 1.0): In this region only the mag-

nitude of the reference vector is changed while the phase angle remains
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Figure 2.9: Space-vector diagram of the reference voltage vector for Dual-mode over-

modulation strategy: (a) OVM region I; (b) OVM region II.

unchanged. The output vector is limited to the hexagon surface if the

reference vector is outside the hexagon boundary. When the reference

vector is inside the hexagon, the output vector magnitude is increased

with an appropriate value to compensate for the difference in the refer-

ence vector during the operation outside the hexagon limit as shown in

Fig. 2.9b. The modified vector magnitude is a function of the holding

angle αh according to (2.24) and (2.25). The relationship between the

αh and Mi is linearized for the online modulation process in (2.26). The

modified output voltage at different modulation indexes can be seen in

Fig. 2.10d.

V ∗out =
Vdc√

3 · cos (π6 − θm)
(2.24)

θm =





0 0 ≤ θ∗ ≤ αh
(π

6

)
·


θ
∗ − αh
π

6
− αh


 αh < θ∗ ≤ π

3
− αh

π

3

π

3
− αh < θ

∗
≤ π

3

(2.25)
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αh =





6.40 ·Mi − 6.09 (0.9517 ≤Mi < 0.98)

11.75 ·Mi − 11.34 (0.98 ≤Mi < 0.9975)

48.96 ·Mi − 48.43 (0.9975 ≤Mi < 1)
π
6 (1 ≤Mi)

(2.26)

𝑀
𝑖∗
=
0
.9
0
7

𝑀
𝑖∗
=
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𝑀
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=
0
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.1

(a) Minimum Distance
Error (90o).

(b) Switching 
State (60o).

(c) Single mode. (d) Dual mode.

Figure 2.10: Reference Vs. actual inverter output voltage at different Modulation in-

dexes for conventional overmodulation strategies: (a) Minimum-Distance Error (90◦);

(b) Switching-State (60◦); (c) Single-mode; (d) Dual-mode.
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2.8 Proposed Generalized Form of SVPWM in Over-

modulation

Figure 2.11: Proposed General Form of dynamic OVM with an arbitrary angle γ.

From the previous discussion, it can be noticed that the Minimum-Phase

Error, Minimum-Distance Error, and Switching-State methods are based on

similar principles, the only difference being the angle between the voltage vector

being added to the original voltage command and the hexagon boundary (0o,

90o and 60o respectively), as seen in Fig. 2.7. This type of overmodulation can

be generalized to any arbitrary angle γ as described following:

1. Assuming the reference voltage vector is located in the first sector. The

reference vector magnitude limited to the hexagon boundary is calculated

in (2.27). The new modified reference vector ~Vsm (see Fig. 2.11) depends

on the angle γ connecting the reference and the modified vector tips with

the hexagon border.

|V ∗hex| =
Vdc√

3 · cos
(
θ∗ − π

6

) (2.27)

2. For a given angle γ the triangle ABC shown in Fig. 2.11 is formed, with

the angles α and β being obtained as:
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α =

{
θ∗ + π

3 , 0 ≤ θ∗ ≤ π
6

π − θ∗ − π
3 ,

π
6 < θ∗ ≤ π

3

(2.28)

β = π − α− γ (2.29)

3. The modified output vector can be calculated as follows:

|A| = |V ∗s | − |V ∗
hex| (2.30)

|C| = |A| · sin (β)

sin (γ)
(2.31)

~Vsm =

{
~V ∗
hex + |C| ·e−jπ/3, 0 ≤ θ∗ ≤ π

6
~V ∗
hex + |C| ·ej2π/3 π

6 < θ∗ ≤ π
3

(2.32)

2.9 Comparative Analysis of OVM Strategies

This Section compares the performance of the different overmodulation

strategies. Three aspects will be considered: a) output to commanded mod-

ulation index (linearity); b) harmonic distortion; and c) number of commuta-

tions. The analysis will focus on strategies that can reach six-step operation;

hence the Minimum-Phase Error (MPE) method is disregarded as it requires

an infinite reference modulation index to reach six-step operation.

Fig. 2.12a shows the actual Mi vs. commanded M∗i modulation index for

the overmodulation methods described in section 2.7. It is seen that the Dual-

mode strategy provides a nearly linear relationship between the reference and

the output voltage while the Minimum-Distance Error (MDE) one shows the

worse behavior in this regard. The six-step operation is reached at a very high

(in the range of thousands) value of the reference modulation index, therefore

the reference modulation index in Fig. 2.12a is only shown up to 2 for clear

visualization and comparison with other methods. Switching-State strategy

modifies the reference voltage vector to be 60◦ from the hexagon boundary.

Six-step operation is achieved in this case for M∗i ∼= 1.5. Holding the reference

voltage vector at the hexagon boundary to compensate for the interval being

outside the hexagon (i.e. Single-mode) reduces reaching six-step operation to

M∗i ∼= 1.047 [93].
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Figure 2.12: Comparative analysis: (a) Mi versus M∗
i ; (b) THD, (c) −5th, (d) 7th, (e)

−11th and (f) 13th harmonic components vs. Mi respectively.

To conclude this discussion, it is important to note that the non-linear rela-

tionship between the commanded and actual modulation index can potentially

be compensated by pre-warping the commanded modulation index, either a

look-up table or an analytical function can be used for this purpose. The

main concern using overmodulation is the low-order harmonics introduced in

the output voltage waveform, which will be transferred to the currents and

eventually to torque. Fig. 2.12b shows the Total Harmonic Distortion (THD)
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considering the −5th, 7th, −11th and 13th harmonic components. It is noted

that the Single-mode method shows the worst behavior, while for the other

methods only minor differences are observed. The individual harmonic distor-

tion for the −5th, 7th, −11th and 13th components are shown in Fig. 2.12c-f

respectively. It is seen that Minimum-Distance Error and Dual-mode have

lower harmonic content for most of the overmodulation range. However, the

Switching-State method has lower distortion in certain harmonic components

for a specific modulation index range. For instance, the 7th from M∗i = 0.9 to

M∗i = 0.95 and the −11th from M∗i = 0.958 to M∗i = 0.98, Switching-State

method becomes superior for these ranges regarding harmonic content.

Another important aspect that is often neglected in the literature is the

switching losses, which are especially relevant for medium-voltage high-power

drives. The number of commutations per quarter cycle was obtained by means

of simulation. This number is a function of the modulation index and the ra-

tio between switching frequency and fundamental frequency, (ωswωf ). Fig. 2.13

shows the results for a ratio of 100 and 10 respectively. The Single-mode strat-

egy shows the worst performance, while none of the other methods is superior

(i.e., has fewer commutations) for all modulation indexes and switching to

fundamental ratios.
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Figure 2.13: Number of commutations per quarter cycle of the fundamental frequency

of the different overmodulation methods vs. Mi for a switching to fundamental fre-

quency ratio: (a) ωsw

ωf
= 100; (b) ωsw

ωf
= 10.

The same analyses were repeated using the proposed general form discussed

in Section 2.8. By comparing the results in Fig. 2.14 and Fig. 2.15, it can

be concluded that lower angle, higher linearity, higher THD, and higher num-

ber of commutations. The maximum output voltage is found at 1.047 of the

commanded modulation indexes, which is similar to the Single-mode method.
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2.9 Comparative Analysis of OVM Strategies

Taking into consideration the individual low-order harmonic components, none

of the angles provides the best solution over the whole overmodulation range.
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Figure 2.14: Comparative analysis as a function of γ angle: (a) Mi versus M∗
i ; (b)

THD, (c) −5th, (d) 7th, (e) −11th and (f) 13th harmonic components vs. Mi respec-

tively.

An optimal overmodulation strategy can be achieved by combining at least

two overmodulation methods as a function of the modulation index. As the

minimum number of commutations and minimum low-order harmonic distor-
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Figure 2.15: Number of commutations per quarter cycle of the fundamental frequency,

of the different overmodulation methods as a function of γ angle vs. Mi for a switching

to fundamental frequency ratio: (a) ωsw

ωf
= 100; (b) ωsw

ωf
= 10.

tion (especially −5th & 7th) are usually the requirements for traction drives, a

combination of Switching-State and Dual-mode could provide the best perfor-

mance over the whole overmodulation range.

2.10 Experimental Validation

A commercial 4 kV three-phase three-level Natural-Point-Clamped (3L-

NPC) inverter manufactured by ELINSA company was used for experimental

verification of overmodulation strategies discussed in Section 2.7 [95]. The test

bench setup is shown in Fig. 2.16a where the NPC inverter is supplied by a

MTD4000-36 programmable DC power supply from Magna-Power Electronics

[96]. The main circuit elements of the 3L-NPC including the DC charging and

protection circuit are shown in Fig. 2.16b. The overmodulation strategies are

implemented on a TMS320 F28335 Digital Signal Processor (DSP) combined

with input/output interface circuits for current and voltage measurements,

and switching signals. All measured data is monitored and stored using a high-

precision oscilloscope and then analyzed using MATLAB environment (see Fig.

2.16c).

For the following results, the DC-link was limited to 600V for safety con-

cerns. The switching and sampling frequencies are 1 kHz, and a dead time of

4 µs is used. The measured phase-a to DC mid-point voltages are shown in

Fig. 2.17. It can be noticed that the switching pattern of Minimum-Distance

Error and Switching-State methods are still far from six-step operation even
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Figure 2.16: Test bench for overmodulation strategies: (a) Schematic representation

of the laboratory setup; (b) 4 kV/40A three-level NPC ELINSA inverter.

at (M∗i = 1.1). The transition from linear modulation to six-step is achieved

in both Single-mode (see Fig. 2.17c and Dual-mode (see Fig. 2.17d. However,

Dual-mode reaches six-step faster with less number of commutations which

confirms the simulation results in Section 2.9 (see Fig. 2.17c vs. Fig. 2.17d at

M∗i = 0.94 and M∗i = 0.98).

Additionally, Fast Fourier Transform (FFT) has been performed on the out-

put voltage waveform at four different commanded modulation indexes (M∗i =

0.94, 0.98, 1.0, and 1.2) to extract the actual fundamental output voltage.

Then, the actual modulation index is calculated and compared with simula-

tion results as seen in Fig. 2.18.

38



Chapter 2. Modulation Techniques in Traction Applications

(a) (b) (c) (d)

𝑀
𝑖∗
=
0
.9
0
7

𝑀
𝑖∗
=
0
.9
4

𝑀
𝑖∗
=
0
.9
8

𝑀
𝑖∗
=
1
.1

Figure 2.17: Measured voltage of phase A to DC mid-point of three-level NPC (Va0) for

different overmodulation methods: (a) Minimum-Distance Error (90◦); (b) Switching-

State (60◦); (c) Single-mode; (d) Dual-mode.
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Figure 2.18: Comparison of commanded Vs. output modulation index of three-level

NPC for different overmodulation methods: (a) Minimum-Distance Error (90◦); (b)

Switching-State (60◦); (c) Single-mode; (d) Dual-mode. Solid lines with circle marks

(-o) for simulation results; Dashed lines with cross marks (- -x) for experimental results.

It is found that both simulation and experimental results are in good agree-

ment. However, the main aspects compared in this Section are done in steady-

state, dynamic performance plays an important role in selecting the appropri-

ate overmodulation strategy for electric drives. Usually, overmodulation meth-
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ods with larger gains are preferred for such applications which involve current

regulators [97, 98]. This might require involving additional compensators or

algorithms to improve the dynamic response of the drive control extending

the operation into six-step mode [98–103]. Therefore, further investigation

is needed for a fair comparison between various overmodulation strategies in

closed-loop operation which is kept for future research.

2.11 Conclusions

In this chapter, a comparative analysis of four overmodulation strategies for

electric drives reported in the literature is performed: Minimum-Distance Er-

ror (90◦), Switching-State (60◦), Single-mode, and Dual-mode. Furthermore,

a generalized overmodulation method with an arbitrary angle γ is presented.

Criteria considered for the analysis are: 1) linearity; 2) harmonic distortion,

and 3) number of commutations. A finding is that by decreasing the angle

between the voltage vector added to the original voltage command and the

hexagon boundary, linearity is increased at the price of an increase in the har-

monic distortion and number of commutations. It is concluded that none of the

analyzed methods achieve the best performance for the whole overmodulation

range and switching to fundamental frequency ratio. Optimal performance

would be achieved by combining Switching-State and the Dual-mode. Analy-

sis of the dynamic transition between different overmodulation methods, both

for open loop operation as well as in current controlled drives is a subject of

future research.
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Chapter 3

Induction Motor Drives for

Traction Applications

3.1 Introduction

This Chapter presents a review of the different aspects involved in the con-

trol of IM motor drives for railway applications. Section 3.2 reviews the IM

motor model, including a discussion on the machine characteristics. Section

3.3 discusses control strategies, with a special focus on their suitability for

use at high speed and low switching frequencies, as this is the most frequent

and challenging mode of operation for traction drives. A proposal to enhance

torque dynamics of scalar control scheme is presented in Section 3.3.3. Section

3.4 discusses efficient modes of operation and proposed remagnetization strate-

gies in Section 3.4.3. Simulation results will be provided in several Sections,

discussion and the experimental validation of the proposed methods will be

addressed in Section 3.5. Finally, Section 3.6 addresses the main conclusions.

3.2 Induction Motor (IM) Modeling and Behaviour

IM models as well as a discussion of its behavior are included in this Section,

providing the fundamentals for the analysis developed in further Sections.
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3.2 Induction Motor (IM) Modeling and Behaviour

3.2.1 Dynamic Model Using Complex Vectors

Per-phase equivalent circuits are often used for the analysis of induction

machines. Being simple and useful for steady-state operation, per-phase equiv-

alent circuit modeling becomes inadequate for the analysis of machines fed from

power converters as the operating point is subject to frequent changes to ful-

fill the required commands or load variations. Alternatively, complex vector

representation is used for dynamic modeling and analysis of three-phase sys-

tems in general, as provides a compact, insightful dynamic representation of

the physical effects occurring within the machine, i.e., the relationships among

electromagnetic variables (voltages, currents, and fluxes) and shaft variables

(torque and speed) [104].

Considering a simplified ideal winding model of a three-phase, two-pole

induction machine (see Fig. 3.1a) where the stator and rotor phase winding

being denoted by as−a′s, bs−b
′
s, cs−c

′
s, and ar−a′r, br−b

′
r, cr−c

′
r respectively;

the displacement between the magneto-motive force (MFF) produced by phase

as of the stator and the MFF produced by phase ar of the rotor is denoted as

θr, ωr being the angular speed in electrical units in rad/s; P is the number of

pole-pairs; ωm is the mechanical angular speed (rotor shaft speed) in rad/s is

given by (3.1).

ωm =
ωr
P

(3.1)

The three-phase stator windings voltage equation vabcs is given by (3.2) in

matrix form, where Rs is the stator winding resistance; vas, vbs, vcs, ias, ibs,

ics, and λas, λbs, λcs are the instantaneous stator voltages, currents and fluxes

respectively.



vas

vbs

vcs


 = Rs



ias

ibs

ics


+

d

dt



λas

λbs

λcs


 (3.2)

The stator flux component of each phase i.e., λas, λbs, λcs is a function of

stator and rotor currents which can be presented in matrix form by (3.3), where

Lh represents the stator self-inductance (twice the mutual inductance between

stator windings), and Lσs is the leakage inductance of the stator windings;

+2π/3 or −2π/3 being the phase shift between stator/rotor windings.
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λas

λbs

λcs


 =



Lσs + Lh −1

2Lh −1
2Lh

−1
2Lh Lσs + Lh −1

2Lh

−1
2Lh −1

2Lh Lσs + Lh






ias

ibs

ics




+ Lh




cos(θr) cos(θr + 2π/3) cos(θr − 2π/3)

cos(θr − 2π/3) cos(θr) cos(θr + 2π/3)

cos(θr + 2π/3) cos(θr − 2π/3) cos(θr)






iar

ibr

icr




(3.3)

The same derivation can be repeated for the rotor circuit to obtain the

rotor electromagnetic equations. Hence, the rotor voltage and flux equations

in terms of stator and rotor currents are given by (3.4) and (3.5), where Rr is

the rotor winding resistance; var, vbr, vcr, iar, ibr, icr, and λar, λbr, λcr are the

instantaneous rotor voltages, currents and fluxes respectively; Lσs being the

leakage inductance of the rotor windings



var

vbr

vcr


 = Rr



iar

ibr

icr


+

d

dt



λar

λbr

λcr


 (3.4)



λar

λbr

λcr


 =



Lσr + Lh −1

2Lh −1
2Lh

−1
2Lh Lσr + Lh −1

2Lh

−1
2Lh −1

2Lh Lσr + Lh






iar

ibr

icr




+ Lh




cos(θr) cos(θr − 2π/3) cos(θr + 2π/3)

cos(θr + 2π/3) cos(θr) cos(θr − 2π/3)

cos(θr − 2π/3) cos(θr + 2π/3) cos(θr)






ias

ibs

ics




(3.5)

Considering a generic set of three-phase machine variables, e.g. xa, xb and

xc can be represented as a complex vector in space, xαβ using (3.6), T being

Clarke transformation matrix. Gain 2/3 in (3.6) is chosen to maintain the

magnitude of x invariant in both domains. The term x0 is the zero-sequence

component which is needed for the matrix T to be invertible. The inverse

Clarke transformation is given by (3.7) for returning machine variables into

three-phase co-ordinates. The space complex vector xαβ is referred to a sta-

tionary reference frame (see the black arrows in Fig. 3.1b).
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Figure 3.1: Three-phase induction machine model representation using: a) ideal wind-

ing; b) complex space vector.



xα

xβ

x0


 = T



xa

xb

xc


 ; where T =

2

3




1 −1
2 −1

2

0
√

3
2 −

√
3

2
1
2

1
2

1
2


 (3.6)



xa

xb

xc


 = T−1



xα

xβ

x0


 ; where T−1 =




1 0 1

−1
2

√
3

2 1

−1
2 −

√
3

2 1


 (3.7)

Applying Clarke transformation to the voltages, currents and fluxes in in-

duction machines, the stator and rotor voltage equations in stationary refer-

ence frame are given by (3.8) and (3.9) respectively. For squirrel cage induction

machines vαβr = 0. The stator and rotor fluxes in terms of stator and rotor

currents are given by (3.10) and (3.11) respectively, where Lm = 3
2Lh is defined

as the mutual inductance; Ls = Lm + Lσs and Lr = Lm + Lσr are the total

stator and rotor inductances respectively. The full derivation of induction ma-

chine three-phase variables transformation to stationary frame can be found

in [105].
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vαβs = Rsiαβs +
dλαβs
dt

(3.8)

0 = Rriαβr +
dλαβr
dt

− jωrλαβr (3.9)

λαβs = Lsiαβs + Lmiαβr (3.10)

λαβr = Lmiαβs + Lriαβr (3.11)

Fig. 3.2 shows the electric circuits representation of the above set of equa-

tions for the α and β components. It can be noted that the stator and rotor

circuits are linked by the magnetizing inductance Lm. Moreover, all machine

variables are rotating in steady-state at the fundamental excitation frequency,

ωe.
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Figure 3.2: IM equivalent circuit in the stationary (αβ) reference frame.

The stator and rotor dynamic equations of the IM in the stationary ref-

erence frame (3.8) - (3.11) can be transformed to a reference frame rotating

synchronously with the fundamental excitation frequency, ωe (see red arrows in

Fig. 3.1b). The transformation of a generic complex vector quantity between

the stationary and the synchronous reference frame, denoted by the super-

script “ e” is defined by 3.12 for the case of a single complex vector quantity

and 3.13 for its derivative, thus the resulting stator and rotor voltage and fluxes

equations are given by (3.14)-(3.17). Note that p is the derivative operator.
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3.2 Induction Motor (IM) Modeling and Behaviour

xαβ = xedqe
jωet (3.12)

pxαβ = (p+ jωe)x
e
dqe

jωet (3.13)

vedqs = Rsi
e
dqs +

dλedqs
dt

(3.14)

0 = Rri
e
dqr +

dλedqr
dt

+ j(ωe − ωr)λedqs (3.15)

λedqs = Lsi
e
dqs + Lmi

e
dqr (3.16)

λedqr = Lmi
e
dqs + Lri

e
dqr (3.17)
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Figure 3.3: IM equivalent circuit in the synchronous (dq) reference frame.

The equivalent circuit of the IM with space vectors referred to the syn-

chronous reference frame is shown in Fig. 3.3. The equivalent circuit is similar

to the one in Fig. 3.2, however, the coupling terms between the d and q axis

sub-circuits exist in both side, i.e., the stator and the rotor. Also, as all ma-

chine variables are rotating in synchronism with the fundamental frequency,

they appear as DC signals in steady-state.

3.2.2 Torque Equations

Combining the stator, rotor and flux complex vectors, the electromagnetic

torque produced by the IM can be expressed in several forms either in station-
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ary reference frame (3.18) or in synchronous reference frame (3.19)-(3.21) [105];

x indicates the conjugate of the complex vector; σ = 1 − L2

LsLr
is the leakage

coefficient and = is the imaginary term.

Te =
3

2
· P · ={λαβs · iαβs} (3.18)

Te =
3

2
· P · ={λedqs · iedqr} (3.19)

Te =
3

2
· Lm
Lr
· P · ={λedqr · iedqs} (3.20)

Te =
3

2
· Lm
σLrLs

· P · ={λedqr · λedqs} (3.21)

Te =
3

2
· P · |λr|

2

Rr
· ωsl (3.22)

3.2.3 Machine Characteristics and Design Aspects

Traction drives commonly receive a torque command from an outer control

loop, which is responsible for speed control. The maximum torque that can be

produced at a given speed will essentially depend on the current limits of the

machine and power converter (due to losses) and on the maximum flux, which

is limited by saturation and the available DC link voltage. For most IM designs,

the maximum voltage and field weakening occur at the same speed, i.e., field

weakening is a direct consequence of reaching the voltage limit. This is shown

schematically in Fig. 3.4. For rotor speeds ωr < ωbase, the machine operates

with a rated flux and current, with the voltage increasing proportionally to

the rotor speed, mainly due to the back-emf. If ωr > ωbase, the flux, and

consequently torque, must be decreased. The current can still be maintained

at its rated value until the machine enters field-weakening region II [106].

IM designs for railway traction are often aimed at reducing the size of the

machine, which can be desirable or even imperative due to room constraints.

For this purpose, the voltage characteristic of the conventional design in Fig.

3.4 can be modified by rewinding the stator, varying the number of turns,

and gauging the wire [106, 107]. If the modification is made such that N2 <

N1 , with N1 and N2 being the number of turns for the conventional and

modified designs, respectively, and the active conductor area in each stator

slot remaining unchanged, i.e., N1 · S1 = N2 · S2, and S1 and S2 being the

area of the conductor for the conventional and modified designs, respectively,

both machines should be able to produce the same amount of torque, as the
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Figure 3.4: IM steady-state regions of operation vs. speed. It is assumed that torque

reduction and field weakening occur at the same frequency.

total current circulating within the stator slots and the rest of the machine

dimensions are the same in both cases [107]. Since the number of turns have

been reduced, the voltage vs. speed characteristic is also modified. As seen in

Figure 3.5(a) (dashed line), for ωr = ω1, the machine is far from its voltage

limit. It can also be observed that for ωr < ω1, the current of the modified

machine design is N1
N2

larger than for the conventional design. This does not

imply an increase of joule losses, as the wire in the modified design is thicker,

and the current density is the same in both cases. Since, at ωr = ω1, the

modified machine operates well below its voltage limit, there is no need to

decrease the flux at this point; instead, the nominal air gap flux density can

be maintained until ωr = ω2 (region 2○ in Fig. 3.5), i.e., the full flux range is

extended. The fact that the flux weakening region is reduced while the torque

characteristic remains unchanged enables a reduction of the stator current for

ωr > ω1. Consequently, assuming that the dimensions of the machine do not

change, the extended full flux range design in Fig. 3.5 would allow a significant

decrease of the current density in regions 2○ and 3○ (i.e., at high train speeds)

and consequently of joule losses, i.e., would be more efficient compared to the

conventional design.

However, the design with an extended full flux range offers other possibili-

ties. The torque of an IM can be written as (3.23), where Vrotor is the active

volume of the rotor, J is the stator surface current density, B is the air gap flux
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𝜔𝑟𝜔1 𝜔2

① ② ③
(a)

(b)

(c)

(d)

Voltage

Current

Flux density

Torque
rated

pull-out

Figure 3.5: Conventional (-) and extended full flux range (- -) IM design behavior:

(a) Stator voltage magnitude; (b) Stator current magnitude; (c) Flux density; (d)

Electromagnetic torque (rated & pull-out). Both machines are designed to provide

the same torque vs. speed characteristic and have the same voltage limit.

density, φ is the angle between J and B vectors, and k1 is a constant which

depends on the machine winding design [107].

Te = k1 · Vrotor · J ·B · cosφ (3.23)

As the extended full flux range design provides higher flux densities at high

speeds and the current density J remains constant, it is possible to reduce

the volume of the rotor, and consequently the size of the machine, without

affecting the torque production capability, i.e., the design with extended full

flux in Fig. 3.5 will be smaller.

It must be noted, however, that redesigning the machine brings drawbacks

that must also be considered. First, the size of the inverter is increased, as

the current that the semiconductors must handle is increased by a factor of
N1
N2

, while the voltage and power remain unaffected. However, this penalty is

often not so relevant nowadays thanks to the latest developments in power de-

vices [106]. Second, the pull-out torque in the low-speed region is significantly

decreased, as shown in Fig. 3.5(d), which must be considered to guarantee

that the machine meets the application requirements.
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3.3 Control Techniques

Control methods for IMs can be classified into scalar and vector types,

as shown in Fig. 3.6. The following discussion will primarily focus on the

performance at high-speed, as this is normally the most challenging case.

Variable Frequency Control 

Methods of IM

Scalar Vector
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Control (FOC)
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Control (DTC)
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Rotor Field-
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Figure 3.6: Classification of control methods for IMs.

Scalar methods are derived from the machine equivalent circuit in a steady-

state. Consequently, they can operate properly in applications in which fast

changes in the operating conditions of the machine (torque, speed, flux,...)

are not required. On the contrary, vector control methods are based on the

dynamic equations of the machine, which, combined with proper control loops,

allow the machine’s torque capabilities to be fully exploited, without surpassing

machine or power converter limits. Both types of methods are briefly discussed

in the following. It must be noted, however, that the borderline between scalar-

and vector-based methods is sometimes blurred, as there have been several

proposals to enhance the dynamic response of scalar methods by adding control

loops based on dynamic models.

3.3.1 Scalar Control

3.3.1.1 Open Loop

Open-loop V/F varies the stator voltage magnitude proportional to the

frequency. This results in an (almost) constant flux. While simple, V/F control

has some relevant limitations. The rotor speed is not precisely controlled due to

slip. Additionally, an incorrect voltage to frequency ratio, voltage drop in the
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stator resistance, variations of the DC link voltage feeding the inverter, etc.,

will result in incorrect flux levels, eventually modifying the operating point of

the machine from the desired value.

3.3.1.2 Closed Loop

Closed-loop speed control with slip regulation (Fig. 3.7) has been widely

used in IM traction drives [108]. Speed error generates the slip command ω∗sl
through a Proportional-Integral (PI) controller. Slip is added to the measured

speed to produce the angular frequency of the stator voltage ω∗e .

𝜔𝑟

Modulation

𝑉𝑠
∗

𝜃𝑒
∗

+
𝜔𝑟

−

𝜔𝑠𝑙
∗ 𝜔𝑒

∗++
|·|

𝜔𝑟
∗

𝜔𝑟
PI

V/F

න

Figure 3.7: Closed loop V/F with speed control scheme.

The method in Fig. 3.7 is relatively simple to implement. However, the

fact that coupling between flux and torque is not considered for the control

results in very low bandwidths in the control to avoid over currents and torque

pulsations. To overcome this problem, decoupling between flux and torque

control loops can be used instead of the V/F ratio to obtain the desired stator

voltage magnitude and angle (Fig. 3.8). Flux control loop uses the desired

V/F characteristic to provide the base value of the stator voltage magnitude,

with the rotor flux regulator providing the incremental voltage required to

track the desired rotor flux with no error. The second control loop provides

the base value for the slip ω̂sl, which is obtained from the desired torque and

the estimated rotor flux using (3.22). The torque regulator corrects the slip so

that the desired torque is followed with no error.

Torque and flux can be estimated from the (commanded) stator voltages

and the (measured) stator currents using the voltage model (3.24) (see Fig.

3.9a); “x̂” indicates estimated variables/parameters. From (3.18), the torque

is obtained using (3.25).
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Figure 3.8: Closed loop stator voltage oriented V/F with slip & flux control (CLVF).

λ̂αβs =

∫ (
V ∗αβs − R̂siαβs

)
· dt (3.24)

T̂e =
3

2
P
(
λ̂αsiβs − λ̂βsiαs

)
(3.25)

While this approach can provide good results at medium and high speeds,

it shows some relevant weaknesses at low and zero speed:

• Drift problems derived from the pure integrator infinite gain at DC value

in (3.24). Thus, the pure integrator is replaced in practice by a first-order

system to avoid this problem [109].

• The non-ideal behavior of the inverter (dead time, voltage drop in the

power switches, etc) will produce a mismatch between the command

voltages and the fundamental wave of the actual voltage applied to the

machine. This effect becomes significant at low speed, as the stator

voltage magnitude varies proportionally to the fundamental frequency.

• Errors in the estimated stator resistance R̂s, which varies with temper-

ature, can be relevant at low speed, as the stator voltage magnitude is

small.

Alternatively, stator, rotor fluxes and torque can be estimated using current

model shown in Fig. 3.9b at low speeds. However, it has some drawbacks
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as parameter sensitivity dependence such as rotor time constant (especially

related to rotor resistance R̂r) and magnetizing inductance. Moreover, the

knowledge of rotor position is mandatory which requires an additional position

sensor.
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Figure 3.9: Stator and rotor flux estimation: (a) using voltage model; (b) using current

model.
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3.3.2 Vector Control

Vector control methods are aimed at directly manipulating the IM fields

and torque. These methods are based on the well-known dq-models discussed

in subsection 3.2.1.

3.3.2.1 Field-Oriented Control

Field-Oriented Control (FOC) represents flux and torque as a function of

stator currents in a synchronous reference frame, with high-bandwidth current

regulators being used to provide the voltage command to the inverter. For

analysis and control purposes, alignment of the synchronous reference frame

into one of the machine fluxes (rotor, stator, or airgap) is advantageous [110].

Common methods can be summarized as follows:

a) Rotor Flux Orientation, Substituting (3.16) and (3.17) into (3.14) and

(3.15), and aligning the synchronous reference frame with rotor flux (i.e.,

λrfr = λrfdr ), the stator voltage equation is expressed as (3.26)-(3.27) where

R̂′s = R̂s + R̂r

(
L̂m
L̂r

)2
. The rotor flux and torque equations are given by

(3.28) and (3.29) respectively. Thus all variables are referred to a reference

frame aligned with the rotor flux which permits independent control of

machines’ rotor flux and torque through the d and q axis components of the

stator current respectively (see Fig. 3.10).

vrfds = R̂′si
rf
ds + L̂σs

dirfds
dt
− ω̂eL̂σsirfqs − R̂r

L̂m

L̂2
r

λ̂rfdr (3.26)

vrfqs = R̂′si
rf
qs + L̂σs

dirfqs
dt

+ ω̂eL̂σsi
rf
ds + ω̂r

L̂m

L̂r
λ̂rfdr (3.27)

Lmi
rf
ds = τr

dλrfr
dt

+ λrfr (3.28)

Te =
3

2
P
Lm
Lr

λrfr i
rf
qs (3.29)

RFOC is one of the most popular options for the high-performance control

of IM drives [111], although RFOC is often used in high-speed trains at

relatively low speeds, the inverter operates in the linear region and with an

adequate switching to fundamental frequency ratio. However, its use at high

speeds presents multiple problems, including the lack of a voltage margin
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Figure 3.10: Block diagram of rotor flux field-oriented control (RFOC).

in the inverter for proper operation of the current regulator, distortions

in the currents due to overmodulation, and delays intrinsic to the reduced

switching frequency.

b) Stator Flux Orientation, in this case, all variables are referred to a

reference frame aligned with the stator flux. Stator voltage equation can

be expressed as (3.30) and (3.31). It can be observed that the stator flux

variation can be regulated through the d-axis voltage, and the torque is

then controlled through the q-axis current (3.32), with a current regulator

being used for this purpose.

vsfds = R̂si
sf
ds +

dλ̂sfds
dt

(3.30)

vsfqs = R̂si
sf
qs + ω̂sf λ̂

sf
ds (3.31)

Te =
3

2
Pλ̂sfdsi

sf
qs (3.32)

Direct Flux Vector Control (DFVC) is one of the methods using stator

flux-oriented control (see Fig. 3.11) [112]. Stator flux αβ-components are

estimated from the voltage-model-based flux estimator (Fig. 3.9a). The

synchronous frequency can be obtained from the estimated stator flux and

back-emf (3.33) [113], avoiding the use of stator flux angle derivative and

time-consuming trigonometric functions.
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ω̂sf =
θ̂sf
dt

=
d

dt

[
tan−1

(
λ̂βs

λ̂αs

)]
=
λ̂αs · êβs − λ̂βs · êαs∣∣∣λ̂s

∣∣∣
2 (3.33)

At low speeds, DFVC can operate either with rated stator flux or a maxi-

mum torque per ampere (MTPA) strategy, same as RFOC, to improve the

efficiency (will be discussed in the subsection 3.4.2). Above the base speed,

flux is reduced according to |λ∗s| ≤
Vmax −R̂sisfqs
|ω̂sf | , where Vmax is the maxi-

mum output voltage of the inverter, which depends on the available DC-link

voltage and the modulation method. Operation in overmodulation is fea-

sible, but a voltage margin must be preserved for proper operation of the

q-axis current regulator, meaning that operation with a maximum output

voltage (i.e., six-step) is not possible. Furthermore, operation in overmodu-

lation forces a reduction of the current regulator bandwidth to mitigate the

effects of the resulting current harmonics in this case. Therefore, current

regulator gains may need to be adapted to machine speed.

It is finally noted that Fig. 3.11 includes a mechanism to limit the torque

angle δ between the stator and rotor fluxes so that it is smaller than the

pull-out torque angle of δ = 45 electrical degrees [112].
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Figure 3.11: Block diagram of Direct Flux Vector Control (DFVC).
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3.3.2.2 Direct Torque Control

Direct Torque Control (DTC) methods control torque by controlling the

stator flux magnitude and the angle with respect to the rotor flux. Recalling

equation (3.21), torque can be expressed as (3.34), with δ being the torque

angle. The stator flux is controlled through stator voltage where Vs the inverter

output voltage vector. Note that the voltage drop in the stator resistance is

neglected.

Te =
Lm

σLsLr

∣∣∣λ̂βs
∣∣∣
∣∣∣λ̂βr

∣∣∣ sin (δ) (3.34)

Considering two-level Voltage Source Inverter (VSI) used which can pro-

duce six active vectors (V1 −→ V6) and two zero vectors (V0,V7) (see Fig.

3.12(a)). Fig. 3.12(b) shows the effect of every active voltage vector on the

torque and stator flux.
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Figure 3.12: Voltage vectors and flux trajectories for Direct Torque Control (DTC)

schemes: (a) two-level inverter states, (b) variation of stator flux and torque depending

on the voltage vector being applied.

Assuming that the rotor flux is rotating in the anti-clockwise direction,

voltage vectors located ahead of the stator will make the stator flux to move

forward, increasing the power angle and consequently the torque. On the

contrary, voltage vectors located behind the stator flux will force the flux to
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move backwards, producing a fast reduction of the power angle and, therefore,

of torque. Zero voltage vectors will stop the rotation of stator flux; since the

rotor flux is still rotating, torque angle and consequently torque will decrease.

DTC can be divided into two main groups based on the resulting switching

frequency as follows:

Variable Switching Frequency. Switching-Table-Based (ST-DTC) was in-

troduced by Takahashi and Noguchi [114] in the mid-1980s. Two hysteresis

controllers are used to control the stator flux and torque directly. The hys-

teresis control signals are sent to a look-up table to select the voltage vectors

required to achieve high dynamics (see Fig. 3.14a). The fact that the switch-

ing frequency is not defined and operation in overmodulation and six-step

is not straightforward, makes this method inadequate for high-power railway

drives [115].
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Figure 3.13: Block diagram of Switching-Table-Based Direct Torque Control (ST-

DTC).

Direct-Self Control (DSC) was proposed by Depenbrock [116] for high-

power drives, its block diagram is shown in Fig. 3.14. Three hysteresis con-

trollers determine the voltage applied to the machine by comparing the com-

mand flux magnitude and the estimated for each phase. A two-level hysteresis

torque controller determines the amount of zero voltage vector to be used. DSC

produces a hexagonal stator flux trajectory as seen in Fig. 3.14b.

From ≈ 30% to ≈ 85% of base speed, DSC offers a high dynamic response
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and reduced switching losses, but at the price of a high current ripple. At

high speeds ( >≈ 85% of base speed), zero voltage vectors are not selected

anymore, DSC providing, therefore, a natural transition into overmodulation

and eventually into six-step. A PI controller driven by the torque error can

be used to reduce stator flux command once the control enters overmodulation

(dashed red box in Fig. 3.14); more elaborated options can be also implemented

[117]. Below ≈ 30% of the base speed, there is a degradation of the control

performance, a detailed description can be found in [118,119].
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Figure 3.14: Direct-Self Control (DSC) scheme: (a) block diagram; (b) flux trajectory.

Constant Switching Frequency. DTC with constant switching frequency

calculates the required stator voltage vector averaged over a sampling period
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to achieve the desired torque and stator flux. The voltage vector is synthesized

using space vector modulation (SVM), so these methods are often termed as

DTC-SVM. DTC-SVM proposed in [120] uses two PI regulators to control

stator flux and torque providing respectively the d- and q- reference stator

voltage components to the modulator (SVM). However, this scheme suffers

from the same limitation of ST-DTC to operate in the overmodulation region

and six-step.
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Figure 3.15: Modified Direct-Torque Control (MDTC) scheme: (a) block diagram; (b)

flux trajectory.

The DTC-SVM scheme shown in Fig. 3.15a controls the torque through

the torque angle (3.34) [121, 122]. The stator flux angle is obtained from the
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estimated rotor flux angle and the reference torque angle provided by a PI

controller, Fig. 3.15b. The required stator voltage vector V ∗αβs to cancel the

stator flux error vector λ̂∗αβs at the end of the next sampling period, ∆t, can

be obtained as (3.35). This equation considers the voltage drop in the stator

resistance.

V ∗αβs =
∆λ̂∗αβs

∆t
+ R̂siαβs (3.35)

The scheme in Fig. 3.15a works properly for relatively small sampling

periods (∆t), its implementation being simple and retaining the fast dynamics

of DTC in this case. Unfortunately, it is not suitable in the overmodulation

region, where voltage constraints eventually result in magnitude and phase

errors in the actual stator flux vector, leading into instability problems. DTC-

SVM scheme was improved in [123] by including a predictive term to mitigate

the stator flux delay and extend the operation to six-step. However, this was

at the price of a significant complexity increase compared to the original DTC

proposal in [114]. Furthermore, (3.35) applies for relatively small values of the

control period, ∆t, but can result in meaningful steady-state errors in case

of low switching frequencies. Those limitations make the use DTC-SVM for

railway traction applications arguable.

Several methods aimed to improve the dynamic response of scalar control

have been reported in the literature [124–129]. In [124], a feedforward term is

added to the voltage magnitude command to compensate for the voltage vari-

ation caused by torque changes, which is claimed to decouple torque and flux

and improve both the dynamic and steady-state response of the V/F control.

As the parameters required by the decoupling block will change with the op-

erating conditions, the use of look-up tables or adaptation mechanisms might

be required. This will increase the complexity of the control. In [127, 128],

a transient voltage vector is estimated and added to the voltage vector com-

mand improving the transient response of the scalar V/F method. However,

the estimated transient vector is obtained from d-q current regulators operat-

ing in parallel of the main V/F controllers which could be problematic when

the machine enters the overmodulation region and the voltage margin required

for the normal operation of the current controller is lost. Methods reported

in [125, 126, 129] are targeted to overcome the limitations of scalar control at

low fundamental frequencies only, being therefore disregarded.

61



3.3 Control Techniques

3.3.3 Proposed Torque Dynamics Enhancement for Scalar Con-

trol

In railway traction applications, RFOC is typically used at low speeds, and

scalar control is widely used when the drive operates close or at the voltage

limit to overcome the deterioration of the current regulator performance in the

overmodulation region [130]. However, scalar control methods show slow torque

dynamics due to the coupling between torque and flux and the need to prevent

overcurrents. This is not a concern for normal operation of traction drives.

However, modern trains may require fast torque dynamics for advanced modes

of operation, such as adhesion control, torsional torque vibration mitigation,

and cancellation of torque ripple in traction drives fed from AC catenaries

without an intermediate 2F filter (this topic will be discussed in details later

in Chapter 5 ) [80,131].

Considering that the induction machine in Fig. 3.10 is operating at a

relatively high speed. The q-axis of the synchronous reference is defined to be

aligned with the stator voltage vector as in (3.36) and (3.37). If a sudden change

in the torque command is applied, the slip angular speed ω̂sl will increase

proportionally (see Fig. 3.8), increasing therefore the angular speed of the

stator voltage vector. The magnitude of the stator voltage vsqs will also increase

according to the predefined V/Hz ratio to keep the flux constant. Such sudden

changes of the stator voltage angle and magnitude can result in large transient

currents. Due to this, the rate of variation of the torque command, i.e. the

dynamic response of the scalar control, must be limited.

vsds = 0 (3.36)

vsqs = V ∗s = |R̂sIs + jω̂eλ̂s|∼= |ω̂eλ̂s| (3.37)

To understand how the dynamic response of the scalar control can be en-

hanced, it is useful to analyze the behavior of the stator voltage from a rotor

flux-oriented control perspective. Equations (3.26) and (3.27) can be used to

define the feedforward terms aimed to improve the dynamic response of the

scalar control in Fig. 3.7. Despite of its apparent complexity, and the associ-

ated parameter sensitivity, a number of simplifications are feasible:

1) The resistive voltage drops R̂′si
rf
ds and R̂′si

rf
qs can be neglected in high speed

operation;
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2) L̂σs
dirfds
dt equals zero assuming that the flux is kept constant;

3) R̂r
L̂m
L̂2
r
λ̂rfdr can be shown to be negligible for high power machines due to the

relatively small value of the rotor flux and rotor resistance.

The relationship between the stator voltage, q-axis current and flux can be

then simplified as:

vrfds
∼= −ω̂eL̂σsirfqs (3.38)

vrfqs
∼= L̂σs

dirfqs
dt

+ ω̂eL̂σsi
rf
ds + ω̂r

L̂m

L̂r
λ̂rfdr (3.39)

Equation (3.38) shows the feedforward term to be added to the d-axis volt-

age component vrfds to take into account changes in the torque (i.e. q-axis

current). The transient response improvement is achieved by the L̂σsi
rf
qs term

of the stator voltage q-axis component in (3.39). This term is a function of

the q-axis current derivative and enhances therefore torque dynamic behavior.

Since this action must be applied to the scalar control, the q-axis current is

transformed into the slip angular speed using (3.40).

ω̂sl =
L̂m
τ̂r|λ∗r |

irfqs (3.40)

Finally, the feedforward terms aimed to improve the dynamic response

are given in (3.41) & (3.42) by substituting (3.40) in (3.38) & (3.39), where

the steady-state value is nearly achieved from the V/F relation, i.e. |ω̂eλ̂s|∼=
ω̂eL̂σsi

rf
ds + ω̂r

L̂m
L̂r
λ̂rfdr in (3.37). Fig. 3.16 shows the block diagram of the

proposed method.

vsdsFF
∼= −ω̂eL̂σs

τ̂r|λ∗r |
L̂m

ω̂sl (3.41)

vsqsFF
∼= L̂σs

τ̂r|λ∗r |
L̂m

dω̂sl
dt

(3.42)

The performance of the proposed method has been validated by simulation

using MATLAB/Simulink. Fig. 3.17 shows the response to a torque step from

2 kNm to 3 kNm of RFOC (Fig. 3.10), scalar control (Fig. 3.8), and scalar
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Figure 3.16: Proposed feedforward compensation for stator voltage oriented scalar

V/F control (CLVF&FF).

control with both dq-axis feedforward terms (Fig. 3.16). Top subfigures show

the torque, stator voltage and current vectors response in the time domain while

bottom subfigures show the vector diagrams. For the sake of comparison, all

vector diagrams are shown in the rotor-flux reference frame.

The superior dynamic performance of RFOC over scalar control is readily

observed from Fig. 3.17a and Fig. 3.17b. The differences in the trajectories

followed by the voltage in Fig. 3.17d and Fig. 3.17e explain this behavior. For

the RFOC case, current controllers force the current to move along the q-axis,

while for the scalar control case, a deviation from the desired trajectory is

observed. Adding the d-axis feedforward term is seen to improve the dynamic

response providing the correct position of the stator voltage vector, but this

results in unwanted torque and current oscillations. The dynamic response

with only d-axis feedforward has been omitted as it provides an unsatisfactory

response. Full feedforward (Fig. 3.17c and Fig. 3.17f) are seen to provide a

dynamic response comparable to that of field-oriented control. However, it is

seen the stator voltage vector reaches large values during the transient, which

is undesired. This behavior can be avoided by limiting the maximum slope of

the torque command, which is a common practice in traction drives.

While the fast changes in the torque command shown in Fig. 3.17 are not

normally needed, there is a number of operating conditions in which they might

be required. This would include implementing anti-slip control and active
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Figure 3.17: Response to a torque command step change: (a), (d) RFOC; (b), (e)

CLVF; (c), (f) CLVF&FF. Top: time response. Bottom: vector trajectories. Solid

vector: starting position. Dashed vector: steady-state position.

cancellation of torsional torque vibrations. As a common example, mitigating

torque ripples produced by the 2F oscillation of the DC-link voltage in AC

catenaries when a 2F filter is not used, the control should be able to produce

torque oscillations at frequencies around twice the catenary frequency [132].

Fig. 3.18 shows the dynamic response of the control schemes under discussion

subjected to a torque command oscillating at 100 Hz (which corresponds to 2F

for 50 Hz catenaries). While RFOC (see Fig. 3.18a & 3.18d) precisely follows

the torque command, closed loop scalar V/F is unable to track such fast torque

variations (see Fig. 3.18b & 3.18e). Use of full feedforward 3.18c & 3.18f) is

able to precisely produce the demanded oscillations in torque signal.

All the simulation results have shown so far used a linear voltage source.

While this is useful for validation of the concepts, the use of the linear voltage

source hides effects that can play a relevant role in the real system, as the

current harmonics due to commutation and the delays intrinsic to PWM. The

proposed method has also been validated when feeding the IM from a three-
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level Neutral-Point Clamped inverter (3LNPC), as shown in Fig. 3.19. A step

of 2 kNm is applied at t = 0.5s then a ramp of 1 kNm is applied at t = 1.5s

(see Fig. the left column of Fig. 3.19).

It is observed from Fig. 3.19 that for the case of using a switching converter

and the intrinsic delays due to modulation, the proposed method still shows

excellent command tracking capabilities.
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Figure 3.19: Response of IM connected to 3L-NPC: (a), (b) RFOC; (c), (d) CLVF; (e),

(f) CLVF&FF. Left: with step/ramp torque command. Right: with 100 Hz injected

oscillation torque command.

3.3.4 Comparative Analysis

Table 3.1 summarizes the main features and conclusions for the control

methods discussed in subsections 3.3.1 and 3.3.2, including controlled variables

and the easiness of operation at low speeds, overmodulation (high speed), and

the transition to six-step. Regarding the dynamic response, it is important
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to note that the torque ramp is normally limited in railway traction. Conse-

quently, the response time to a step-like torque command might not be the

most relevant metric for its evaluation; instead, the drive capability to fol-

low the maximum torque ramp requested by the application might be more

relevant, especially when the machine operates at a high speed in the field-

weakening region. Closed loop V/F control (CLVFC), proposed Closed loop

V/F control with feedforward compensation (CLVFVC&FF), Direct Flux Vec-

tor control (DFVC), and Direct Torque Control with space vector modulation

(DTC-SVM) have been selected as a representative subset of the methods in

Table 3.1, their behavior will be analyzed and compared by means of simulation

in this Section.

Table 3.1: Summary of the presented control schemes for traction applications.

Properties /

Performance

V/F with Feedback FOC DTC

V/F CLVF CLVF&FF RFOC DFVC ST DSC DTC-SVM

Reference frame λr λr λr λr λs SRF. SRF. λr

Controlled variables ωr
(1) λr; Te λr; Te λr&ids; iqs λs; iqs λs; Te λs; Te λs; Te

Defined

switching frequency
4 4 4 4 4 7 7 4

Low speed

(linear modulation)
4 4 4 4 4 7 7 4

High speed

(overmodulation)
4 4 4 — — 7 4 7

Six-step operation 4 4 4 7 7 7 4 7

Dynamic response (2) 7/7 7/— —/4 4/— 4/— 4/7 4/4 4/7

4: favorable; —: neutral; 7: unfavorable; “SRF.” stands for stationary reference frame.
(1) : Implementation of an outer speed control loop for the rest of the methods is straightforward.
(2) : maximum torque dynamic response/capability to provide 3 kNm/s in overmodulation.

MATLAB/Simulink will be used for simulation. IM parameters for the

base speed are given in appendix A.1. The simulation model implements asyn-

chronous SVM with a switching frequency of 1 kHz at low speeds and Selective

Harmonic Elimination (SHE) at high speeds. Infinite inertia is assumed. Con-

sequently, the rotor speed remains constant throughout the simulation. This

assumption is realistic considering the train mass. However, it is noted that it

is not valid if wheel-rail slip occurs, this will be discussed in Chapter 4. The

maximum torque ramp was limited to 3 kNm/s, which was imposed by the

application. Simulation results are shown in Fig. 3.20.
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Figure 3.20: Simulation results of using (a) CLVFC, (b) CLVFC&FF, (c) DFVC, and

(d) DTC-SVM control methods with SHE. Rotor speed ωr = 1.328 ωbase; torque was

increased from 10% (i.e., with the machine operating with reduced flux in MTPA) to

100%. From top to bottom: commanded and actual torque; d- and q-axis currents;

commanded and estimated flux (can be stator or rotor flux, depending on the method);

and output voltage magnitude. All the variables are shown in p.u.
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The most remarkable difference is the slowest transient response of CLVFC

(in Fig. 3.20a) due to dynamic limitations intrinsic to scalar control. The

dynamic response is seen to improve and be comparable to the other methods

when the feedforward defined by (3.41) & (3.42) are used (CLVFC&FF in Fig.

3.20b). DFVC (in Fig. 3.20c) and DTC-SVM (in Fig. 3.20d) are seen to

provide similar dynamic responses to CLVFC&FF.

Regarding DFVC, it must be noted that to achieve proper operation in

the overmodulation region, the q-axis current regulator bandwidth should be

reduced compared to linear region to avoid the current regulator reaction to

low-order current harmonics due to the large harmonic content of inverter

voltage. The need to dynamically adapt the gains of the current regulator in

the high-speed region is an obvious concern.

It can be observed that DTC-SVM suffers from a steady-state error in the

controlled flux due to the intrinsic behavior of hysteresis controllers and the

low sampling time (∆t) when SHE is used in the inverter. This results in an

increase in the load angle. This could lead to overcurrents or even instability

issues if the load angle is not monitored.

Fig. 3.21 summarizes the performance in steady-state, i.e., once the ma-

chine is providing its maximum torque, for the four control methods. Error in

the flux for DTC-SVM is seen to affect the modulation index and slip. This will

eventually affect the machine loses distribution, which is a concern as traction

motors can be required to operate close to their thermal limit. CLVFC and

CLVFC&FF are seen to have a higher torque error compared to DFVC, but

with little impact on the modulation index and slip. It is noted that a torque

error in the range of 1% is perfectly assumable.

It can be concluded that the proposed CLVFC&FF performs better com-

pared to the other considered schemes at high speeds due to its high dynamics;

also the controllers are not affected by low-order harmonics resulting from a

square-wave operation and is simple to implement.
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Figure 3.21: From left to right: modulation index, slip, torque error, and error in the

flux being controlled for the four control methods being considered, once the machine

has reached a steady state, i.e., is its maximum torque. Torque and slip have been

low-pass filtered to eliminate the harmonic content produced by modulation.

3.4 Reduced Flux Operation

In high-speed traction applications, the electric drive can work for certain

periods of time with light loads. It is possible in this case to decrease the

flux level to reduce the stator current and consequently joule and iron losses.

A drawback of this approach is that if a torque increase is demanded, the

machine must be remagnetized first to achieve the required flux level [133],

this is discussed in subsection 3.4.3. Mainly two approaches are involved for

optimum selection of the flux level as following:

3.4.1 Loss Minimization Method (Maximum Efficiency)

In this method, optimization of motor’s efficiency is achieved by adapting

flux level using a model-based approach, which applies analytical equations

[134]; online adaptation, which measures the input power and uses adaptive flux

controller [135]; and hybrid methods, which combine both solutions to provide

the optimal flux level with minimum motor losses [136]. There are two main

drawbacks of these methods: 1) the approximation used in the model analysis

neglects the leakage inductance of stator and rotor, which causes inaccuracy
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in voltage equations, especially in high-speed regions; 2) these minimization

techniques are intended for steady-state operation, transient operation is not

considered.

3.4.2 Maximum Torque Per Ampere (MTPA)

MTPA strategy is one of the most efficient strategies in motor drives due to

its simplicity [137]. MTPA seeks to produce the required torque of the machine

with minimum current consumption. Thus, the overall efficiency of the IM is

improved by minimizing the joule losses. However, maximizing the efficiency of

the machine meanwhile operating at high speeds can’t be guaranteed anymore

as iron losses become dominant which are normally ignored in MTPA analysis

[138]. Some improvements have been introduced into MTPA methods to obtain

the optimal flux level considering iron losses but at the cost of complexity

increase and increased parameters dependency as well [139,140].

Another aspect that has to be taken into consideration for MTPA operation

of IM is the machine size. For low-power machines, the ratio between the flux-

producing current component (ids) to the torque-producing current component

(iqs) is higher compared to big machines with high power levels (as the case of

traction motors). Consequently, the reduction of joule losses thanks to MTPA

will be less significant in high-power machines compared to low-power machines

(see Fig. 3.22).

MTPA

(a)

MTPA

Saturation

(b)

Figure 3.22: MTPA comparison based on machine size: (a) small machine; (b) big

machine.

However, the main limitation of the aforementioned methods is that it
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controls only the steady-state behavior of the stator current dq-axis trajectories

regardless of the dynamic behavior during torque variations. Therefore, an

additional strategy should be integrated with the control system to control the

machines’ dynamics during the transition between low-to-high torque levels

(and vice-versa) operating with reduced flux levels. There are few attempts

to improve the motor’s efficiency during transients [141–143]. An extension of

this work will be discussed in detail in the following Section.

3.4.3 Analysis of Remagnetization Strategies

Operating with reduced flux levels might deteriorate the dynamic response

of the electric drive whenever a torque increase is demanded. The time re-

quired to build the rotor flux will depend on the rotor time constant and the

magnetizing current that can be applied. The goal of the remagnetization

process would be to determine the most suitable trajectories to move from the

initial torque and flux levels (Teini , λrini) to their final values. In the discussion

following it will be assumed that for the final value maximum torque Temax is

targeted, the required rotor flux for that case being λrmax . Temax and λrmax
will depend on rotor speed and the available voltage (see Fig. 3.23).
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Figure 3.23: Problem statement. From top to bottom, torque, rotor flux, current

magnitude, voltage magnitude, and rotor speed during the remagnetization process.

Rotor speed is assumed to remain constant during the process.
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Some aspects must be considered for remagnetization. In general, sudden

changes of torque (jerk) should be avoided in traction systems as they might

stress the mechanical transmission, produce wheel slip, and also raise comfort

concerns. For this reason, the maximum allowed torque gradient will normally

have relatively low values. However, there are exceptions in which faster torque

variations might be required. An example would be active cancellation of

torsional vibrations [20]. In the discussion following it will be assumed that

the load has very large mechanical inertia (train mass), consequently, rotor

speed will remain constant during remagnetization. Various possible strategies

combining remagnetization and torque increase are discussed following.

• Remagnetization with step-like rated d-axis change and ramp-

like q-axis current change (profile 1): If FOC is being used, perhaps

the most straightforward implementation for the remagnetization of the

machine to achieve rated rotor flux and torque (for the actual operating

speed) is to apply the rated d- axis, while q-axis current is commanded

to follow a predefined ramp to avoid jerk phenomena, as shown in Fig.

3.24a. The drawback of this solution is the large settling time for remag-

netization, in the range of three rotor time constants, and consequently,

the reduced dynamic response of torque.

• Remagnetization with maximum d-axis current (profile 2): This

strategy prioritizes remagnetization over torque production. As shown

in Fig. 3.24b, following an increased torque command, all the available

current is used in the d-axis for this purpose (segment 1-2 in Fig. 3.24b).

Once the rotor flux is fully established, d-axis current is reduced to the

level required to maintain the rotor flux at its target level, the remaining

available current being transferred to the q-axis to produce the maxi-

mum torque (segment 2-3 in Fig. 3.24b). This strategy reduces the time

required to produce the desired final torque (i.e. settling time) and pro-

vides the fastest torque production. However, in traction applications,

fast torque variation is not allowed as mentioned above.

• Remagnetization with maximum d-axis current and constant

Nm/s (profile 3): The main idea behind this strategy is to control the

torque to follow a ramp (3.43) (see Fig. 3.24c), where KTe is the slope

in Nm/s.

T ∗e = Teini +KTet for t1 < t < t2 (3.43)
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To minimize the settling time, KTe must be selected such that maximum

current is used during the whole transient (3.44).

√
i∗ds

2 + i∗qs
2 = Ismax (3.44)

The desired torque and flux trajectories can be obtained by solving (3.28),

(3.29) and (3.44). Finding an analytical solution for this system is not

feasible, numerical methods can be used instead. It is seen in Fig. 3.24c

that, at the beginning of the transient, all the available current is trans-

ferred to the d-axis current to fully establish the rotor flux. Then, the

d-axis current is reduced to its rated value while increasing the q-axis

current smoothly taking into consideration that fast changes in q-axis

current are avoided as they would produce torque impacts.

• Remagnetization with reduced d-axis current and constant Nm/s

(profile 4): The strategy in Fig. 3.24d provides the same torque ramp

as in Fig. 3.24c but using the smallest possible current during segment

2. This reduces the stress in the power devices, as well as the risk of

surpassing the maximum current in case of overshoots. Thus, segment

3 in Fig. 3.24c is omitted to have a continuous trajectory of d-q axis

currents. However, this strategy is not straightforward, and the mini-

mum current value is changing with the initial torque value. Therefore,

profile 3 strategy can be used with lower current magnitude providing

the simplest solution at cost of longer magnetization time.
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Figure 3.24: Wave shapes for the case of remagnetization using: (a) rated d-axis

current; (b) maximum d-axis current; (c) maximum d-axis current and constant Nm/s;

(d) reduced d-axis current and constant Nm/s.

The proposed remagnetization strategy (see Fig. 3.25) includes the follow-

ing process:

1. At light load, the initial rotor flux reference value is obtained from

Maximum-Torque per Ampere (MTPA) using a look-up table or poly-

nomial function approximation according to the operating speed.

2. Once an increase/decrease is commanded to the reference torque, the

torque and rotor flux references will follow one of the predefined trajec-

tories with rates limited to the application until reach to the new target

values.

3. The rotor flux reference is limited in the field-weakening region according

to operating speed.

4. The rotor flux trajectory can be a ramp, exponential convergence or other

profiles obtained from optimization methods (profiles 1-to-4) that meet

the application constraints.
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Figure 3.25: Proposed remagnetization strategy: (a) overall control scheme; (b) de-

tailed block diagram of the proposed remagnetization method.

The proposed remagnetization strategies have been simulated using MAT-

LAB environment with a sample time of 200 µs. The dynamic d-q model in

rotor flux reference frame is used for modeling the induction machine. IM

parameters for the base speed are given in table A.1 in the Appendix.

RFOC (Fig. 3.10) is used to evaluate the proposed strategies. Pole-zero

cancellation method is used to tune the current regulators to achieve a band-

width of 200 Hz.

Fig. 3.26 shows a summary of the simulation results for the machine op-

erating at base speed, assuming that the IM is fed from an inverter with ideal

power switches. The IM torque is increased from 10% to 100% of the rated

torque at t=0.25 s (see Fig. 3.26) following the four remagnetization profiles

proposed in this subsection. It is noted that the slowest torque production

76



Chapter 3. Induction Motor Drives for Traction Applications

is obtained by magnetizing the machine with profile 1, i.e. d-axis current is

increased to its rated value then the q-axis current is increased gradually Fig.

3.27. The final torque will be achieved when the machine flux is fully estab-

lished which could take some time (≈ 3 to 4 times the rotor time constant see

Fig. 3.26).

Figure 3.26: Simulation results of different proposed remagnetization strategies.

On the other side, fastest torque production is reached following profile 2

(see the blue color in Fig. 3.26) where all the stator current is used to magnetize

the machine. Afterward, the stator current vector follows the current limit

trajectory sharing the remaining current into the q-axis component assuring

that the total current is not surpassed (see Fig. 3.27).

Profiles 3 and 4 show similar torque rise behavior (magenta vs. red color in

Fig. 3.26) as these strategies are designed to follow a predefined kNm/s rate (in

this application 3 kNm/s is used). However, the dynamics are different. Profile

3 prioritizes the use of stator current vector on the d-axis component in order to
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expedite flux establishment then the priority moves to the q-axis component

for torque production (see Fig. 3.27). A reduced remaganetization can be

used for profile 4 (see Fig. 3.27) which will penalize the dynamic response of

the rotor flux (see Fig. 3.26), which in general is not a concern in traction

applications, as the fast torque increase is not needed. The main advantage of

this strategy is it compromises the dynamic response of the electric drive and

the stresses on the inverter switches during the remagnetization process.

In the previous discussion, remagnetization process has been analyzed based

on d- and q-axis currents behavior. This analysis can be therefore easily applied

if RFOC is being used. However, other torque control schemes do not rely in

d- and q-axis currents. An alternative approach for the remagentization strat-

egy, intended for control schemes without current regulators, is to control the

flux trajectory assuming that the torque trajectory is a ramp whose gradient

is limited by the application. The simplest flux trajectory is to follow a ramp

where the ramp rising/falling rate will be selected according to two criteria: 1)

the torque change rate; 2) the magnitude of stator current components. Three

different rotor flux change rates 5, 2, and 1 wb/s respectively are evaluated (see

Fig. 3.28a and 3.28b). It is noted that the higher the rotor flux rate change,

the faster flux establishment, and the higher the d-axis stator current compo-

nent. It is also observed that the dynamic response of the fastest flux rate

change, (i.e. 5 wb/s) is similar to profile 3 in Fig. 3.26. The limitations of this

flux rate change are the high current value which increases the stresses on the

inverter switches and the risk of demagnetizing the machine during the torque

reduction process (see green profile in Fig. 3.28b). A compromising solution

could be achieved by relaxing the rotor flux (see blue and magenta profiles in

Fig. 3.28a and 3.28b). Further improvement on the dynamic behavior can be

achieved using an exponential flux rate change (first-order like behavior) as

seen in Fig. 3.28c and 3.28d. As the control scheme does not include current

regulators, the d-axis current can surpass the maximum stator current limit.
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Figure 3.28: Simulation results of IM torque change from 10% to 100% of rated torque:

(a) ramp increase; (b) exponential increase; (c) ramp decrease; (d) exponential de-

crease. Solid line (-) represents the d-axis while dashed line (- -) represetns the q-axis

of stator current.

79



3.5 Experimental Validation

3.5 Experimental Validation

In this Section, IM control techniques and proposed remagnetization strate-

gies discussed in sections 3.3 and 3.4.3 respectively will be tested and evaluated

via a full-scale high-speed traction drive used in real trains [144]. A schematic

diagram of the high-power traction system test bench is shown in 3.29a. It

consists of two identical IMs and converters connected back-to-back, which are

supplied from a High-Voltage (HV) power supply with a specially designed

traction transformer which is used to filter off catenary harmonics and allow

the interconnection of the different converters. A 100 Hz (2f) filter is included

in the DC bus where the overall experimental test rig is shown in Fig. 3.29b.

The power converter module in Fig. 3.29c consists of a three-phase, three-level

Neutral-Point Clamped (NPC) inverter feeding the IMs. Single-phase invert-

ers feed auxiliary loads, such as cooling systems, control power supply units,

etc. A DC-DC chopper is implemented for dissipative braking and DC bus

overvoltage protection.

Normally, high-speed trains use RFOC at low speeds and CLVFC at high

speeds [130]. The main system parameters are the same as those used in the

simulation shown in Table A.1. The torque-flux characteristic of the motor is

of the type named the extended full flux range in Fig. 3.5.

Fig. 3.30b and 3.30a show the rotor speed, modulation index, commanded

and estimated torques, estimated rotor flux, and magnitude of the stator

current vector during an acceleration (left) and deceleration (right) process.

Fig. 3.30c and 3.30d show the spectrogram of the stator current vector. For

ωr < 0.12 p.u., RFOC-SVM with a switching frequency of 850 Hz is used;

the switching frequency increases to 1 kHz for 0.12 < ωr < 0.94 p.u. For

ωr > 0.94 p.u., CLVFC combined with SHE with one switching angle is used.

Changes in the modulation method are readily observable in the spectrogram

which aims to trade off switching losses and torque ripple. The control is seen

to precisely follow the commanded torque and rotor flux in the whole speed

range. It is noted that the changes in the estimated rotor flux observed in

the flux-weakening region respond to changes in the corresponding command

(not shown in the figure). Transitions between the different control and mod-

ulation strategies can be a challenge due to the high power and low switching

frequencies. However, as can be observed from Fig. 3.30, such transitions are

satisfactory, i.e., the spikes observed in the currents are perfectly acceptable

and do not represent a risk for the power devices.
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Figure 3.29: High-power traction test bench: (a) Schematic diagram; (b) Overall view

of the laboratory setup; (c) Power converter module (INGETRAC).
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Figure 3.30: Experimental results. Acceleration (left)-deceleration (right) tests be-

tween ωr = 0.1 and ωr = 1.328 p.u. (a) From top to bottom: rotor speed, modulation

index, commanded and estimated torques, estimated rotor flux, and magnitude of the

stator current vector; (b) stator current vector spectrogram.

The proposed remagnetization strategy considering profile 4 was imple-

mented and compared with the maximum possible flux strategy over the full

speed range (see Fig. 3.31) in the same traction drive test bench in Fig. 3.29.

It is noted that in both cases the target torque gradient of 3 kNm/s from 10%

to 100% of the rated torque is achieved. The main difference can be seen in

the rotor flux for the proposed method where it is reduced to ≈ 48% of the

rated value during light load operation compared to the conventional solution.
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The corresponding d- and q-axis currents are shown in the bottom figures of

Fig. 3.31.

Rated Flux

(a)

Reduced Flux Rated Flux

Remagnetization

(b)

Figure 3.31: Experimental results of IM torque increase from 10% to 100% of rated

torque: a) applying rated magnetizing current; b) proposed remagnetization strategy.

rated d-axis current

(a)

rated d-axis current

(b)

Figure 3.32: Experimental results: (a) rated step-like d-and ramp-like q-axis currents

(Profile 1); (b) reduced d-axis current and constant Nm/s (Profile 4).
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3.6 Conclusions

The d-axis current is kept at its rated value for the conventional magne-

tization method while the d-axis current is initially reduced during light load

duration then it super-passed its rated value to build up the rotor flux quickly

when the torque increase is commanded. Once the machine is fully magnetized,

the d-axis current is decreased to prioritize the usage of q-axis current. The

d- and q-axis current trajectories are shown in Fig. 3.32 where the maximum

increase in the d-axis current in 3.32b is limited due to practical concerns.

Remagnetization process during to torque command decrease is validated

experimentally in Fig. 3.33. The rotor flux is decreased following a ramp

like profile as explained in Fig. 3.28b. It can be seen that the experimen-

tal results of the proposed remagnetization strategies are in good agreement

with the simulation results obtained in Section 3.4.3. However, it should be

noted that the ramp change rate has been chosen properly in practice to avoid

demagnetization risks (see Fig. 3.33b at t = 6 s).
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Figure 3.33: Experimental results of IM remagnetization process during in-

crease/decrease of machine torque: (a) applying rated magnetizing current; (b) pro-

posed remagnetization strategy.

3.6 Conclusions

Railway traction drives normally use medium-voltage, high-power induction

machines. Rotor flux Oriented Control (RFOC) has been widely adopted at low
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and medium speeds. However, high fundamental frequencies intrinsic to high-

speed operations, combined with the need to reduce inverter losses, force the

inverter to operate with reduced switching frequencies and a high modulation

index or even at the six-step limit. These limitations seriously compromise the

performance of RFOC at high speeds. A common practice is to use RFOC

at low speeds and switch to strategies able to perform properly under severe

voltage constraints at high speeds.

For high-speed operation, four different control strategies have been selected

and tested by means of simulation, namely, Closed Loop V/F with flux/torque

Control (CLVFC), CLVFC with feedforward (CLVFC&FF), Direct Flux Vector

Control (DFVC), and Direct-Torque Control Space-Vector Modulation (DTC-

SVM). The modulation methods that have been considered are PWM/SVM,

SHE, and six-step. Their advantages include the easiness of operation with a

high modulation index, including six-step; switching frequency; and dynamic

response to both torque change demands and rotor flux change demands.

It was concluded from the simulation results that CLVFC, CLVFC & FF,

and DFVC provide similar performances. However, DFVC requires a modi-

fication of the q-axis current controller gains when the drive enters the over-

modulation region. Specifically, the proposed CLVFC&FF operates properly

with a high modulation index, including six-step, and provides a good dynamic

response. Additionally, experimental results using CLVFC in a full-scale trac-

tion drive have been provided, which are in good agreement with the simulation

results, and confirm the viability of this strategy.

For traction applications, a fast dynamic response is not required as the

torque rate change is limited to avoid torque shocks. Thus, a reduced remag-

netizing current with a constant torque increase rate has been verified by sim-

ulation and validated experimentally through a full-scale high-power traction

test bench.

The proposed remagnetization strategy calculates the initial rotor flux using

MTPA algorithm at light loads. Once a change in torque command is detected,

the torque and rotor flux reference will follow predefined trajectories till they

reach the final value. Currently, the proposed remagnetization torque and

flux trajectories are implemented offline and stored in look-up tables. Online

implementation of the remagnetization trajectory is challenging and adds more

complexity to the overall traction motor control.
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Figure 3.18: Response to commanded torque oscillation at 100 Hz: (a), (d) RFOC;

(b), (e) CLVF; (c), (f) CLVF&FF. Top: time response. Bottom: vector trajectories.

Solid vector: starting position. Dashed vector: steady-state position.
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Figure 3.27: Summary of the proposed remagnetization strategies: (a) step-like rated

d-axis change and ramp-like q-axis current change (Profile 1); (b) maximum d-axis

current (Profile 2); (c) maximum d-axis current and constant Nm/s (Profile 3); (d)

reduced d-axis current and constant Nm/s (Profile 4).
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Chapter 4

Anti-Slip Control in Railway

Traction Drives

4.1 Introduction

Railway vehicles often require large tractive effort. Due to the design of

wheel and rail, combined with the large elastic coefficient of steel, transfer

of forces between the wheel and the rail occur through a small steel-to-steel

contact area. While this is advantageous regarding frictional losses, it will

curb the maximum force transfer. The maximum transferable force between

the wheel and rail will not only be a function of design parameters such as wheel

and rail shapes and materials, vehicle weight, etc. but also will be strongly

affected by the surface conditions of rail [145]. Exceeding the maximum tractive

force can produce an uncontrolled wheel slip, which can result in a number

of unwanted effects, including reduced acceleration/deceleration performance

[145], and also the risk of triggering torsional vibration phenomena [146]. This

creates an interest and necessity to study slip phenomena and develop anti-slip

control methods.

Roller rigs are one of the important experimental setups that help in study

and validation of the topics related to railway vehicle dynamics [147, 148],

including wheel-rail contact dynamics [149], braking system [150], slip control

[151] and adhesion estimation [152], etc. Test rigs can be developed in full

scale, where the dimensions of the wheel and forces are unchanged compared

to the actual wheels [148]; and in scaled versions, where the wheel size and the

related parameters are reduced in specific ratio [153].
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4.2 Overview of Slippage Phenomenon

In this chapter, an overview of the slippage phenomenon and adhesion slip

characteristics will be addressed first. Then, the development of a scaled roller

rig used for adhesion coefficient estimation and slip velocity control verifica-

tion will be presented. Moreover, existing slip control strategies intended for

maximum utilization of the available adhesion will be discussed in detail. Two

new methods for maximum adhesion tracking (MAT) will be proposed, using

Fuzzy Logic Control (FLC) and Particle Swarm Optimization (PSO) respec-

tively. Finally, a comparative analysis will be included considering Compu-

tational Simplicity, Tuning Easiness, MAT Searching Capability, Steady-state

Response, and Signal Smoothness.

4.2 Overview of Slippage Phenomenon

Traction force is defined as the force developed by the traction motor being

transferred to the rail through the train vehicle’s wheel to achieve the desired

train speed. The traction force that can be transferred to the rail will be limited

by the friction between the driven wheels and the steel rail. The adhesion

limit will depend on the normal load and the friction coefficient of the contact

point, also known as the adhesion coefficient. Adhesion coefficient is a non-

linear function of wheel slip and velocity [47]. Slip/skid phenomenon occurs

when the traction force surpasses the adhesion limit during traction/braking.

Excessive slip or skid will result in an increase in wheel wear and a reduction

of the overall traction performance. Therefore, many efforts have been devoted

to limiting the slip/skid between the wheel and the rail [43–45].

Without the slippage, traction force Ft is equal to the tangential force and

is given by (4.1), where Tm is motor torque after the gear, Nm is number of

motors and rw is traction wheel radius.

Ft = Nm
Tm
rw

(4.1)

The simplified force balance equation in the real train can be defined by

(4.2), where mt is train mass, B is the friction, vt is train linear velocity and

Flt is the total load force.

Ft − Flt = mt
dvt
dt

+B · vt (4.2)
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Total load forces given by (4.3) comprise of the aerodynamic force FlA (4.4),

the rolling friction force FlR (4.5), and the gradient force FlG (4.6), which are

subtracted from the adhesive force to obtain the net force Fnet (see Fig. 4.1).

Similarly, the total load torque (Tlt) is subtracted from the adhesive torque

(Ta) to obtain net torque, Tnet. The total load torque Tlt can be obtained from

the load force Flt using the radius of the wheel as mentioned in Fig. 4.1.

Flt = FlA + FlR + FlG (4.3)

FlA =
1

2
CdAfρv

2
t (4.4)

FlR = Crmtg (4.5)

FlG = mtg sin θ (4.6)

where,

Cd the drag coefficient;

Af frontal area;

Cr the rolling friction coefficient;

g the acceleration of gravity;

θ gradient angle in degree

Relationship between angular and linear velocities is given in (4.7) where

ωw is the angular velocity of the traction wheel.

vt = ωw · rw (4.7)

Adhesive force Fa is the force that can be transferred from the wheel onto

the rail and is given by (4.8), where FN is the normal force and µ is adhesion

coefficient [154].
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Figure 4.1: Representation of train load forces and load torque.

Fa = µ · FN = µ · mt · g (4.8)

The adhesion coefficient µ is a measure of the wheel-rail contact quality,

which depends on the rail surface, environmental condition, temperature of the

contact point, etc. The adhesion coefficient will be also significantly affected

by the slip, which occurs when the angular velocity of the wheel doesn’t match

train linear velocity vt (4.9).

ωw · rw 6= vt (4.9)

Variation of adhesion coefficient with respect to the slip velocity is called

adhesion-slip curve. An example plot is shown in Fig. 4.2. Based on the sign

of the derivative of µ with respect to slip speed, the curve shown in Fig. 4.2

can be divided into two main regions. Positive values of dµ/dvs correspond to

the stable region. In this region, an increase of slip results in an increase of

µ, and consequently of the tractive effort. The stable region is seen to consist

of two sub-regions: 1) linear area, the adhesion coefficient increases almost

linearly with the slip velocity; 2) nonlinear area, dµ/dvs reduces progressively,

eventually reaching the maximum adhesion coefficient when dµ/dvs = 0.

If the slip surpasses this maximum, then dµ/dvs < 0, which corresponds

to the unstable region. In this region, an increase of slip speed will result in a

92



Chapter 4. Anti-Slip Control in Railway Traction Drives

0 0.5 1 1.5 2 2.5
vslip [m/s]

0

0.2

0.4

0.6

0.8

1

1.2

7
21

Stable
area

Unstable
area

1. Linear area

2. Non-linear area
7max

Figure 4.2: Theoretical example of adhesion-slip curve.

reduction of adhesive force. When this occurs, wheel speed is no longer linked

to train speed. Equation (4.10) holds in this case, where Ja accounts for axle

inertia.

Tm − Fa rw = Ja
dωw
dt

(4.10)

It is observed from (4.10) that if traction motor torque Tm remains invari-

ant, a decrease of Fa will result in a sustained increase of ωw. Since Fa is

decreasing, tractive force Ft, and consequently train speed will decrease too,

slip speed consequently increasing steadily.

Maximizing the traction force leads to more efficient and faster accel-

eration/deceleration rates. This allows achieving the planned travel speed-

distance profile precisely, avoiding trip delays and reducing energy consump-

tion. Therefore, implementation of control methods able to maximize the trac-

tion force becomes crucial to traction systems manufacturers and train service

providers. Both direct and indirect re-adhesion control methods have been

proposed to limit the slip within a predefined threshold [46, 48, 50, 155]. The

main demerit of these traditional re-adhesion methods is that the traction ca-

pability is not fully utilized. Slip control methods will be discussed in detail in

Section 4.4.

93



4.3 Scaled Roller Rig

One of the limitations perceived during the review of the state of the art was

that the different methods were validated using different platforms. This makes

it extremely difficult to perform a fair comparative analysis. To overcome

this limitation, all the methods considered will be tested in the same test

rig. System model as well as test rig design and control are presented in the

following Section.

4.3 Scaled Roller Rig

Roller rigs combined with simulation verification are convenient replicas

for evaluating control techniques of railway traction drives during pre-service

commissioning. Full-scale or scaled roller rigs can be used for the purpose of

producing the same dynamics of the actual train moving on a rail. Scaled roller

rigs are preferred due to cost, size, and manufacturing obstacles. However,

special care must be taken for the selection of the scaled parameters during

the design process to reproduce as precisely as possible the behavior of the

full-scale system. In this chapter, Manchester Metropolitan University (MMU)

method is used [148]. In this approach, the locomotive mass is considered to

be equally distributed amongst the wheels and the nominal linear wheel speed

is scaled by 1/5 factor [156]. The full design process and scaling parameters of

the scaled roller rig used in the following discussion can be found in [157].

Fig. 4.3 shows a schematic representation of the scaled roller rig where the

smaller wheel represents one of the locomotive wheels and the bigger wheel,

referred to as roller, represents the rail. Two induction motors (IMs) are used

to drive both wheels via a transmission belt system. The normal force FN
applied to the wheel is adjusted manually with a spring system including a

dynamometer for fine force tuning. The test bench has a water-spraying nozzle

to emulate wheel-rail wet conditions.

Adhesion coefficient µ is defined in (4.11) as the ratio between the adhesion

force Fa being transferred from the wheel to the roller and the normal force

applied to the wheel FN . Adhesion is a non-linear function that depends on

the slip velocity between the wheel and roller, ambient factors such as humidity

and ambient temperature, and the surface condition of the contact point [158].

The slip velocity is given by (4.12), where ωmW , ωmR and rW , rR are the

mechanical speed of the IMs in electrical units (rad/s) and the radius of both

wheel and roller in (m) respectively.
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Figure 4.3: Schematic representation of the scaled roller rig.

µ =
Fa
FN

(4.11)

vslip = vW − vR (4.12)

where vW = ωmW · rW ; vR = ωmR · rR

The adhesion torque (i.e., load torque) can be expressed as the adhesion

force exerted on the wheel multiplied by its radius (4.13).

TW = Fa · rW = µ · FN · rW (4.13)

The electromagnetic torque developed by the wheel motor Te W and trans-

ferred to the wheel TW via belt transmission is given by (4.14) where Rg W is

the wheel gear ratio.

Te W =
TW
Rg W

=
µ · FN · rW
Rg W

(4.14)
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Figure 4.4: Overall control scheme of scaled roller rig for slip velocity control.

The same relation can be developed for the roller side where Te R, and Rg R

are the roller motor electromagnetic torque, and roller gear ratio respectively.

Te R =
TR
Rg R

=
µ · FN · rR
Rg R

(4.15)

Wheel and roller motors are fed from three-phase inverters which share the

same DC link (see Fig. 4.4). The DC link is fed from the grid by means of a

diode rectifier. A commercial drive using RFOC, mentioned in Section 3.3.2,

with an outer speed control loop (see right side of Fig. 4.4) is used to control

the roller.

On the other side, the wheel motor is fed from a custom drive built to

implement the different control strategies for Maximum Adhesion Tracking

(MAT) functionality. The control scheme of the custom drive contains the

same structure as the roller commercial drive except for the speed control

block that is replaced by the slip velocity control block (see the green block

on the left side of Fig. 4.4). Further details are provided in Section 4.6. The

slip velocity control block requires additional signals: reference torque T ∗e W ,

reference slip velocity v∗slip, and torque estimate T̂e W . The signals involved

depend on the MAT method being used. In all cases, knowledge of roller speed
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is essential, which implies that real train velocity should be known in the real

system.

For the following discussion and simulations, it is assumed that the roller

drive control is set to speed control mode running with a constant speed. This

is consistent with the case of a train that has a very large inertia. Meanwhile,

the wheel drive operates with torque control; the slip velocity controller remains

disabled unless the actual slip surpasses the established limit (see Fig. 4.5).

The torque reference T ∗e W is transferred to the wheel drive torque command,

i.e, T ∗′′e W = T ∗e W unless wheel slip is detected. In this case, the slip velocity

control is activated and the torque command generated from the slip speed

controller is passed by the (Min) function, i.e., T ∗′′e W = T ∗′e W . Wheel speed

reference ω∗m W is obtained from the slip velocity control block considering the

gear ratio, i.e. ω∗m W =
Rg W
rW
· vW , where vW is the wheel linear speed in

m/s. A dynamic limiter is added for the slip speed controller to avoid wind-

up problems in the Proportional-Integral (PI) controller when the slip speed

control is not active [157]. Different slip control modes are discussed following.
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Figure 4.5: Detailed slip velocity control block diagram.

4.4 Slip Velocity Control Methods

This Section reviews the slip velocity control methods reported in the lit-

erature. The slip velocity control mode can be selected either with constant or

variable slip velocity (see Fig. 4.5). Variable slip mode can be based on train

speed where the slip velocity reference value is changing along the whole trip,
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and continuously adapting the slip velocity command to track the maximum

adhesion. The classification of the slip control mode is summarized in Fig. 4.6,

and the discussion of each method is provided in the following subsection.

Slip Velocity Control Mode

Constant Slip Variable Slip

Based on Train 
Velocity

Maximum Adhesion 
Tracking (MAT)

Particle Swarm 
Optimization (PSO)

Fuzzy-Logic 
Control (FLC)

Steepest   
Gradient

Perturb & 
Observe

Existing Methods

Proposed Methods

Figure 4.6: Classification of slip velocity control mode.

4.4.1 Constant Slip Velocity Control

This method is the simplest solution for slip control, being likely the most

common choice for anti-slip protection in railway applications [44]. In this con-

trol mode, slip velocity reference v∗slip is added to the train velocity and sent

to the wheel speed controller as seen in Fig. 4.7. In this chapter, it is assumed

that the train speed is measured. Methods to measure or estimate the train’s

linear speed can be found in [159–161]. Slip velocity reference is selected based

on field tests and the train’s driver experience, being generally in the range of

≈ 0.5 to 1.0 m/s [44]. Regardless of its simplicity, the main demerit of this

method is that it does not usually operate at the maximum adhesion point.
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Figure 4.7: Constant slip velocity control command generation.

Fig. 4.8a shows simulation results using this method. The adhesion profiles

P1, P2, and P3 used are shown in Fig. 4.8b. A torque ramp with a final value

of 10 Nm is commanded. The adhesion is lost when the actual torque reaches

≈ 5 Nm (see Fig. 4.8a-top). Slip velocity control is then activated with a 1.0

m/s set point (see third subplot in Fig. 4.8a). The response of slip control to

changes in the wheel-roller adhesion conditions (P1, P2, and P3 i.e., from high

to low adhesion) is also simulated as shown in Fig. 4.8. Constant slip velocity

control is seen to provide a good dynamic response, with deviations from the

target sleep corrected in ≈ 1 s, and not exceeding ≈ 0.2 m/s.
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Figure 4.8: Constant slip velocity control (simulation): (a) transient response; (b)

adhesion profiles. 1○ P1 : t < 7 s; 2○ P2 : 7 s< t < 11 s; 3○ P3 : t > 11 s.
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4.4.2 Variable Slip Velocity Control with Maximum Adhesion

Estimation

These methods are aimed to operate at the slip speed providing maximum

adhesion. This will require maximum adhesion estimation. Subsections 4.4.2.1

and 4.4.2.2 discuss methods already reported in the literature. Two new meth-

ods will be proposed in Section 4.5

4.4.2.1 Perturb and Observe (P&O)

In this method, the slip velocity is indirectly controlled by perturbing the

wheel acceleration as seen in Fig. 4.9. The wheel velocity command v∗W is ob-

tained by integrating the wheel acceleration command which is a combination

of the current acceleration aW and a constant value ∆a as given by (4.16) and

(4.17). Selection of a0 or a1 is based on Perturb and Observe (P&O) technique

to track the maximum torque [162,163].

a0 = aW −∆a (4.16)

a1 = aW + ∆a (4.17)
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Figure 4.9: Perturb and Observe (P&O) slip velocity control mode block diagram.
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The operation of MAT strategy can be summarized as follows:

• The acceleration of the traction motor wheel is initially perturbed (e.g.

increased). The developed torque during this process is stored. The

maximum torque value during the perturbation period Tmaxe(k) is held and

subtracted from the current torque value obtaining ∆Te (see Maximum

Torque Search block in Fig. 4.9).

• ∆Te is sent to the Search Logic Decision block, which will choose between

a0 and a1 using a binary output signal Sm(k). The search logic task

is to adapt the operating point either by increasing or decreasing the

acceleration command based on the current load torque compared to the

maximum stored value during perturbation. If ∆Te > Tthreshold, then the

current torque T ∗′′e W is moving apart from the peak of the adhesion curve

thus the search logic block output Sm = 0 to decelerate the wheel and

bring the operating point back to the peak of the curve (see Acceleration

Calculation block in Fig. 4.9).

• A reset signal generated in the Search Logic in Fig. 4.9 is used to reset

the counter in the Maximum Torque Search block which handles the

perturbation period. Consequently, the operating point is expected to

be alternating around the peak of the adhesion curve with no need for

additional speed measurement, i.e. train velocity.

The main drawback of this method is that it creates additional ripples in

the machine torque, which depend on the perturbation period. This might

contribute to undesired oscillations in the mechanical drive train torsional el-

ements [164].

Fig. 4.10 shows the simulation results of the roller rig emulator using P&O

method slip velocity control. Operating conditions are the same as in Fig.

4.8. Significant excursions around the peak of the adhesion curve are observed

in Fig. 4.10b, especially for the case of P1 which corresponds to the highest

adhesion level, i.e. dry condition. Also, it is found that the P&O method has

a slow dynamic response while searching for the peak. Finally, peak searching

capability becomes more challenging with flat adhesion curves like P2 and P3

(see Fig. 4.10b).
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Figure 4.10: Variable slip velocity control using Perturb and Observe (P&O) (simula-

tion): (a) transient response; (b) adhesion profiles. 1○ P1 : t < 7 s; 2○ P2 : 7 s< t < 11

s; 3○ P3 : t > 11 s.
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4.4.2.2 Steepest Gradient

This approach takes advantage of the non-linear behavior of the adhesion-

slip characteristic curve to track the maximum adhesion. As already known,

the adhesion-slip characteristic is divided into two regions as shown in Fig.

4.11a: 1) micro-slip (stable) region, where the adhesion coefficient µ increases

with the slip velocity vslip till reaches its maximum value; 2) macro-slip (unsta-

ble), where any increase in slip velocity will decrease the adhesion coefficient

and would drive the traction system to instability.

Defining the increments of the adhesion coefficient and slip velocity as (4.18)

and (4.19) respectively, the slope of the adhesion-slip curve is given by (4.20).

∆µ̂(k) = µ̂(k) − µ̂(k−1) (4.18)

∆vslip(k) = vslip(k) − vslip(k−1) (4.19)

Kvslip(k) =
∆µ̂(k)

∆vslip(k)
(4.20)

The slope Kvslip(k) is positive in the micro-slip region, and negative in the

macro-slip region, being zero at the peak of the adhesion-slip curve [see Fig.

4.11a]. Hence, tracking the maximum adhesion in the steepest gradient method

would be naturally done by adding the current gradient of the adhesion-slip

curve to the previous slip velocity as shown in (4.21). Gain α in (4.21) is an

adaptation constant.

v∗slip(k) = vslip(k−1) + α ·Kvslip(k) (4.21)

According to (4.21), if the operating point is in the micro-slip region, the

adhesion-slip gradient Kvslip(k) is positive and the slip velocity command is

increased. Contrarily, if the operating point falls in the macro-slip region,

the gradient added is negative, and the slip velocity command is decreased.

Once the maximum adhesion is reached, the adhesion-slip gradient is zero and

no change is applied to the slip velocity. The block diagram of the steepest

gradient method is shown in Fig. 4.11b.

104



Chapter 4. Anti-Slip Control in Railway Traction Drives

0 𝑣𝑠𝑙𝑖𝑝

Ƹ𝜇

∆ෝ𝜇(𝑘)
∆𝑣𝑠𝑙𝑖𝑝(𝑘)

<0

∆ෝ𝜇(𝑘)
∆𝑣𝑠𝑙𝑖𝑝(𝑘)

>0

∆ෝ𝜇(𝑘)
∆𝑣𝑠𝑙𝑖𝑝(𝑘)

≅0

𝑣𝑠𝑙𝑖𝑝
𝑚𝑎𝑥

Micro-Slip Macro-Slip

(a)

+

𝑟𝑅

𝑅𝑔_𝑅

𝜔𝑚_𝑅(𝑘)

−

𝑣𝑅(𝑘)

𝑟𝑊

𝑅𝑔_𝑊𝜔𝑚_𝑊(𝑘)

𝑣𝑊(𝑘) 𝑣𝑠𝑙𝑖𝑝(𝑘) 𝑣𝑠𝑙𝑖𝑝(𝑘−1) +

+

𝑣𝑊(𝑘)
∗+ 𝑣𝑠𝑙𝑖𝑝(𝑘)

∗

𝐷(𝒵)

𝑇𝑒_𝑊(𝑘)

𝑅𝑔_𝑊

𝐹𝑁∙𝑟𝑊
÷

Disturbance

Torque 

Observer

𝛼

∆ො𝜇(𝑘)

∆𝑣𝑠𝑙𝑖𝑝(𝑘)

LPF

𝒵−1

LPF

𝛿𝑣𝑠𝑙𝑖𝑝(𝑘)
∗

∆ෝ𝜇(𝑘)
∆𝑣𝑠𝑙𝑖𝑝(𝑘)

𝐷(𝒵)

+

Ƹ𝜇(𝑘)𝑇𝑙_𝑊(𝑘)

(b)

Figure 4.11: Steepest Gradient slip velocity control mode. (a) adhesion-slip curve and

involved incremental variables; (b) Block diagram.

As the adhesion coefficient µ in an actual locomotive cannot be measured,

estimation is required. A disturbance observer is commonly used for adhesion

estimation using (4.22).
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µ̂ = T̂l W
Rg W
FN · rW

(4.22)

T̂l W can be estimated from (4.23), where Bm and Jm are the viscus friction

and inertia of the traction wheel motor, respectively.

T̂l W = T̂e W −Bmωm W − Jmω̇m W (4.23)

To avoid the pure derivative in (4.23), a low pass filter can be used instead

(4.24).

T̂l W (s) = T̂e W (s) − ωm W (s)

[
Bm W + Jms

(
1

τs+ 1

)]
(4.24)

Two low-pass filters are used to attenuate the measurement noise in the

slip velocity signal and the estimated adhesion coefficient prior to the discrete

differentiation realized by D(z) blocks.

Simulation results for this method are shown in Fig. 4.12. Due to the

differentiation of signals used to estimate the adhesion slope
∆ ˆµ(k)

∆vslip(k)
, Steepest

Gradient (SG) method suffers from high oscillations attempting to keep the

operating point at the peak of the adhesion-slip curve (see Fig. 4.12a). This

becomes obvious for the adhesion profiles with higher slopes like P1 as the re-

sulting slope correction signal Kvslip(k) increases dramatically for the next step

of the slip velocity command. Contrarily, with lower adhesion slopes such as

P2 and P3, the correction signal moderately increases with the assumption of

using constant correction factor α. However, it can be noticed in this method

that the operating points are closer to the peak of the adhesion-slip curves for

all the profiles. However, the peak searching space is still high (see Fig. 4.12b).
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Profile 1 Profile 2 Profile 3
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Figure 4.12: Variable slip velocity control using Steepest Gradient (SG) method

(simulation): (a) transient response; (b) adhesion profiles. 1○ P1 : t < 7 s; 2○
P2 : 7 s< t < 11 s; 3○ P3 : t > 11 s.
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4.5 Proposed MAT Techniques for Railways

As discussed in Subsection 4.4.2, operation with variable slip will require

estimation of maximum adhesion. Two new methods are proposed and as-

sessed in this Section, based on Meta-heuristic Fuzzy Logic Control and Par-

ticle Swarm Optimization respectively.

4.5.1 MAT Using Meta-heuristic Fuzzy Logic Control

Fuzzy Logic Control (FLC) is a knowledge-based control technique that

uses linguistic rules designed for complex, uncertain, and non-linear systems

without requiring mathematical models and/or parameter estimation [165,166].

FLC was first introduced for anti-lock braking systems (ABS) in railway trac-

tion applications to prevent wheel skid on the rail, resulting in high braking

performance and consequently lower braking distance compared to conven-

tional PID controller [51, 52, 167, 168]. Later, FLC concept has been extended

for wheel slip prevention and speed profile tracking in electric trains [169–172].

The use of FLC for MAT is developed following.

The proposed block diagram is shown in Fig. 4.13. It uses the same slip

command adaptation concept of the Steepest Gradient method for tracking

the peak of the adhesion curve (see Fig. 4.11a). However, the change in

the slip command v∗slip(k) is adapted and generated automatically by the FLC

block. From (4.14), it can be seen that the estimated wheel motor torque is

proportional to the adhesion coefficient µ as the normal force FN , the radius of

the wheel rW and the gear ratio RgW are already known. Thus the load torque

estimation T̂l W using the disturbance observer in Fig. 4.11b is not required

anymore and the FLC rules can be applied to the estimated motor torque T̂e W .

T̂e W is already available since it is used for the drive torque control as shown

in Fig. 4.4.

The procedure for MAT using FLC is summarized in Fig. 4.14 including

the flowchart shown in Fig. 4.14b.
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Figure 4.13: MAT using Fuzzy Logic Control (FLC) block diagram.

Like the conventional FLC structure, the FLC block of the proposed method

(see Fig. 4.13) contains the input fuzzification, the fuzzy interface, and the

output defuzzification respectively as seen in Fig. 4.15a. The fuzzification

block consists of two membership functions that create the linguistic rules

of the input variables, i.e. the ∆T̂e(k) and ∆vslip(k). Then, the fuzzy in-

terface correlates the linguistic rules with the knowledge base for maximum

adhesion-slip curve tracking. Finally, the fuzzified output rules are trans-

formed back to real numbers using the defuzzification membership function.

The rules used in 4.15b are denoted for: NB is Negative Big; NS is Negative

small; Z is zero; PS is Positive Small, and PB is Positive Big. The choice of

the input and output parameters (x2, x1 & y2, y1) will depend on field tests

and trains’ driver expertise. For the following simulations, the input parame-

ters are assigned as x2 = 15 Nm, x1 = x2/2 = 7.5 Nm for torque increment,

x2 = 1.0 m/s, x1 = x2/2 = 0.5 m/s for slip velocity increment, and the output

parameters are y2 = 0.5m/s, y1 = y2/2 = 0.25m/s for the updated slip velocity

command.
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Figure 4.14: MAT using FLC procedure. (a) Adhesion-slip curve strategy; (b)

Flowchart representation.
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Figure 4.15: Fuzzy Logic Control (FLC) scheme. (a) Basic FLC structure; (b) In-

put/Output Membership functions and Rules base for MAT-FLC.

Simulation results of the proposed MAT-FLC method are shown in Fig.

4.16. The improved dynamic response and reduced oscillations are readily vis-

ible comparing Fig. 4.16a with Fig. 4.10a and 4.12a. The maximum adhesion

of µ̂ = 0.45 for P1 is achieved in < 1s. The searching space is also decreased

as observed comparing Fig. 4.16b with Fig. 4.10b and 4.12b.

For adhesion profiles P1 and P2, MAT-FLC was able to find the maximum

adhesion-slip point. However, for P3, the maximum adhesion found by the

algorithm was ≈ 12% smaller than the optimal value, with an error of ≈
−40% in the estimated optimal slip velocity. This error can be minimized

by modifying the membership functions and rules used in the FLC. Thus,

adaptive tuning of FLC for multiple adhesion profiles to track the peak of the

adhesion curve is needed. Implementing adaptive tuning algorithms increases

the complexity of the proposed MAT-FLC [173–177]. A new approach for MAT
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estimation that overcomes this problem is proposed in the next subsection.

Profile 1 Profile 2 Profile 3
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Figure 4.16: MAT using the proposed MAT-FLC (simulation): (a) transient response;

(b) adhesion profiles. 1○ P1 : t < 7 s; 2○ P2 : 7 s< t < 11 s; 3○ P3 : t > 11 s.
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4.5.2 MAT Using Particle Swarm Optimization

Particle swarm optimization (PSO) is a population-based stochastic opti-

mization algorithm inspired by the movement of organisms such as flocks of

birds or schools of fish [178]. PSO concept has roots in artificial life and evo-

lutionary computation, intended for optimizing non-linear functions [179,180].

PSO algorithm is simple, computationally efficient, and effective in solving a

variety of problems for different applications [173,181]. Maximum Power Point

Tracking using Particle swarm optimization (MPPT-PSO) is considered one of

the most popular evolutionary optimization algorithms in solar Photo-Voltaic

(PV) systems due to its high tracking speed, ability to operate under different

environmental conditions, and fast computational capability [182–187].

The PSO algorithm contains a swarm of individuals (particles) at random

positions, where each particle represents a possible solution to the problem

under investigation. To find the optimal solution, all particles follow a similar

behavior, e.g., the position of any particle is influenced by the best particle in

the neighborhood (pbest) as well as the best solution found by all the particles in

the entire population (gbest). The best solution here is referred to the solution

which satisfies the selected criterion (fitness function), e.g., to find the global

minimum, the global maximum, etc. The particle position adjustment can be

represented mathematically as (4.25) and (4.26).

ui(k+1) = wui(k) + c1r1(pibest − xi(k)) + c2r2(gbest − xi(k)) (4.25)

xi(k+1) = xi(k) + ui(k+1) (4.26)

where,

xi(k+1) current position of particle i;

ui(k+1) current velocity of particle i ;

w inertia weighting parameter;

c1, c2 acceleration coefficients;

r1, r2 random numbers between 0 to 1;

pibest best solution of each particle i in the iteration k;

gbest best solution of all particles in the iteration k

As in MAT-FLC, the proposed MAT technique using PSO (MAT-PSO)

algorithm uses the increments of wheel motor torque ∆T̂e(k) and slip velocity

∆vslip(k) to locate the current operating point on the adhesion-slip curve. The
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output slip velocity reference signal v∗slip(k) is then adjusted as seen in Fig.

4.17. In the proposed method, the PSO algorithm is designed to search for

the minimum absolute value of the adhesion-slip curve slope (see Fig. 4.18),

as
∆T̂e(k)

∆vslip(k)
≈ 0 occurs only at the peak of the adhesion-slip curve.
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Figure 4.17: MAT using Particle Swarm Optimization (PSO) block diagram.

The flow chart of the proposed MAT-PSO method is shown in Fig. 4.19.

Four particles (Np = 4) were found adequate to achieve fast search speed with

a computational effort suitable for real-time implementation. The algorithm

starts with an initial guess of the positions of the particles (i.e. slip veloci-

ties) (see Fig. 4.18a), local best particle position pbest, and global best particle

position gbest (see Fig. 4.18b). The slope of the adhesion-slip curve is first

calculated for each particle and then the fitness function is evaluated indi-

vidually, where the minimum value is considered to be the local best particle

pbest, and its initial value is updated. The new pbest value is assigned to be

the new global best particle gbest which other particles should follow for the

next iteration. The pbest and gbest will be varying while searching for the value

that satisfies the fitness function (see particle 2 in Fig. 4.18c). Afterward, the

output slip velocity v∗slip(k) is set to be equal to the global best particle position

vgbestslip(k) (see Fig. 4.18d). Finally, the output slip velocity reference v∗slip(k) will

be held constant until the reset function is activated. This occurs when the

change in the wheel motor torque and the slip velocity exceeds a certain limit

chosen based on the dynamics of the applied system. This situation refers to

a change in the adhesion level due to changes in the track condition such as

wet, ice, contaminants, etc.
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Figure 4.18: Procedure of minimum search using Particle Swarm Optimization (PSO).

(a) Particle initialization; (b) Particle movements towards the global best particle after

one iteration; (c) Particle swarming towards the global minimum value; (d) Particle

final positions at the minimum value where the objective function is achieved.

Algorithm 1 PSO

1: Initialize a population of particles Np with random values positions and

velocities

2: while Termination condition not reached do

3: for Each particle i do

4: Adapt velocity of the particle using Equation (4.25)

5: Update the position of the particle using Equation (4.26)

6: Calculate the adhesion slope for each particle i

7: Evaluate the fitness function f(
−→
X i)

8: if f(
−→
X i) < f(

−→
P i) then

9:
−→
P i ←

−→
X i

10: end if

11: if f(
−→
X i) < f(

−→
P g) then

12:
−→
P g ←

−→
X i

13: end if

14: end for

15: end while
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The simplified pseudo algorithm for PSO is presented in Algorithm 1 where−→
X i represents the current particle position vector;

−→
P i is the best individual

particle position vector, and
−→
P g is the best global particle position vector.

Start

𝑖 = 1

Calculate the adhesion slope 

for particle (𝑖), 
∆𝑇𝑒 (𝑘)

∆𝑣𝑠𝑙𝑖𝑝(𝑘)

𝑖

Better particle 

fitness value?

Better global 

fitness value?

All particles 

evaluated?

Update particles’ 

position and velocity

Set 𝑣𝑠𝑙𝑖𝑝 𝑘
∗ = 𝑣𝑠𝑙𝑖𝑝 𝑘
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End
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Figure 4.19: Flowchart of Particle Swarm Optimization (PSO) for minimum search.
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Profile 1 Profile 2 Profile 3

(a)

1

2

Peak Searching

3
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Figure 4.20: Simulation results: Proposed MAT using Particle Swarm Optimization

(PSO) (MAT-PSO).
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From Fig. 4.16 and Fig. 4.20, it is observed that MAT-PSO has a slightly

slower response compared to MAT-FLC. This is due to the re-initialization

of particles’ positions and random movement when the reset function is acti-

vated (see third subplot in Fig. 4.20a). On the other hand, PSO algorithm

shows a superior steady-state performance for obtaining the correct slip veloc-

ity command value at which the peak of the adhesion curve occurs. This can

be noticed for P3 where it reaches to v∗slip = 0.41 m/s while the theoretical

peak occurs at v∗slip = 0.45 m/s (see Fig. 4.20b).

Fig. 4.21 summarizes the main characteristics and expected performance

of the methods being considered. Constant slip velocity control is seen to pro-

vide excellent results in almost all the aspects being evaluated, but this is at

the price of no MAT searching capability. This control mode would be bene-

ficial for rail tracks with known adhesion characteristics. Unfortunately, this

knowledge is not available in practice. The shortcomings of the constant slip

method are overcome using the proposed MAT-PSO, but at the cost of im-

plementation complexity and difficult tuning. The proposed MAT-FLC shows

a moderate performance, providing some of the advantages of MAT-PSO but

with less computational effort. MAT-P&O and MAT-SG show similar perfor-

mance regarding tracking capability and simplicity. However, MAT-SG shows

the worst performance regarding signal smoothness and steady-state response.

Computational Simplicity

MAT Searching

Capability

Steady-state ResponseSignal Smoothness

Parameters Tunning

Easiness

Constant Slip MAT-P&O MAT-SG

MAT-FLC MAT-PSO

Figure 4.21: Comparison of slip velocity control methods.
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4.6 Experimental Validation

In this Section, all methods discussed in Section 4.4 and the proposed ones

in Section 4.5 are validated and evaluated experimentally.

4.6.1 Test Bench Overview

The scaled roller rig described in Subsection 4.3 is used for emulating the

wheel-rail contact dynamics. The roller rig test bench is shown in Fig. 4.22a

and its parameters are given in table A.2 in the appendix [157]. The roller rig

load is adjusted by a spring system attached to a dynamometer for load force

measurements which applies extra force on the wheel as seen in Fig. 4.22a.

Additionally, a water spraying system is included for evaluation of the control

strategies when the wheel-roller surface becomes wet.

Two four-pole induction motors of 4 kW (LS112M) and 5.5 kW (LSES132SU)

are used for wheel and roller respectively [188]. The induction motors are driven

by two independent drives where both drives use RFOC for torque control and

Space-Vector Modulation technique (SVM) for voltage modulation mentioned

in Sections 3.3.2 and 2.2.2. However, a commercial VACON NXP00385 Dan-

foss drive is used in speed control mode to keep the roller motor speed constant

(see Fig. 4.22a]) [189]. While a three-phase two-level custom drive is built es-

pecially for the wheel motor to validate different slip velocity control strategies

discussed in Sections 4.2 and 4.5.

The custom drive shown in Fig. 4.22b is designed and built with AECP

group at the university of Oviedo which handles power up to 10 kW. The three-

phase input AC source from the mains is converted into DC voltage with an

average value of 540 V via three-phase power diode rectifier module DF75LB80

(see Fig. 4.21c) [190]. Two electrolytic capacitors PEH200YT4220MU2, each

rated 2.2 mF, 450 V are connected in series to form a DC bus with 5% of

ripple equipped with a charging circuit of approximately 3 seconds [191]. The

DC bus is connected to a 7MBP100VDA120-50 three-phase Insulated Gate

Bipolar Transistor (IGBT) power module which consists of 6 IGBT switches

for three legs of the DC-AC inverter and a dynamic braking switch, used during

braking [192]. It should be noted that a MKP386M snubber film capacitor is

being connected at the DC input terminals of the power module to protect

the IGBTs from the ringing effect during turn-off due to bus bars parasitic

inductance and to reduce the electromagnetic interference [193]. The gate
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driver unit of the inverter receives the gate pulses from the micro-controller

board through the HFBR-2522Z optical fiber cable (OFC) and converts it

into the gate voltage required by the power module using optocouplers which

provide optical isolation to the signals [194].

Wheel Motor Encoder Wheel Motor
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Roller Motor 

Encoder

Roller

Wheel

Adjustable 

Load

Dynamometer

Water Tank

Water Spray 
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(a)

Custom 

Drive

Commercial 

Drive

Main Power 

Supply Circuit

Control Board 

&

Input/ Output 

Interface

Emergency 

Button

Water Spraying System

Control Button

DC Bus 

Voltmeter

(b)
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Three-Phase IGBT 

Power Module
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Circuit

Gate Drive 

Unit

Gate Drive DC Power Supply  

Snubber 
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(c)

Figure 4.21: Overview of the experimental setup: (a) roller rig test bench; (b) Elec-

trical circuit and motor drives; (c) Custom drive elements.

4.6.2 Results and Discussion

The methods discussed in Sections 4.2 and 4.5 were tested in the test bench.

For each method, the experiments start with a dry wheel-roller contact point,

then at t ≈ 35 s the water spraying system is turned on till the end of the

experiment with a flow rate of 140 ml/min. Fig. 4.22 and Fig. 4.23 show the

response of the five methods being considered.

Overall, experimental results for all methods are in good agreement with

the simulation results obtained in Sections 4.2 and 4.5. However, torque and

speed oscillations in the experiments are seen to be lower than in simulation (see

Fig. 4.10a & 4.12a vs. 4.22e & 4.22f). Contrary to simulation results, changes

from dry to wet conditions of the contact point do not occur instantaneously

in the test bench. This would explain some of the differences observed between

simulation and experimental results.

For the constant slip control method (see Fig. 4.22d and 4.23a), the

achieved steady-state adhesion coefficient for dry and wet conditions are µ̂ ≈
0.5 and µ̂ ≈ 0.15 respectively. These values increase to µ̂ ≈ 0.6 and µ̂ ≈ 0.25

for all MAT methods considered in this paper (see Fig. 4.22e to Fig. 4.22h
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and Fig. 4.23b to Fig. 4.23e). As expected, all the methods track the peak

of the adhesion curve both in dry and wet conditions. An increase in slip ve-

locity (vslip ≈ 0.45 m/s) is noticed while peak searching in wet condition [see

Fig. 4.22f t = 45s to t = 65s] with MAT-SG due to the continuous increment

of (∆v∗slip(k)) term in the slip velocity command in the case of flat adhesion

curves aiming to find the maximum peak. This doesn’t occur with MAT-PO as

the search logic alternate between the increment/decrement of the slip velocity

command.

The two proposed methods MAT-FLC and MAT-PSO show a similar re-

sponse as seen in Fig. 4.22g and Fig. 4.22h, as well as Fig. 4.23d and 4.23e.

However, for MAT-FLC the slip velocity command is kept at the same value

(vslip ≈ 0.2 m/s) for both adhesion conditions while for MAT-PSO slip velocity

is slightly differs as (vslip ≈ 0.3 m/s) and (vslip ≈ 0.35 m/s) in dry and wet

conditions respectively. The difference in the performance of FLC and PSO

algorithms is negligible and can be only noticed in the search space of the

adhesion-slip curves, but noting the relevant differences in the implementation

complexity. Therefore, the proposed MAT methods achieve the same adhesion

level (≈ 20% higher than the constant slip method) with less slip velocity in

steady-state compared to existing methods.
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Dry Wet

(d)

Dry Wet

(e)

Dry Wet

(f)
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Dry Wet

Peak Searching

(g)

Dry Wet

Peak Searching

(h)

Figure 4.22: Experimental results. Response in the time domain: (a) constant slip

velocity; (b) MAT-P&O; (c) MAT-SG; (d) MAT-FLC; and (e) MAT-PSO.
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Figure 4.23: Experimental results. Adhesion-slip trajectory: (a) constant slip velocity;

(b) MAT-P&O; (c) MAT-SG; (d) MAT-FLC; and (e) MAT-PSO.
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4.7 Conclusions

Traction capability mainly depends on the adhesion coefficient between

the wheel and the rail in railways. Improving traction capability reduces travel

time and energy consumption during traction/braking. Operating at maximum

adhesion coefficient is not straightforward due to its non-linear and almost

unpredictable nature. In this Chapter, a comparative analysis of constant and

variable slip velocity control using Maximum Adhesion Traction (MAT) has

been presented.

Existing and proposed slip velocity control strategies have been simulated

and validated experimentally where the wheel-rail contact point has been emu-

lated using a scaled roller rig. It can be concluded that operating with constant

slip velocity provides precise and stable operation at the cost of not fully op-

timizing the traction capability of the traction drive. Perturb and Observe

(P&O) MAT method was able to track the maximum point of the adhesion-

slip curve. However, there are two main drawbacks of this method: 1) the

slip controller should be limited as it can fail with flat adhesion-slip curves as

the controller tries to find the maximum adhesion point by increasing the slip

velocity continuously, and 2) operating in the unstable adhesion region can

excite the slip-stick vibrations in the mechanical elements of the drive-train.

The MAT-P&O issues have been improved using the steepest gradient method

(MAT-SG). As MAT-SG requires a disturbance torque observer, the sensitiv-

ity of the observer to measurements noise is the main concern of this method

besides using derivatives that could be a problem in this case.

Finally, two new methods using Fuzzy Logic Control (MAT-FLC) and Par-

ticle Swarm Optimization (MAT-PSO) have been proposed. It has been shown

that these methods provide similar performance finding the maximum adhe-

sion point under dry and wet wheel-roller conditions with stable slip velocity

value at steady-state, the implementation of MAT-FLC being simpler.
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Chapter 5

Torsional Vibration

Suppression in Railway

Traction Drives

5.1 Introduction

As mentioned in Chapter 4, slip controllers enhanced with maximum ad-

hesion tracking increase the utilization of tractive force for high-performance

locomotives, however, they can potentially enter the unstable adhesion region

during the searching. As a result, oscillations can arise in the torsional elements

of the locomotives powertrain [61]. These oscillations can also be provoked by

the slip-stick phenomenon due to changes in the adhesion condition and track

irregularities. The most severe oscillation occurs when both wheels of the lo-

comotive 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.

This Chapter proposes a novel torsional vibration suppression method us-

ing a Proportional-Resonant (PR) controller. The proposed method will be

shown to be robust against changes in slip velocity and wheel-rail conditions.

In addition, the proposed method is insensitive to mechanical drivetrain pa-

rameter variation neither requiring adding new sensors to the wheelset. The

method requires previous knowledge of the natural frequency of the wheelset
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torsional mode, which can be simply obtained using free vibration analysis,

but this significantly reduces the implementation complexity suffered by other

anti-vibration methods.

This Chapter is organized as follows. Section 5.2 presents the detailed

mechanical drivetrain and locomotive mathematical model. The torsional vi-

bration excitation and its mitigation methods are addressed in 5.3. The pro-

posed vibration suppression method is presented in Section 5.3.3. The pro-

posed method is validated by simulation in Section 5.4. Finally, a summary of

findings is provided in Section 5.6.

5.2 Modelling of Mechanical Drivetrain

The mechanical drivetrain of electric locomotives can be classified according

to the construction design, for example, group or individual wheelset drives,

and according to the orientation of the rotation axis (longitudinal or transver-

sal). Modern high-speed trains are equipped with individual wheelset drives

with transversal orientation [76]. Individual wheelset drives can be driven by

a hollow-shaft hugging axle, axle-mounted traction motor, or by joint shaft.

Join shaft drive is normally used with DC traction motors that have large

proportions like SLM locomotives (Bombardier) [76]. Axle-mounted traction

drive is typically used in freight locomotives with a maximum speed of ≈ 140

km/h such as Eurosprinter 127 series and German class 152 series [195]. This

is mainly due to the usage of induction traction motors which have less mass

≈ 30 − 40% resulting in less vertical forces reacting on the wheelset and the

track. Hollow-shaft hugging axle drive is not new but its construction design

shows good performance and is still used in modern high-speed locomotives.

German class 120, Eurosprinter series, ICE1, and ICE2 are the most common

locomotives that use this drivetrain type [76,195].

5.2.1 Mathematical Model

This Section discusses the mechanical model of the drivetrain system. Axle-

mounted and cardan hollow-shaft drives will modeled and analysed in details.

The cardan hollow-shaft drivetrain of the German class 120 locomotive has

been selected for the simulation verification of torsional vibration and its mit-

igation methods [162,196].
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5.2.1.1 Cardan Hollow-shaft Traction Drivetrain

The German class DB 120 series is one of the famous locomotives which

uses the cardan hollow-shaft type for InterCity connection up to 200 km/h

[162]. A schematic representation of the DB 120 drivetrain is shown in 5.1a.

The traction drivetrain consists of six rotational masses that are connected by

torsional elements in the series structure as follows (see Fig. 5.1b).

• The traction motor generates a drive torque Te transmitted through the

coupling to the gearbox TM .

• Then the torque exerted in the gearbox TMG is transmitted 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 the 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) later 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 (5.1),

[J ] ·
[
ϑ̈
]

+ [D] ·
[
ϑ̇
]

+ [C] · [ϑ] = [T ] (5.1)

where,

J inertia matrix;

D damping ratio matrix;

C stiffness matrix;

ϑ rotational angle matrix;

ϑ̇ angular speed matrix;

ϑ̈ acceleration matrix;

T applied torque matrix
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Figure 5.1: Cardan hollow-shaft traction drivetrain. (a) Schematic representation; (b)

Six-inertia model. Torque transmission from the 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.

Applying (5.1) to the drivetrain in Fig. 5.1, the differential equations of the

six-inertia model (5.2) are obtained. Note that all values in (5.2) are referred

to the wheelset side of the drivetrain, assuming ideal gear with Rg being the

gear ratio.
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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
˙ϑG
˙ϑHG
˙ϑHW
˙ϑD
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

 (5.2)

where,

jM inertia of the motor;

jG inertia of the gear;

jHG inertia of the hollow to gear half shaft;

jHW inertia of the hollow to wheel half shaft;

jD inertia of direct wheel;

jI inertia of indirect wheel;

dMG, cMG damping and torsional stiffness values of the motor

to the gear shaft respectively;

dGH , cGH damping and torsional stiffness values of the gear

to the hollow shaft respectively;

dHW , cHW damping and torsional stiffness values of the hollow

shaft gear side tothe hollow shaft wheel side respectively;

dHD, cHD damping and torsional stiffness values of the hollow

shaft wheel side to the direct wheel respectively;

dDI , cDI damping and torsional stiffness values of the direct

to indirect wheel shaft respectively;

TM traction motor torque referred to wheel side;

TD, TI load torques applied to the direct

and indirect wheels respectively
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5.2.1.2 Axle-mounted Traction Drivetrain

In this drivetrain, the traction motor is directly mounted on the wheelset

axle via a hollow-joint shaft attached to the gearbox (see Fig. 5.2a). This

makes the torque transmitted from the traction motor onto the driven wheels

is distributed into two paths through the wheelset axle. The position of the

hollow-joint shaft will decide the amount of torque distribution on the wheelset

axle.
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Figure 5.2: Axle-mounted traction motor drivetrain. (a) Schematic representation;

(b) five-inertia model. Same legend as Fig. 5.1.
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Due to manufacturing issues, the connection of the gearbox to the wheelset

axle is commonly made close to one of the sides of a wheel which is referred

to as the directly driven wheel. Thus the other wheel is called an indirectly

driven wheel (see Fig. 5.2a).

For modeling simplification, the axle-mounted drive can be represented with

five rotating masses that are connected by torsional elements in a combination

of series and parallel structure (see Fig. 5.2b). Thus, the torque developed by

the traction motor Te is transmitted to the pinion through the coupling shaft

TMP following to the axle via the gear TPG. The torque exerted on the gear is

distributed into the direct wheel TGD and the indirect wheel TGI .

Applying (5.1) to the traction drive-train in Fig. 5.2b, the differential

equations of the five-inertia model (5.3) are obtained. Note that all values in

(5.3) are referred also to the wheelset side of the drive-train.


jM 0 0 0 0
0 jP 0 0 0
0 0 jG 0 0
0 0 0 jD 0
0 0 0 0 jI

 ·


¨ϑM
ϑ̈P
ϑ̈G
ϑ̈D
ϑ̈I

+


dMP −dMP 0 0 0
−dMP (dMP + dPG) −dPG 0 0

0 −dPG (dPG + dGD + dGI) −dGD −dGI
0 0 −dGD dGD 0
0 0 −dGI 0 dGI

 ·


˙ϑM
˙ϑP
˙ϑG
˙ϑD
ϑ̇I

+


cMP −cMP 0 0 0
−cMP (cMP + cPG) −cPG 0 0

0 −cPG (cPG + cGD + cGI) −cGD −cGI
0 0 −cGD cGD 0
0 0 −cGI 0 cGI

 ·

ϑM
ϑP
ϑG
ϑD
ϑI

 =


TM
0
0
−TD
−TI

 (5.3)

where,

jM inertia of the motor;

jP inertia of the pinion;

jG inertia of the gear;

jD inertia of direct wheel;

jI inertia of indirect wheel;

dMP , cMP damping and torsional stiffness values of the motor

to the pinion shaft respectively;

dPG, cPG damping and torsional stiffness values of the pinion

to the gear shaft respectively;

dGD, cGD damping and torsional stiffness values of the gear

to the direct wheel respectively;
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dGI , cGI damping and torsional stiffness values of the gear

to indirect wheel shaft respectively;

TM traction motor torque referred to wheels side;

TD, TI load torques applied to direct and indirect wheels respectively

5.2.2 Modal Analysis

Modal analysis is a useful tool to identify the most stressed elements of the

mechanical drivetrain from vibration characteristics, i.e. natural frequencies

and mode shapes. Natural frequencies, also referred to as resonance frequen-

cies, indicate the vibration modes of the elastic elements in the drivetrain; mode

shapes indicate the relative angular displacement between adjacent elements

(inertias).

Drivetrain natural frequencies and mode shapes can be obtained from the

homogeneous equation (5.1) using (5.4), where λ and [I] represent the eigenval-

ues (roots) of the system and the identity matrix respectively. It is noted that

damping coefficients have been neglected, corresponding (5.4) to the worst-case

scenario.

det
(
λ2 · [I]− [J ]−1 · [C]

)
= 0 (5.4)

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 elements at each reso-

nance frequency (see Fig. 5.3). In this Chapter, eigenvalues and eigenvectors

for the targeted (DB 120 class) drivetrain model are obtained using MATLAB

and normalized based on the maximum angle deviation of all elements at each

mode (see table 5.4). 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 and mode shapes, in addition to one trivial mode as

discussed following (see Fig. 5.3):

• First mode shape occurs at 0 Hz and is due to the rigid body motion.
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Table 5.4: Eigenvectors of undamped six-inertia model.

Mode 1 2 3 4 5 6

fi [Hz] 0.0 21.3 50.8 181.8 238.3 307.2

ϑM 1.000 -0.498 -0.1 -0.055 0.055 -0.008

ϑG 1.000 -0.451 -0.046 0.325 -0.592 0.154

ϑHG 1.000 -0.146 0.284 1.000 0.468 -0.990

ϑHW 1.000 0.311 0.748 -0.701 1.000 1.000

ϑD 1.000 0.602 1.000 -0.058 0.046 -0.027

ϑI 1.000 1.000 -0.790 0.002 0.001 0.003

• 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

[162].

• 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 in active damping methods,

the 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

[20].

5.2.3 Approximated Model (Three-inertia Model)

Once the Eigenvalue problem is solved for the detailed model (considering

the DB 120 cardan hollow-shaft drivetrain in Section 5.2.1.1) and both natural

frequencies and mode shapes of the system are identified. It is convenient to

develop a reduced model to include only the modes of interest for analysis [162].

This reduces the complexity and the time consumption of the analysis process.

The reduced model allows to estimate the required variables in microprocessors

and DSP with less computational time.
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𝜗

Figure 5.3: Mode shapes of the six-inertia model.Values are normalized based on the

maximum absolute value at each mode.

Taking the advantage of the matrices symmetry. Only the target natural

frequencies and their mode shapes are considered. For example, the first three

modes are the most affecting to the system. This will create a new matrix in

(5.5) where X is the eigenvector matrix, (1),(2) ,(3) are the mode numbers, and

1 · · ·n is the number of elements respectively.

X =
[
ϑ

(1)
1···n, ϑ

(2)
1···n, ϑ

(3)
1···n
]

(5.5)

The same for system elements, only the target elements are considered.

For railway torsional vibration analysis, Motor, direct and indirect wheels are

taken into consideration as in (5.6) where T is the matrix transportation.
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X̃ =
[
ϑ̃M , ϑ̃D, ϑ̃I

]T
=
[
ϑ1, ϑ2, ϑ3

]T
(5.6)

Using the eigenvectors for the six-inertia model, the approximated three-

inertia model should satisfy the equations:

XT · J ·X = X̃T · J̃ · X̃ (5.7)

XT · C ·X = X̃T · C̃ · X̃ (5.8)

XT ·D ·X = X̃T · D̃ · X̃ (5.9)

Thus, the equivalent parameters for the reduced three-inertia model is cal-

culated as following:

J̃ = X̃T−1 ·XT · J ·X · X̃−1 (5.10)

C̃ = X̃T−1 ·XT · C ·X · X̃−1 (5.11)

D̃ = X̃T−1 ·XT ·D ·X · X̃−1 (5.12)

Finally, the general equation of motion for the approximated three-inertia

model is obtained in (5.13). The equivalent model consisting of three equivalent

inertias (J1, J2, J3), two equivalent damping elements (d12, d23) and two equiv-

alent springs with stiffness of (c12, c23) [162]. ϑ12 and ϑ23 represent the relative

angle between the two rotating masses. The load torque is TL = T12 = c12 ·ϑ12

and the wheelset axle torque is TDI = T23 = c23 ·ϑ23, both being referred to the

wheelset side. A schematic presentation of the approximated model is given in

Fig. 5.4a. The mode shapes for chatter and torsional modes are found to be

matched with the detailed six-inertia model shown in Fig. 5.3.

j1 0 0

0 j2 0

0 0 j3

 ·
ϑ̈1ϑ̈2
ϑ̈3

+

 d12 −d12 0

−d12 (d12 + d23) −d23
0 −d23 d23

 ·
ϑ̇1ϑ̇2
ϑ̇3

+

 c12 −c12 0

−c12 (c12 + c23) −c23
0 −c23 c23

 ·
ϑ1ϑ2
ϑ3

 =

 TL
−TD
−TI

 (5.13)
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❶ ❷ ❸

𝑇𝐷 𝑇𝐼

𝑇𝑒
𝑇12 𝑇23

𝜔1
𝜔2 𝜔3

(a)

𝜗

Torsional

Chatter

(b)

Figure 5.4: Approximated three-inertia model. (a) Schematic representation; (b) mode

shapes.

5.2.4 Simulation Model

Applying Laplace transformation to (5.2), the drivetrain block diagram

Fig. 5.5a is obtained. The transmitted traction forces in the wheel-rail contact

point are calculated from (5.14) where rw, µD,I and TD,I are the wheel radius,

adhesion coefficient, and torque on each wheel, respectively; ml, and g are the

locomotive mass and the gravity constant, respectively.

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

(5.14)
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Figure 5.5: Block diagram representation of traction drivetrain models: (a) Cardan

hollow-shaft (six-inertia); (b) Axle-mounted (Five-inertia); (c) Approximated model

(Three-inertia).

The adhesion characteristics for different wheel-rail conditions (dry, wet,

etc.) are calculated offline and stored in a look-up table [47]. Finally, the train

speed vtrain is obtained as shown in Fig. 5.6, where mt is the total mass of the

train, Fres is the resistive drag force due to the air (Kair) and rolling (Kroll)

resistances [196]. Forces due to track grading are not shown in this figure.

It is noted that the vehicle model in Fig. 5.6 assumes that all powered axles

transmit the same traction force.
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Figure 5.6: Block diagram of the wheel-rail contact model including the vehicle dy-

namics.

5.3 Origins and Mitigation Methods of Torsional Vi-

brations

This Section first discusses the 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

5.3.3.

5.3.1 Slip Control and Vibration Excitation

As mentioned in Chapter 4, 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 keep it 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. 5.7.
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Figure 5.7: Block diagram of slip velocity control coupled with anti-vibration strategy.
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Slip controller tuning is not trivial, as mechanical system dynamics depend

on the non-linear wheel-rail contact characteristics. For this purpose, the lin-

earized reduced order model including the first three mode shapes (top three

traces in Fig. 5.3) discussed in Section 5.2.3 is used. The state-space repre-

sentation of the approximated model is presented in (5.15) where factors dD

and dI represent the additional damping on direct and indirect wheels when

the adhesion profile changes. According to [20], these damping factors are a

function of the adhesion force gradient ∆µ
∆vslip

which is calculated from (5.16).

Ẋ = A ·X +B · U (5.15)

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

dD,I = r2
w ·

mt · g
2 ·Nm

· ∆µD,I
∆vslipD,I

(5.16)

For positive adhesion force gradient, the wheelset adds damping to the

drivetrain, improving the stability (P1, P2, P3 in Fig. 5.8a). If the slip velocity

is increased beyond the peak of the adhesion coefficient (P ′1, P
′
2, P

′
3 in Fig.

5.8a), then the adhesion force gradient becomes negative which reduces the

overall damping of the drivetrain, increasing the risk of instability. As the

damping of the drivetrain reduces, the self-resonant frequencies start to appear,

their magnitude increasing proportionally to the negative slope of the adhesion

coefficient (i.e. ∆µ
∆vslip

).

The eigenvalue state-space wheelset model in (5.15) can be represented by

an equivalent transfer function (5.17); it consists of a pure integrator while
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the remaining four poles, as well as the zeros, can be proven to be complex

conjugate pairs [20,162].

Gw(s) =
ωm(s)

Te(s)
=

b4s
4 + b2s

2 + b0
s (a4s4 + a2s2 + a0)

(5.17)

Coefficients of the transfer function b0...b4, a0...a4, can be expressed as a

function of drivetrain parameters where the detailed resulting expressions can

be found in [20]. The detailed block diagram of the closed-loop traction drive

of the slip velocity control is shown in Fig. 5.7. The closed-loop block diagram

includes the slip velocity control, the torque control, the inverter time delay,

and the motor electrical and mechanical dynamics respectively which are given

by (5.18)-(5.21).

Gs(s) =
T ∗e(s)

∆vslip(s)
= kps +

kis
s

(5.18)

Gc(s) =
v∗q(s)

∆iq(s)
= kpi +

kii
s

(5.19)

Ge(s) =
Te(s)

iq(s)
=

1

L̂σss+ R̂′s
(5.20)

Gm(s) =
ωm(s)

∆T(s)
=

1

Ĵms+ β̂
(5.21)

where,

kps, kis the proportional and integral (PI) gains for

the slip velocity control, respectively;

kpi, kii the current controller PI gains;

L̂σs, R̂′s the estimated stator leakage inductance

and resistance, respectively;

Ĵm, β̂ 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 < ∆µ
∆vslip

<

0.12 s/m is typically used [20]. Closed-loop pole migration of the drive-train

for the two extreme cases of −0.12 s/m and 0.12 s/m are shown in Fig. 5.8b.
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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.
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Figure 5.8: 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.
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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.

5.3.2 Overview of Anti-vibration Methods

Anti-vibration control is required to mitigate or suppress this specific tor-

sional vibration mode. The conventional solution is to estimate the dynamic

torque on the wheelset axle. A regular PI controller is used to limit the en-

velope of the oscillation (see Fig. 5.9a). A limit of 100 kNm is used; this

value is 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. 5.7). 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 anti-vibration

can effectively damp the vibrations for adhesion curves with negative adhesion

gradients bigger than −0.04 s/m (i.e. ∆µ
∆vslip

> −0.04 s/m) [80]. Advanced

state-space control approaches based on pole-placement techniques have been

recently applied to vibration suppression strategies for negative adhesion gra-

dients less than −0.04 s/m (i.e. ∆µ
∆vslip

< −0.04 s/m). A virtual absorber

controller is another promising solution for actively damping not only the tor-

sional vibrations but also improving the whole traction system dynamics [20].

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. 5.9a) is advan-

tageous to provide high damping to the torsional vibrations even with a very

steep adhesion force gradient ∆µ
∆vslip

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

ing, and temperature dependency of traction drivetrain elements, the vibration

frequencies will increase over time. Thus, parameter estimates of the drivetrain

and the virtual absorber must be very accurate, the equivalent reduced-order

model should be automatically adapted accordingly. This requires additional

natural identification and parameter estimation algorithms which add com-

plexity to the system implementation [20,197].
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5.3.3 Proposed 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. 5.9b).

Taking the Laplace transformation for the differential equation of motion on

the motor shaft in (5.22), the load torque is estimated using (5.23) where τ

is the time constant of the low-pass filter in the disturbance estimator 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 −Bωm − Jmω̇m (5.22)

T̂L(s) = T̂e(s)−Bωm(s)− Jms ωm(s)

(
1

τs+ 1

)
(5.23)

The use of an ideal resonant controller is not advisable in practice due to

its high sensitivity to the frequency of the input signal, which might result in

instability due to the narrow bandwidths being used. Usually, the proportional-

resonant controller (PR) given in (5.24) is preferred, where kpr and kir are the

proportional and resonant gains, ωn is the resonant frequency and ωc is the

pass-band frequency range.

Gpr(s) =
T ∗C(s)

∆T(s)
= kpr +

2krrωcs

(s2 + 2ωcs+ ω2
n)

(5.24)
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Figure 5.9: Anti-vibration control strategies based on traction motor variables: a)

Existing anti-vibration control; b) Proposed vibration suppression method using PR

controller.

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. 5.10). For this specific mode, the PR

controller achieves high-magnitude attenuation and cancellation of 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.
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Figure 5.10: Bode plot of ωm(s)
ω∗

m(s) of the slip velocity control without (in blue) and with

resonant controller (in red).

5.4 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. 5.11, with a simulation step

of 10µs. 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 loco-

motive is given in table A.4; the six-mass model parameters are given in table

A.3 in the appendix [162].

RFOC and SVPWM with a switching frequency of 1 kHz are used. Cur-

rent 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. 5.8b to achieve better damping of chatter vibra-

tion 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 challenging due to the variability of operating conditions, a common

practice is to follow a trial and error process to achieve sufficient damping to
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the system for all operating conditions [198]. The closed-loop controller gains

are given in table A.5 in the appendix.
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Figure 5.11: Schematic representation of the complete traction drive simulation model

with the proposed anti-vibration control.
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To initiate the torsional vibrations, the slip velocity command v∗slip is in-

creased from 0.1 to 1 m/s, the adhesion force gradient changing from positive

to negative (see Fig. 5.8a). Fig. 5.12a shows the system response when it

enters the unstable region of the adhesion-slip curve. The torsional vibration

appears after approximately 3 seconds when 1 m/s slip velocity is commanded.

In general, the more negative the gradient is, the sooner vibration will start.

Fig. 5.12b shows the frequency spectrum of torque and speed signals when

the system is in vibration mode. The vibration frequency is around 50.8 Hz,

which matches the results from mode shape analysis in Subsection 5.2.2. The

highest torque vibration occurs at the wheelset axle (TDI = 40 kNm), the mag-

nitude increasing proportionally to the (negative) adhesion force gradient. It

can be also noticed the traction motor torque and the measured speed contain

the vibration information, which is required to detect and further control the

torsional vibration.
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The effectiveness of the proposed method in the same scenario is shown

in Fig. 5.13a. PR controller is first enabled and disabled gradually (6 s ≤
t ≤ 11 s), and later suddenly at t = 14 s, see Fig. 5.13a-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 without adverse effects 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 railways. En-

coder 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 the encoder signal, differentiation will result in quantization noise

in the estimated speed [199]. In this work, speed is estimated by combining

periodmeter and frequencymeter methods [199, 200]. The effect of quantiza-

tion noise in the estimated speed is shown in Fig. 5.13. A rotary incremental

encoder with 4-channels 256 pulses per revolution (PPR) was used [201]. Com-

paring the results with ideal speed measurement in Fig. 5.13a and considering

quantization noise in Fig. 5.13b, 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.
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Figure 5.13: 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.
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5.4 Simulation Results

The proposed method is validated against the conventional vibration miti-

gation method shown in Fig. 5.9a where the vibration limit is set to 20 kNm

(see Fig. 5.14a vs. Fig. 5.14b). A clear observation is the loss of traction

torque in the conventional suppression method (see Fig. 5.14a) to damp the

oscillation. However, after suppressing the oscillation and restoring the trac-

tion 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 contrast, the proposed suppression method

maximized the utilization of the traction torque with completely suppressing

the oscillations as seen in Fig. 5.14b.
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Figure 5.14: Response comparison of torsional vibration mitigation methods: (a) con-

ventional method; (b) proposed method with active PR.
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Evaluation of the proposed method under varying conditions will be dis-

cussed in the following Subsections:

5.4.1 Effects of Varying Slip Velocity and Wheel-rail Condition

Variations in the slip command can occur when the locomotive 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. 5.15a. Wheel-rail contact is modeled as profile

1 in the adhesion curve shown in Fig. 5.8a. 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 [61, 146]. Fig. 5.15b shows the response when the contact

condition changes between dry to wet (profiles 1 to 3 in Fig. 5.8a). 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 ∆µ
∆vslip

of

both wheels initiating oscillations in the counter phase. It is observed from

Fig. 5.15b 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 motor torque

returns to its initial value. Again, the proposed method is seen to provide a

good response under challenging operating conditions.
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Figure 5.15: Response of the proposed method at different operating conditions.
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5.4.2 Effect of Varying 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 regu-

lators. 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 as mentioned in Section 3.3.1.

Fig. 5.16 shows the effect of the torque control bandwidth, with the same

slip control setup shown in Fig. 5.11. 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 gains, the control system is

able to damp the oscillation for all bandwidths (50 to 150 Hz) (see Fig. 5.16a).

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 regulators are used is

the presence of measurement noise in the measured currents. To reduce this

risk, oversampling of current sensors was used [202]. A field-programmable

gate array (FPGA) measures the signal every 5 µs, and averages the measure-

ment over the whole control period. With a PWM operating with a period of

1 ms and double update (twice per period), 100 samples are therefore averaged

each control period. This will reduce the noise in the signals to negligible lev-

els [203,204].
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Figure 5.16: 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.
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5.5 Co-Simulation-Based Verification and Experimental Results

5.5 Co-Simulation-Based Verification and Experimen-

tal Results

In this Section, the entire traction drive system and control are modeled

and simulated using MATLAB-SIMPACK co-simulation tool. Furthermore,

changes in the wheel-rail conditions with activated and deactivated torsional

vibration protection will be analyzed. Finally, simulation results will be com-

pared with measured data already published in [146].

The mechanical components of the drive train are implemented in a multi-

body simulation (MBS) model. Figure 5.17 shows the quarter model of a

traction locomotive which is used for the investigations [196]. The mechanical

model contains the masses and inertias of a hollow shaft drive train consisting

of a rotor, the gear wheels, the coupling, the hollow shaft, the axle, and both

wheels. The torsional stiffness and damping of the gear, the coupling, the

hollow shaft, and the axle are considered. Also, the single-stage gear is included

in the model.

The simulation model was built in the MBS Simpack software. The MBS

model is linked to the drive controller via co-simulation. The model contains

the torque transmitting components of the mechanical drive train, the wheel-

rail contact as well as the friction forces and inertia forces resulting from the

train set. The whole model of the drivetrain can follow the track in the longi-

tudinal direction and can move freely in the vertical direction. The individual

bodies have rotational degrees of freedom around their lateral axis.

Traction
Motor

Wheel-Rail
Contact Point

Direct Wheel

Gearbox Cardan Hollow Shaft

Indirect Wheel

Rail Track

Vehicle
&

Load Weight

Figure 5.17: MBS model of the drivetrain with wheel-rail interaction.
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For the calculation of the tangential forces in the wheel-rail contact, the an-

alytical approach of Polach is used [47]. This approach was developed to achieve

an improved fit of the adhesion characteristics in the simulation with measured

data. The tangential force F calculated in Polach’s formalism depends on the

wheel load Q, the wheel-rail adhesion coefficient µ, and the weighting factors

kA and kS ,

F =
2Qµ

π

(
kAε

1 + (kAε)2
+ arctan(kAε)

)
, kS ≤ kA ≤ 1 (5.25)

The gradient of tangential stress in the adhesion area ε depends on the

relative (slip) velocity vs between wheel and rail and the contact ellipse in the

wheel-rail contact,

ε =
2

3

Cπa2b

Qµ
vs (5.26)

The decrease of the wheel-rail adhesion coefficient for higher relative veloc-

ities is realized by a relative velocity vs dependent friction value. This is highly

relevant for the simulation of torsional vibrations. The slope of the adhesion

coefficient above its maximum can be determined by the parameters A and

B. Figure 5.18 shows the adhesion characteristics as a function of the driving

speed.

µ = µ0 ·
[
(1−A) · exp−B·|vs|+A

]
(5.27)

The traction forces are opposed by the friction and inertia forces of the

train set. These opposing forces are represented in the MBS model by the

following equations taken from the literature [196].

Rolling Resistance:

Froll = Mtrain · g · kroll, kroll = 1.5 · 10−3 (5.28)

Air Resistance:

Fair = Mtrain · g · kair, kair = 0.25 · 10−3 (5.29)

Using co-simulation-based verification, the conventional vibration mitiga-

tion method will be compared experimentally with real train measurements.

The passive re-adhesion controller is used (see vibration detection and pro-

tection block in Figure 5.19a). The re-adhesion controller reduces the slip
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Figure 5.18: Adhesion characteristics as a function of the driving speed Vtrain and slip

Sx [47].

velocity to protect the wheelset axle from excessive vibration events. This can

be achieved by extracting the vibration component from the speed sensor sig-

nal of the IM ωm using a band-pass filter. Then the envelope of the extracted

vibration Env(|vosc|) is controlled to avoid surpassing a predefined limit |vosc|
using a conventional PI regulator (see Figure 5.19b). The output signal ∆v∗osc
reduces the slip velocity command once the vibration envelope exceeds the

defined limit bringing the operating point back into the stable region (e.g.,

P
′
1 → P1 in Figure 5.8a). Consequently, the reference torque T ∗e is reduced

during the vibration mitigation process, T ∗e being returned to its original value

after vibration events clearance. Normally, passive re-adhesion control is used

to limit the slip velocity, being aware of its adverse impact on traction. Alter-

natively, advanced control techniques can be employed to actively damp the

torsional vibrations in the traction drive, but at the cost of higher complexity

and parameter dependency [20].

For the following results, the entire traction drive system and control are

modeled and simulated using MATLAB-SIMPACK co-simulation tool. Fur-

thermore, changes in the wheel-rail conditions with activated and deactivated

torsional vibration protection will be analyzed. Finally, simulation results will

be compared with measured data already published in [146].

Based on the dependencies between maximum dynamic torque and wheel-

rail conditions documented in [146,196], the wheel-rail adhesion coefficient was
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Figure 5.19: Block diagram of traction drive control including slip velocity controller:

(a) Overall control scheme; (b) Detailed block diagram of conventional vibration de-

tection and protection control.

modified during the simulation at hand during an acceleration process. For

this, the introduced co-simulation tool (see Figure 5.20) was used.

The simulation batch starts by defining the number of simulations to be

carried out. This depends on the ranges of train speeds and wheel-rail condi-

tions to be tested. Variables to be set for each simulation include train velocity,

adhesion coefficient, and the traveling distance where the adhesion change is

applied for both wheels. The slip and vibration protection control algorithms

are executed via MATLAB/Simulink toolbox where the torque command is

sent to the drive train and vehicle model implemented in the SIMPACK envi-

ronment. The train velocity and motor speed measurements are fed back to
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Figure 5.20: Flow chart for parametric sweep analysis of torsional vibrations in me-

chanical drives using MATLAB-SIMPACK co-simulation tool.

the Simulink model where the co-simulation communication is done via inter-

net protocol (IP-Server 2000). Finally, the output data (dynamic torque, slip

velocity, etc.) are stored in a vector table then the same process is repeated

for the rest of the simulation steps.

Three different wheel-rail condition scenarios for both wheels were con-

ducted to investigate the effectiveness of torsional vibration protection of electric-

driven wheelsets (see Figure 5.21). x1...4 indicates the distance at which the

change of the adhesion value µ is applied (starting from 10 m to 400 m with

a separation of 10 m each step). Additionally, the simulations carried out are

repeated (traction and electrical braking) for different train velocities (from 0

to 200 km/h).

Figure 5.22 shows dynamic torque plotted against slip velocity where all

simulation results for different adhesion scenarios (mentioned in Figure 5.21)

are combined and plotted in the same graph (i.e. Figure 5.22). It is observed

that without vibration protection (see left subplot in Figure 5.22), the vibration

magnitude is increasing linearly with slip velocity up to the maximum value

(Tdyn ≈ 180 kNm at vslip ≈ 2.5 m/s) for traction mode. It is noted that

though the maximum dynamic torque is found to be less (Tdyn ≈ 160 kNm
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Figure 5.21: Wheel-rail contact friction configuration scenarios for SIMPACK model.

at vslip ≈ 2 m/s) in braking mode, still the trend is the same as for traction

mode.

Enabling vibration protection control limits the dynamic torque magnitude

(see right subplot in Figure 5.22). The maximum dynamic torque achieved is

Tdyn ≈ 72 kNm at vslip ≈ 0.7m/s for traction mode and Tdyn ≈ 51 kNm at

vslip ≈ 0.6m/s for braking mode.
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Figure 5.22: Simulation results. Dynamic torque vs. slip velocity with and with-

out vibration protection during traction and braking, provoked by different adhesion

scenarios.

As seen in Figure 5.23, likewise for measurements and for simulations. Hav-

ing in mind that the adhesion characteristic is highly stochastic, it is striking,

that data points resulting from simulations show good conformity with data

points resulting from measurements. Measurements have been conducted with

a similar drive train and traction control as the one implemented in the simu-

lation model at hand. Measurement conduction as well as measurement data
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analysis have been published in [146]. Furthermore, for both, simulations and

measurements, maximum dynamic torque increases linearly by increasing slip

velocity. After exceeding a certain slip velocity vslip,crit ≈ 0.5m/s) data points

are not further increasing linearly but rather decreasing.
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Figure 5.23: Comparison between Simulation and Measurement results. Dynamic

torque vs. slip velocity during traction and braking process, provoked by different

adhesion scenarios.

5.6 Conclusions

Modeling of the mechanical drivetrain and vehicle considering slippage and

vibrations phenomena have been addressed in this Chapter. The conclusions

of the analysis can be summarized as follows:

• The adhesion force gradient is the key factor for torsional vibration phe-

nomena. This factor is often unpredictable. Moving this factor from

positive to negative values pushes the system to the stability limit or

even towards instability.

• Operating with a negative adhesion force gradient will excite the res-

onance frequencies of the mechanical elements in the drivetrain, their

severity increasing proportionally 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 as minimum value as possible to avoid fa-

tigue and failure of the drivetrain element.
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• 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. How-

ever, 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 dampen the

torsional resonance mode but at the cost of losing traction force. There-

fore, 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 Chapter. 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 esti-

mated electromagnetic torque and the measured motor speed are required, no

additional sensors/cabling or drivetrain 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 trac-

tion 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.

Furthermore, the implementation is realized by a co-simulation tool. In

simulations, torsional vibration is provoked by changes in the wheel-rail con-

ditions. The effectiveness of torsional vibration detection is investigated. As

a first step, the functionality of the simulation model implementation has suc-

cessfully been verified on measurement results. This includes the coincidence

of maximum dynamic torque of simulations and measurements as well as the

linear dependency of dynamic torque and slip.

As a second step, simulations have been performed to investigate the effec-

tiveness of torsional vibration protection. The received results show that the

implemented vibration protection helps to suppress torsional vibration and

therefore, prevents the wheelset from high dynamic torque. Still, as torsional

vibration is suppressed indirectly by dynamic torque reductions, vibration de-

tection requires reliable wheelset rotation speed data. Linear analysis shows

that rotation speed sensors of the traction motors may not provide wheel rota-
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tion speed data of sufficient quality. Consequently, the presented investigations

and their results verify that suppressing torsional vibration indirectly by dy-

namically reducing the traction torque is an effective way to prevent a railway

wheelset from high dynamic torque.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Development of a cost-effective railway traction system involves a complex,

iterative process to both physical elements and control strategies: 1) phys-

ical elements such as number of traction motors, motor size, inverter-rated

power, cooling system, .. etc; and 2) control strategies, including modulation

techniques, aim to maximize the traction performance with less energy con-

sumption and avoid system failure due to external disturbances during the

whole trip.

This dissertation gave an insightful overview of electric traction drives for

railways and proposed optimized strategies to fully utilize their torque and

adhesion control capabilities. The torque control capability has been utilized

as follows:

• Modulation techniques, four overmodulation strategies: Minimum-Distance

Error (90o), Switching-State (60o), Single-mode, and Dual-mode have

been presented and compared. It has been showed that optimal perfor-

mance regarding to linearity, harmonic distortion, and number of com-

mutation can be achieved by combining Switching-State and Dual-mode

methods in overmodulation region I and region II respectively.

• Fast dynamic response for full speed range operation has been achieved

by involving RFOC at low speeds and CLVF&FF at high speeds.
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• Minimized copper and joule losses, i.e. high IM efficiency has been

achieved by using remagnetization strategy which optimally distributes

stator current components (i.e. flux and torque-producing components)

while the electric machine is operating at light loads.

The utilization of traction capability can be summarized as follows:

• Anti-slip control and adhesion capability, five wheel-rail slip velocity con-

trol methods: constant slip, Perturb & Observe (P&O), Steepest Gradi-

ent (SG), Fuzzy Logic Control (FLC), and Particle Swarm Optimization

(PSO) have been addressed. It is shown that maximum adhesion has been

achieved using the proposed MAT-FLC and MAT-PSO methods. Both

proposed methods showed a similar performance, however, MAT-FLC

being superior in terms of computational simplicity and implementation

easiness.

• Maximization of traction capability can be achieved by the continuous

operation of traction drive without any interruption due to external dis-

turbances, in this case, oscillations in torsional elements of the mechani-

cal drivetrain. This has been achieved by adding an active anti-vibration

control using a resonant controller to correct the commanded torque ob-

tained from slip control loop.

6.2 Contributions

The main contributions made during the development of this dissertation

are summarized as follows:

• A comparative analysis of overmodulation methods for AC electric drives

using induction machines is performed considering three aspects: output

vs. commanded modulation index (i.e., linearity); harmonic content; and

the number of commutations (i.e., switching losses). Then, a generalized

form of space-vector Pulse-width modulation (PWM) in overmodulation

region is proposed. The addressed overmodulation methods are simulated

and validated experimentally via a commercial three-level three-phase

natural-point-clamped (NPC) inverter similar to the traction inverter

used in real locomotives.
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• Investigating the various control strategies for induction motor drives

in railways, covering the full speed range through either using a single

method or a combination of multiple methods. An improvement is made

to one of the control strategies to achieve a better dynamic response

compared to the traditional method. Further, a novel remagnetization

strategy is presented to reduce copper losses and increase the overall effi-

ciency of induction motors while operating at high speeds with light loads.

Experimental validation is conducted for the remagnetization strategy

tested in real train inverter test rig.

• Developing a scaled roller rig capable of reproducing the wheel-rail slip

phenomenon in railways. Then, the scaled roller rig is used to evalu-

ate recent advances in the anti-slip control strategies. Additionally, two

maximum adhesion searching techniques MAT-FLC and MAT-PSO are

proposed and experimentally validated.

• The influence and the consequences of the slippage phenomenon on the

mechanical elements of the drivetrain is studied. Further, an active

damping control technique is proposed to mitigate the torsional vibra-

tions exerted on the locomotive mechanical drivetrain caused by exces-

sive slip between the wheel and rail. Finally, a new simulation strategy

is introduced and verified to predict the maximum torsional vibration

magnitude using the co-simulation tool of Matlab-Simpack software.
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6.3 Future work

There are several points that could be addressed in the future in order to

continue the research line of this dissertation:

• Analysing the performance of the dynamic transition between overmod-

ulation methods in current controller drives.

• Exploring the possibility of implementing remagnetization strategies on-

line considering inverter voltage and current limits.

• Expanding the analysis of maximum adhesion tracking methods to in-

clude more optimization algorithms like neural networks combined with

fuzzy logic control, genetic algorithms, etc. Also, exploring the appli-

cability of advanced algorithms that use machine learning or artificial

intelligence.

• Adding an online modal identification algorithm for mechanical drive-

train parameters estimation. Then, explore the possibility of using a

Linear-Quadratic Regulator (LQR) to actively damp torsional vibrations

in electric drives operating with low torque control bandwidth.

• More investigation on maximum dynamic torque estimation and the pre-

diction of the critical operating adhesion scenario is needed. This would

save time, cost, and effort for manufacturers during the rail vehicle ho-

mologation process.

6.4 Dissertation Funding

This work was supported in part by the Government of the Principality

of Asturias under project AYUD/2021/50988. Ahmed Fathy Abouzeid was

supported in part by a scholarship from the Ministry of Higher Education and

Scientific Research of Egypt along with Port-Said University, Egypt.

175



6.4 Dissertation Funding

176



Caṕıtulo 7

Conclusiones y Trabajo

Futuro

7.1 Conclusiones

El desarrollo de un sistema de tracción ferroviaria rentable implica un pro-

ceso complejo e iterativo que afecta tanto a los elementos f́ısicos como a las

estrategias de control: 1) los elementos f́ısicos, como el número de motores

de tracción, el tamaño del motor, la potencia nominal del inversor, el sistema

de refrigeración, etc.; y 2) las estrategias de control, incluidas las técnicas de

modulación, cuyo objetivo es maximizar el rendimiento de la tracción con un

menor consumo de enerǵıa y evitar fallos del sistema debidos a perturbaciones

externas durante todo el trayecto.

Esta tesis ofrece una visión general de los accionamientos eléctricos de

tracción para ferrocarriles y propone estrategias optimizadas para aprovechar

al máximo sus capacidades de control del par y la adherencia. La capacidad

de control del par se ha utilizado de la siguiente manera:

• Técnicas de modulación, cuatro estrategias de sobremodulación: Se han

presentado y comparado cuatro estrategias de sobremodulación: error de

distancia mı́nima (90o), estado de conmutación (60o), modo único y modo

doble. Se ha demostrado que se puede conseguir un rendimiento óptimo

en cuanto a linealidad, distorsión armónica y número de conmutaciones
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combinando los métodos Switching-State y Dual-mode en las regiones de

sobremodulación I y II, respectivamente.

• Se ha logrado una respuesta dinámica rápida para el funcionamiento en

toda la gama de velocidades mediante la participación de RFOC a bajas

velocidades y CLVF&FF a altas velocidades.

• Se han minimizado las pérdidas de cobre y de joule, es decir, se ha con-

seguido un alto rendimiento de la MI utilizando una estrategia de re-

magnetización que distribuye de forma óptima los componentes de la

corriente del estator (es decir, los componentes productores de flujo y

par) mientras la máquina eléctrica funciona con cargas ligeras.

La utilización de la capacidad de tracción puede resumirse del siguiente

modo:

• Para el control antideslizamiento y la capacidad de adherencia, se han

abordado cinco métodos de control de la velocidad de deslizamiento

rueda-carril: deslizamiento constante, Perturb & Observe (P&O), Steep-

est Gradient (SG), Fuzzy Logic Control (FLC), y Particle Swarm Op-

timization (PSO). Se ha demostrado que se ha conseguido la máxima

adherencia utilizando los métodos MAT-FLC y MAT-PSO propuestos.

Ambos métodos propuestos mostraron un rendimiento similar, sin em-

bargo, MAT-FLC es superior en términos de simplicidad computacional

y facilidad de implementación.

• La maximización de la capacidad de tracción puede lograrse mediante el

funcionamiento continuo del accionamiento de tracción sin ninguna inter-

rupción debida a perturbaciones externas, en este caso, oscilaciones en los

elementos de torsión de la transmisión mecánica. Esto se ha conseguido

añadiendo un control activo antivibración mediante un controlador res-

onante para corregir el par comandado obtenido del lazo de control de

deslizamiento.

7.2 Contribuciones

Las principales aportaciones realizadas durante el desarrollo de esta tesis

se resumen a continuación:
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• Se realiza un análisis comparativo de los métodos de sobremodulación

para accionamientos eléctricos de AC con motores de inducción teniendo

en cuenta tres aspectos: el ı́ndice de modulación de salida frente al co-

mandado (es decir, la linealidad); el contenido armónico; y el número de

conmutaciones (es decir, las pérdidas por conmutación). A continuación,

se propone una forma generalizada de modulación por ancho de pulsos

(PWM) vectorial espacial en la región de sobremodulación. Los métodos

de sobremodulación abordados se simulan y validan experimentalmente a

través de un inversor trifásico comercial de tres niveles con pinza de punto

natural (NPC) similar al inversor de tracción utilizado en locomotoras

reales.

• Se investigan las distintas estrategias de control para accionamientos de

motores de inducción en ferrocarriles, cubriendo toda la gama de veloci-

dades mediante el uso de un único método o una combinación de varios

métodos. Se introduce una mejora en una de las estrategias de con-

trol para conseguir una mejor respuesta dinámica en comparación con el

método tradicional. Además, se presenta una novedosa estrategia de re-

magnetización para reducir las pérdidas de cobre y aumentar la eficiencia

global de los motores de inducción mientras funcionan a altas velocidades

con cargas ligeras. Se realiza una validación experimental de la estrategia

de remagnetización probada en un banco de pruebas real de inversores

de tren.

• Desarrollo de una plataforma de rodillos a escala capaz de reproducir

el fenómeno del deslizamiento rueda-carril en los ferrocarriles. A con-

tinuación, se utiliza la plataforma de rodillos a escala para evaluar los

avances recientes en las estrategias de control antideslizamiento. Además,

se proponen y validan experimentalmente dos técnicas de búsqueda de

máxima adherencia MAT-FLC y MAT-PSO.

• Se estudia la influencia y las consecuencias del fenómeno de deslizamiento

sobre los elementos mecánicos de la cadena cinemática. Además, se pro-

pone una técnica de control de amortiguación activa para mitigar las

vibraciones torsionales ejercidas sobre la transmisión mecánica de la lo-

comotora causadas por un deslizamiento excesivo entre la rueda y el

carril. Por último, se introduce y verifica una nueva estrategia de simu-

lación para predecir la magnitud máxima de las vibraciones torsionales

utilizando la herramienta de co-simulación del software Matlab-Simpack.
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7.3 Trabajo Futuro

Hay varios puntos que podŕıan abordarse en el futuro para continuar la

ĺınea de investigación de esta tesis:

• Análisis del rendimiento de la transición dinámica entre métodos de so-

bremodulación en accionamientos con regulador de corriente.

• Exploración de la posibilidad de aplicar estrategias de remagnetización

en ĺınea teniendo en cuenta los ĺımites de tensión y corriente del inversor.

• Ampliar el análisis de los métodos de seguimiento de máxima adherencia

para incluir más algoritmos de optimización como redes neuronales com-

binadas con control lógico difuso, algoritmos genéticos, ... etc. Asimismo,

explorar la aplicabilidad de algoritmos avanzados que utilicen aprendizaje

automático o inteligencia artificial.

• Incorporación de un algoritmo de identificación modal en ĺınea para la es-

timación de los parámetros de la transmisión mecánica. A continuación,

se explora la posibilidad de utilizar un regulador lineal-cuadrático (LQR)

para amortiguar activamente las vibraciones torsionales en accionamien-

tos eléctricos que funcionan con un ancho de banda de control de par

bajo.

• Es necesario investigar más sobre la estimación del par dinámico máximo

y la predicción del escenario cŕıtico de adherencia operativa. Esto ahor-

raŕıa tiempo, costes y esfuerzo a los fabricantes durante el proceso de

homologación de veh́ıculos ferroviarios.
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Appendix A

Electrical and Mechanical

Parameters

A.1 Traction Motor Parameters

Table A.1: Specifications of the induction motor at base speed ωbase (extended full

flux range design).

Parameter Symbol Value Unit

DC-link voltage Vdc 3600 V

Rated Power Pn 1084 kW

Rated Voltage VLL, rms 2727 V

Pole-pairs P 2 -

Stator resistance Rs 55.38 mΩ

Stator inductance Ls 26.45 mH

Torque Te 3241 kNm

Speed Nr 3194 rpm
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A.2 Roller Rig Parameters

A.2 Roller Rig Parameters

Table A.2: Test bench parameters.

System Parameter Wheel Roller Unit

Wheel

and

Roller

Radius 0.125 0.25 m

Force 843 843 N

Torque 105.3 210.7 Nm

Transmission Gear ratio 90 / 24 192/26 -

Traction

Motor

Rating 4 5.5 kW

Power 1.78 1.78 kW

Torque 28.1 28.5 Nm

Speed 604.8 595.5 rpm

Encoder Resolution 500 500 ppr

Inverter Rating 4 15 kW

Motor-Wheel Inertia (1) 0.002 0.007 kgm2

(1) Inertia is calculated in wheel and roller motor reference frame

respectively.
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Appendix A. Electrical and Mechanical Parameters

A.3 Mechanical Drive-Train Parameters of German

Class 120 Locomotive

Table A.3: Six-inertia drive-train model parameters of the German class 120 locomo-

tive referred to the wheelset side.

Moment of inertia Symbol Value Unit

Traction motor jM 466.6 Kgm2

Gear jG 55 Kgm2

Half of hollow shaft to the

gearbox side

jHG 10.13 Kgm2

Half of hollow shaft to the

wheel side

jHW 9.72 Kgm2

Direct wheel and coupling jD 163 Kgm2

Indirect wheel jI 157.3 Kgm2

Torsional stiffness Symbol Value Unit

Motor shaft cMG 88.12× 106 Nm

Coupling (Gear side) cGH 15.1× 106 Nm

Hollow shaft cHW 10.1× 106 Nm

Coupling (Wheel side) cHD 15.7× 106 Nm

Wheelset axle cDI 7.06× 106 Nm

Torsional damping ratio Symbol Value Unit

Motor shaft dMG 920.3× 106 Nms

Coupling (Gear side) dGH 4730.8× 106 Nms

Hollow shaft dHW 105.5× 106 Nms

Coupling (Wheel side) dHD 11731.4×106 Nms

Wheelset axle dDI 73.7× 106 Nms
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A.4 Electrical Parameters of German Class 120 Locomotive Traction Motor

A.4 Electrical Parameters of German Class 120 Lo-

comotive Traction Motor

Table A.4: General specifications of the German class 120 locomotive.

Parameter Value Unit

Centenary voltage 15 kV

Centenary frequency 16.7 Hz

Maximum power 4.4 MW

Maximum tractive

effort

340 kN

Maximum speed 280 km/h

Weight 84, 000 kg

Gear ratio 4.818 -

Wheel diameter 1.25 m

Number of motors 4 -

A.5 Anti-vibration Controllers Gains

Table A.5: Closed-loop control gains of the simulated model.

Regulator type Controller gain Value

kpi 2.2281
Current

kii 81.9413

Slip velocity
kps 4.7× 103

kis 1.4× 4

kpr 0.1
Anti-vibration

krr 2

186



Appendix B

Publications

B.1 Peer-reviewed journal publications

B.1.1 Design of a Scaled Roller-rig Test Bench for Anti-slip

Control Development for Railway Traction



JOURNAL OF LATEX CLASS FILES, VOL. XX, NO. XX, FEBRUARY 2022 1

Design of a Scaled Roller-rig Test Bench for
Anti-slip Control Development for Railway Traction
Nihal Vishnu Vantagodi ID , Ahmed F. Abouzeid ID , Juan M. Guerrero ID , Iban Vicente, Iker Muniategui, Aitor

Endemaño, Fernando Briz ID

Abstract—Anti-slip control is a prominent part of modern
railway traction control systems due both to performance and
safety concerns. This paper explains the development of a scaled
roller-rig test bench which emulates the rail and the wheel of
a train. The final purpose of the developed roller-rig test bench
is twofold: to study the theory/behaviour of existing anti-slip
strategies and to test new designs, before their implementation
in the real system. Estimation of adhesion coefficient using
a disturbance observer method is explained and tested under
various conditions. Anti-slip control is implemented in wheel
drive using a direct method by adding a slip speed controller.
The tests are conducted using both fixed roller speed and variable
roller speed, i.e. dynamic roller. In this second case, train inertia
emulation will be key. Two methods are proposed to emulate
train inertia, being this the main contribution of this paper. Both
methods are verified in simulation first, and further confirmed
experimentally in the test bench.

Index Terms—Traction control, Anti-slip control, Roller-rig
test bench, Train inertia emulation

I. INTRODUCTION

RAILWAY vehicles often require large tractive effort. Due
to the design of wheel and rail, combined with the large

elastic coefficient of steel, transfer of forces between the wheel
and the rail occur through a small steel-to-steel contact area.
While this is advantageous regarding frictional losses, it will
curb the maximum force transfer. The maximum transferable
force between the wheel and rail will not only be a function of
design parameters such as wheel and rail shapes and materials,
vehicle weight, etc. but also will be strongly affected by
the surface conditions of rail [1]. Exceeding the maximum
tractive force can produce an uncontrolled wheel slip, which
can result in a number of unwanted effects, including reduced
acceleration/deceleration performance [1], and also the risk of
triggering torsional vibration phenomena [2]. This creates an
interest and necessity to study slip phenomena and to develop
anti-slip control methods.

Roller rigs are one of the important experimental setup
that help in study and validation of the topics related to
railway vehicle dynamics [3], [4], including wheel-rail contact
dynamics [5], braking system [6], slip control [7] and adhesion
estimation [8], etc. Test rigs can be developed in full scale,
where the dimensions of the wheel and forces are unchanged
compared to the actual wheels [4]; and in scaled versions,
where the wheel size and the related parameters are reduced
in specific ratio [9].

In this paper, the design of a scaled roller-rig test bench
intended to test anti-slip control methods is conducted. A key

TO BE ADDED FOR THE FINAL VERSION.

element for a realistic anti-slip control validation which has
been ignored in literature is proper emulation of wheel/vehicle
interactions, which requires train inertia emulation. The case
of a train with infinite inertia will be considered first, as this
significantly simplifies the control of the test bench. Then,
emulation in the test bench of a finite train inertia will be
considered. This will allow to reproduce the impact of anti-slip
control on train speed. Two different approaches for intertia
emulation are proposed in this paper: 1) using a disturbance
observer; 2) using an adhesion torque observer. The proposed
methods are first evaluated by means of simulation using
MATLAB-Simulink. Further they are verified experimentally
on the developed test rig.

The paper is structured as follows: Section II provides
details about the real train system, adhesion-slip curve and the
anti-slip control method being used. Section III explains the
development of the roller-rig test bench. Section IV explains
the anti-slip control method implemented in the wheel drive of
the test bench, and the inertia emulation concept with the two
proposed methods. Section V provides the experimental results
obtained from the test bench on anti-slip control with inertia
emulation. Section VI discusses the findings and conclusions.

II. SYSTEM DESCRIPTION

The general schematic representation of an electric loco-
motive traction drive is as shown in Fig. 1. The ac overhead
line supplies the locomotive through the pantograph. The
transformer steps down the voltage of the overhead line and
feeds the four quadrant converter (4QC), which converts the
ac into dc voltage. The dc link voltage is smoothed by the
capacitor Cdc and is filtered by the (2F) filter [10]. The
chopper is used for dc link over-voltage protection. Traction
inverter controls the torque produced by the motors, different
control strategies can be used for this purpose [11]. Motors are
mechanically coupled with the gear then to the traction wheel.
Advanced locomotives have the adhesion control along with
the torque control. Slip control enables better performance
during slippery condition, and can also contribute to reduce
the risk of torsional vibration in the wheel axle [12], [13].

Without the slippage, traction force Ft is equal to the
tangential force and is given by (1), where Tm is motor torque
after the gear, n is number of motors and rw is traction wheel
radius.

Ft = n
Tm

rw
(1)
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Fig. 1: Main elements of traction drive for real train.

The simplified force balance equation in the real train can
be defined by (2), where mt is train mass, B is the friction,
vt is train linear velocity and Flt is the total load force.

Ft − Flt = mt
dvt
dt

+B · vt (2)

Total load forces given by (3) comprise of the aerodynamic
force FlA (4), the rolling friction force FlR (5), and the
gradient force FlG (6), which are subtracted from the adhesive
force to obtain the net force Fnet (see Fig. 2). Similarly, the
total load torque (Tlt) is subtracted from the adhesive torque
(Ta) to obtain net torque, Tnet.

Flt = FlA + FlR + FlG (3)

FlA =
1

2
CdAfρv

2
t (4)

FlR = Crmtg (5)

FlG = mtg sin θ (6)

where Cd is drag coefficient, Af is frontal area, ρ is air density,
Cr is rolling friction coefficient, g is the acceleration of gravity
and θ is gradient angle in degree. The total load torque Tlt

can be obtained from the load force Flt using the radius of
the wheel as mentioned in Fig. 2.

Relationship between angular and linear velocities is given
in (7) where ωw is the angular velocity of the traction wheel.

vt = ωw · rw (7)

Adhesive force Fa is the force that can be transferred from
the wheel onto the rail and is given by (8), where FN is the
normal force and µ is adhesion coefficient [14].

Fa = µ · FN = µ · mt · g (8)
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Fig. 2: Representation of train load forces and load torque.

The adhesion coefficient µ is a measure of the wheel-rail
contact quality, which depends on the rail surface, environ-
mental condition, temperature of the contact point, etc. The
adhesion coefficient will be also significantly affected by the
slip, which occurs when the angular velocity of the wheel
doesn’t match train linear velocity vt (9).

ωw · rw ̸= vt (9)

A. Adhesion-Slip Relation
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Fig. 3: Theoretical example adhesion-slip curve.

Variation of adhesion coefficient with respect to the slip
velocity is called adhesion-slip curve in railway industry. An
example plot is shown in Fig. 3. Based on the sign of the
derivative of µ with respect to slip speed, the curve shown in
Fig. 3 can be divided into two main regions. Positive values
of dµ/dvs correspond to the stable region. In this region, an
increase of slip results in an increase of µ, and consequently of
the tractive effort, eventually reducing slip. The stable region is
seen to consist of two sub-regions: 1) linear area, the adhesion
coefficient increases almost linearly with the slip velocity;
2) nonlinear area, dµ/dvs reduces progressively, eventually
reaching the maximum adhesion coefficient when dµ/dvs = 0.

If the slip surpasses this maximum, then dµ/dvs < 0, which
corresponds to the unstable region. In this region, an increase
of slip speed will result in a reduction of adhesive force. When
this occurs, wheel speed is no longer linked to train speed.
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Equation (10) holds in this case, where Ja accounts for axle
inertia.

Tm − Fa rw = Ja
dωw

dt
(10)

It is observed from (10) that if traction motor torque Tm

remains invariant, a decrease of Fa will result in a sustained
increase of ωw. Since Fa is decreasing, tractive force Ft,
and consequently train speed will decrease too, slip speed
consequently increasing steadily.

B. Anti-Slip Control

Slip control methods are aimed to maintain the slip velocity
of the vehicle within the linear region and not far from the
maximum adhesion coefficient value, in order to achieve the
maximum possible traction effort [15]. An overview of the
available slip control methods is provided in [16]. The method
used in this paper being a direct type, a speed controller is used
to follow the commanded slip during slippage.

The anti-slip control is implemented based on ’slip velocity
control to a constant value method’ [16], the control schematic
is shown in Fig. 4. The torque command T ∗

mW is provided
as a ramp signal to emulate the increase in velocity of the
train avoiding jerk and considering the comfort and safety
of passengers. The torque reference T ref

mW is applied to the
torque controller. Fast and precise torque control is needed to
avoid excessive slippage. Rotor field-oriented control (RFOC)
was selected and will be used in developed the test rig as
well. Voltage commands produced by RFOC are modulated
using PWM to generate the pulses S∗

abc W controlling inverter
switches. Other control methods could be used, e.g. scalar,
DTC, etc. [11], but noting that a degradation of either dynamic
response of the control, or accuracy of torque estimation, will
affect to the accuracy of the wheel/roller contact emulation.

𝑇𝑚𝑊
𝑟𝑒𝑓

𝑣𝑠𝑙𝑖𝑝
∗ +

𝜔𝑚𝑊
PI

+

−
𝑣𝑡

Torque 

Controller

𝑇𝑚𝑊
𝑅𝑎𝑡𝑒𝑑

𝑇𝑚𝑊
∗

+

𝜔𝑚𝑊
∗

Speed Controller

Wheel IM

𝑆𝑎𝑏𝑐_𝑊
∗

Dynamic 

Limiter

𝜔𝑚𝑊

𝑇𝑚𝑊

𝑅𝑔𝑊

𝑟𝑊

𝑇𝑚𝑊
∗′

Fig. 4: Wheel drive with slip control.

When the torque commanded exceeds the adhesion limit,
slip occurs in the wheels. When the slip occurs, the controller
maintains the slip at the reference value v∗slip such that it
maintains the adhesion value at maximum and in the stable
region. The required slip is achieved by the speed controller.
The wheel speed command ω∗

mW is calculated from the slip
velocity reference and the train velocity vt using the gear
ratio RgW and the wheel radius rW . The controller receives

this speed command and provides the torque reference. The
output of controller is saturated and this can be achieved using
two methods, the static and dynamic saturation which are
explained in Section IV-B. Dynamic limiter is used because of
better performance compared to static limiter and the saturated
output, T ∗′

mW is fed to the block which selects the minimum
of the two torque values. Under operation without slip, torque
from the ramp command will be fed to the torque controller
block and during slippage, the torque command from speed
controller will be less compared to the ramp command and
hence will be provided to the torque controller block. Anti-
slip control implementation in the test bench is addressed in
Section IV.

III. SCALED ROLLER-RIG DESIGN

Either full scale or scaled roller rig test bench can be used
to perform the tests needed to validate control strategies before
introducing them in the real train. In the test bench, the actual
rail is normally replaced by a wheel, which hereafter will be
denoted as the roller. Use of scaled designs have obvious
advantages in terms of cost and manageability. However,
special care is required to ensure that key properties of the
real system remain in the scaled version. This section explains
the scaling and development of the test bench.

Depending on the purpose of the development of the test
rig, to reduce the effect of scaling the dimensions, a suitable
scientific approach must be taken while performing scaling.
The scaling factors are derived based on the relation between
physical quantities, the laws abiding them and the length
scaling factor.

The ratio of full scale length lf to the scaled model length
ls is the beginning step for setting the similarity of railway
vehicles which is given by (11)

δl =
lf
ls

(length) (11)

Density scaling factor is defined as (12), and using this the
inertial quantities’ scaling factors are defined as (13)

δρ =
ρl
ρs

(density) (12)

δm =
mf

ms
= δρδ

3
l (mass) (13)

These scaling factors form the basis of the scaling strategies.
The three scaling methods which are often used in the roller rig
development are MMU (Manchester Metropolitan University)
method, DLR (Deutsches Zentrum für Luft- und Raumfahrt)
method and INRETS (National Institute of Research on
Transportation and Security) method [17]. Table I shows the
parameters considered for scaling and the comparison of the
scaled values in SI units using the three techniques mentioned
above. As the study purpose relates to vehicle dynamics of
rail, MMU similitude method is chosen.

The roller-rig test bench is developed to simulate the con-
ditions of a locomotive of 86 t with a nominal velocity of
10.56 m/s with 8 traction wheels, further details are given in
Table II. The test bench is designed to have a single wheel and
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TABLE I: Comparison of roller-rig scaling techniques [17].

Scaling Variables Scaling Method
MMU DLR INRETS

Geometry Length 5 5 4
Cross Section 25 25 16

Material
Density 1 0.5 1
Mass 125 62.5 64
Inertia 3125 1562.5 1024

System Variables

Time 1
√
5 4

Frequency 1 1/
√
5 1/4

Velocity 5
√
5 1

Acceleration 5 1 4
Angular velocity 1 1/

√
5 1/4

mass of the locomotive is considered to be equally distributed
amongst the wheels. The scaled force FTR acting on each
wheel is given by (14)

FTR =
mloco · g
nTR · δm

≈ 0.843kN (14)

where nTR is number of traction wheels of real train and δm
is mass scaling factor in MMU method with a value of 125
mentioned in Table I.

The scaled nominal linear speed of the wheel is given by
(15)

vnomTR
=

vnom
δv

= 2.11m/s (15)

where δv is the velocity scaling factor in MMU method with
a value of 5 mentioned in Table I.

The scaled wheel radius is 0.125 m. The roller radius was
chosen to have twice the radius of wheel. Using the radius
value and the scaled value of force and velocity (mentioned
in Table II), the torque (T = r · F ) and angular speed (ω =
v/r) of the roller and wheel are calculated. Table II shows the
parameters considered for scaling and the value obtained after
the scaling using the MMU method.

TABLE II: Actual and Scaled parameters of roller-rig.

Parameter Actual
Value

Scaling
Factor

Scaled
Value Unit

Wheel diameter 1.25 5 0.25 m
Roller diameter infinite - 0.50 m

Locomotive mass 86 125 0.688 t
Cargo mass 448.8 125 3.59 t

Force per wheel 105.4 125 0.84 kN
Velocity 10.56 5 2.11 m/s

Contact area 82-96
[18], [19] 25 3.28-3.84 mm2

Inertia (Roll) x-axis
per wheel 26113 781.2(1) 33.42 kg m2

Wheel Torque 5000 47.48 (2) 105.3 Nm
Wheel Speed 3210 19.90 (2) 161.3 r/min
Wheel Power 1084 608.9(2) 1.78 kW

(1) Inertia is calculated using J = mr2. For train inertia, m is mass
of locomotive and cargo per wheel and r is referred to wheel radius.
For scaled inertia, m is scaled mass of locomotive and cargo per
wheel and r is referred to test bench roller radius.

(2) Derived from scaling factors and actual train and test bench gear
ratios.

IV. IMPLEMENTATION AND SIMULATION OF ANTI-SLIP
CONTROL INCLUDING TRAIN INERTIA EMULATION

Validation of the test rig design and proposed emulation
strategies is accomplished by means of simulation. First, the

adhesion coefficient of the contact point of the roller-rig
test bench has been estimated; this is discussed in section
IV-A. The anti-slip control method explained in Section II-B
is implemented in the wheel drive of the test bench. The
schematic configuration of the test bench is shown in Fig.5(a).
The physical system of wheel and rail is modelled using
the contact point block as shown in 5(b). Wheel and roller
angular speeds are obtained from the applied torques and
the corresponding inertia. Angular speeds are converted to
linear velocities vW and vR, in wheel and roller reference
frame, from which the slip velocity vslip is obtained. The
adhesion-slip curve was obtained during a commissioning
process and stored in a look-up table allowing a precise wheel-
roller contact point modeling. This will be discussed later in
section V-B. The look-up table is used further to obtain the
adhesive force from the measured slip speed and the known
normal force. Then using the gear ratio and radius of wheel
and roller, the load torque for both motors are calculated.

First, a train with an infinite inertia is considered in Section
IV-B. In this case, changes in the tractive effort will have no
effects on train speed. This allows decoupled wheel and roller
controls, significantly simplifying the implementation, but at
the price of ignoring the dynamics of the train. The approach in
Sections IV-D and IV-C considers a train with a finite inertia.
Changes in the tractive force will affect in this case to train
(roller) speed.
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Fig. 5: Block diagram of roller-rig test bench. (a) Schematic
representation of the overall control system; (b) Contact point
model used in simulation. Look-up table is obtained experi-
mentally as described in subsection V-B
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A. Adhesion Estimation Using Disturbance Observer

From Fig. 5, traction motor mechanical equation is given
by (16)

TmW = JmW
dωmW

dt
+BmWωmW + TlmW (16)

where TmW and TlmW are the electromagnetic torque and load
torque seen by the motor respectively, JmW is the combined
wheel motor and inertia in motor reference, ωmW is the motor
speed and BmW is viscous friction.

The adhesive force is calculated from the estimated load
torque seen by the wheel T̂lW and wheel radius rW as (17),
RgW being the motor-to-wheel gear. Terms with a hat (ˆ)
symbol stand for estimates of the corresponding variable or
parameter.

F̂a =
T̂lW

rW
=

RgW T̂lmW

rW
(17)

For the motor, the load torque is the disturbance. A distur-
bance observer is then used to obtain the adhesion coefficient µ̂
[20]. Rearranging (16) for load torque and writing in Laplace
domain, (18) is obtained.

TlmW (s) = TmW (s) − (JmW s+BmW ) · ωmW (s) (18)

To avoid the pure derivative term in the numerator a low
pass filter is used as proposed in [20], the estimated load torque
T̂lmW being obtained as (19).

T̂lmW (s) = T̂mW (s) − (B̂mW +
ĴmW

τ
− ĴmW /τ

τs+ 1
) · ωmW (s)

(19)
Finally, combining (8) and (17), the adhesion coefficient can

be estimated from the estimated motor load torque as (20).

µ̂ = RgW
T̂lmW

FN · rW
(20)

B. Anti-Slip Control with Infinite Train Inertia

In this approach, changes on tractive force will have no
effect on train speed. This might correspond to a scenario in
which the gradient of railway progressively increases while the
train is travelling at constant speed. This is shown schemati-
cally in Fig. 6. Tractive force increase following gradient force
(6) increase might exceed the limit, causing slippage. Anti-slip
control should keep the slip at the reference value in this case.

Real Train Test bench

Speed Constant Roller speed: Constant

Torque Increases Wheel torque: Increases

Consequence Slip can occur → Slip controller activated

θ

Flat Inclined

Fig. 6: Fixed roller speed scenario

In the described scenario, wheel is under torque control,
torque command being a ramp. The roller is under speed

(a) (b)

Fig. 7: Simulation results. Anti-slip control with fixed roller
speed with static and dynamic saturation: (a) static limiter; (b)
dynamic limiter. Top: Initial torque command T ∗

mW ; output of
slip control block T ∗′

mW ; torque command reaching the RFOC
block of wheel drive T ′

mW . Bottom: wheel and roller linear
speeds, and slip speed

control with the desired speed representing the train velocity.
When the torque exceeds the limit, slip control is activated.

Special care must be taken in case saturation of the
Proportional- Integral (PI) speed controller output in Fig. 4.
Static saturation using rated torque as the limit is perhaps
the most straightforward solution. Under normal operation,
the actual slip velocity will be usually ≪ v∗slip. Thus the
speed controller will saturate to rated torque in an attempt
to achieve v∗slip. When slip occurs, it takes time (≈ 2 s) for
the slip PI controller to reduce the torque. During this time,
an unacceptable overshoot of (≈ 300%) in the slip velocity
occurred, as seen in Fig. 7(a).

Hence to avoid this situation, a dynamic torque limiter is
used which tracks the torque command and uses it as the
torque limit for PI speed controller. When the ramp torque
command cannot be transferred to the roller and the slip
occurs, it shifts to the torque provided by the PI controller
and limits the slip to the command value without having
the overshoot. The results are shown in the Fig. 7(b), the
improvement with respect to the static limiter case being
readily observable.

C. Anti-slip Control with Proposed Train Inertia Emulation
using Disturbance Observer

The tests in the previous method are performed with a fixed
roller speed. As discussed, this would emulate a particular
test condition wherein the gradient of the track increases but
the velocity of the train remains constant. In a more general
scenario, changes in the tractive force should produce changes
in the train speed. To implement this, the speed of the roller,
which represents the train linear speed, must change as a
consequence of changes in wheel torque. It is noted that the
inertia of the wheel in the test bench doesn’t match the scaled
train inertia. Wheel and roller inertia in motor reference frame
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Fig. 8: Proposed inertia emulation using Disturbance Observer
method.

are 0.002 kgm2 and 0.007 kgm2 respectively while the scaled
train inertia in roller motor reference ĴtmR frame is 0.613

kgm2 ( ĴtmR =
Ĵt
R2

gR

, where Ĵt = 33.425 kgm2 is scaled

inertia calculated in Table II). I.e. the ratio between desired
and actual roller inertia is ≈ 90. Consequently, train inertia
must be emulated by control.

The schematic of the inertia emulation using Disturbance
Observer method is shown in Fig.8. The load torque of the
wheel motor is estimated using the Disturbance Observer as
in (19). The adhesive torque in roller motor reference at the
wheel-rail contact, T̂amR, is estimated using the gear ratio and
radius of wheel and roller. The net torque Tnet is obtained after
subtracting the total load torque (3). The roller speed command
is obtained by integrating the net torque Tnet and multiplying
the inverse of equivalent train inertia in roller motor reference
which is calculated dividing the scaled train inertia Ĵt by the
square of roller gear ratio (see Fig. 8). This serves as input
for the roller speed controller, the following remarks can be
made:

• This method is insensitive to roller inertia and friction
while emulating the train inertia. It forces the roller to
follow the required torque command to emulate the scaled
inertia of the train.

• Wheel drive must share its torque command signal with
the roller drive. This requires a fast and reliable com-
munication channel between both drives. Delays and/or
noise in the communications can result in significant
degradation of the method.

D. Anti-slip Control with Proposed Train Inertia Emulation
using Adhesion Torque Observer

The drawbacks of the previous method can be overcome by
emulating train inertia independently in the roller drive without
employing wheel signals considering the same test conditions.
The block diagram of the method developed for emulating the
train inertia using an Adhesion Torque Observer is shown in
Fig. 9(a). It is derived from the concept proposed in [21] to
emulate a wind turbine.

The torque that is transferred by the wheel onto the roller,
adhesion torque Ta, depends on the wheel-roller contact point
dynamics as shown in Fig. 9(b). Ta is estimated using a ’test
bench dynamic model’. Then, using the estimated adhesion

Torque 
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Fig. 9: Proposed inertia emulation using an adhesion torque
observer (a) Adhesion Torque Observer model; (b) Contact
point and roller drive dynamics.

torque, a speed command for the roller, ω∗
mR, is obtained

using a ’train dynamic model’. The test bench dynamic model
accounts for the combined inertia Ĵ and friction coefficients
B̂ of the wheel, roller and the respective motors. The train
dynamic model accounts for the scaled train inertia referred
in roller motor reference frame.

Initially no torque is commanded to the roller. Due to Ta, the
roller begins to rotate and gain speed, Ta−to−ωR relationship
being determined by the overall (i.e. motor and roller) roller
inertia JR.

The adhesion torque in roller motor reference frame is
estimated as T̂amR using the proportional gain kp2 given
by (21) with the test bench dynamic model comprising of
estimated roller and motor inertia.

T̂amR = kp2 · (ωmR − ω̂mR) (21)

where the estimated roller speed ω̂mR is obtained by (22)

ω̂mR = (T̂amR + T ∗
mR) ·

1

(Ĵs+ B̂)
(22)

The net torque is given by (23), where TltmR is total load
torque in roller motor reference frame which correspond to
the load force comprising of rolling friction, gradient and
aerodynamic forces shown in Fig. 2.

Tnet = T̂amR − TltmR (23)

The roller motor speed command ω∗
mR is calculated using

train dynamic model which comprise of estimated scaled train
inertia Ĵt in roller motor reference frame and is given by (24).

ω∗
mR = Tnet ·

R2
gR

Ĵt
· 1
s

(24)
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(a) (b)

Fig. 10: Simulation results. Proposed inertia emulation meth-
ods (a) Disturbance Observer method; (b) Adhesion Torque
Observer method. Top: Torque command T ∗

mW ; output of slip
control block T ∗′

mW ; final output reaching the RFOC block of
wheel drive T ′

mW . Bottom: wheel and roller linear speeds, and
slip speed

The proportional gain kp1 is used to calculate the torque
that forces convergence of the estimated roller motor speed
ω̂mR and the speed command ω∗

mR, the roller motor torque
command is given by (25).

T ∗
mR = kp1 · (ω∗

mR − ωmR) (25)

The gain kp1 is limited either by the roller drive torque
control bandwidth or by the sampling frequency ωs (26) as
discussed in [21]

kp1
JmR

<
ωs

2
(26)

The gain kp2 is chosen to be (27) as mentioned in [21]

kp2 =
2kp1JmR

ĴtmR

(27)

The results of the simulation of two methods analyzed for
inertia emulation are presented in Fig. 10. Torque command
T ∗
mW follows a ramp up to the value required to achieve the

target acceleration, and is later removed. It can be noticed that
for the same train inertia, the increase in speed of roller vR
is lower (≈ 27%) in the Adhesion Torque Observer method
shown in Fig. 10(b) compared to the Disturbance Observer
method of inertia emulation shown in bottom subplots of Fig.
10(a). On the other hand, developed torque is seen to be the
same in both cases (see top subplots of Fig. 10(b) and 10(a)).
This is expected as the Disturbance Observer method does not
account for the roller friction and inertia, torque command
being imposed only emulates train inertia. On the contrary,
Adhesion Torque Observer method estimates adhesive torque
from the roller speed, which accounts for test bench friction
and inertia and hence has a lower speed. In both cases the slip
velocity vslip is achieved the reference value v∗slip.

TABLE III: Wheel and Roller test bench parameters.

System Parameter Wheel Roller Unit Variable
name

Wheel
and

Roller

Radius 0.125 0.25 m rW ,
rR

Force 843 843 N -
Torque 105.3 210.7 Nm -

Transmission Gear ratio 90 / 24 192/26 - RgW ,
RgR

Traction
Motor

Rating 4 5.5 kW -
Power used 1.78 1.78 kW -

Torque 28.1 28.5 Nm TmW ,
TmR

Speed 604.8 595.5 rpm ωmW ,
ωmR

Encoder
Resolution 500 500 ppr -

Inverter Rating 4 15 kW -

Motor-Wheel Inertia (1) 0.002 0.007 kgm2 JmW ,
JmR

(1) Inertia is calculated in wheel and roller motor reference frame respec-
tively.

It is noted that the adhesion estimation methods presented
in this section are intended for test bench operation and might
not be suitable for adhesion estimation in actual locomotives.

V. EXPERIMENTAL VALIDATION

Experimental verification of the methods discussed in sec-
tion IV is addressed in this section. Roller-rig is described in
subsection V-A. Adhesion-slip curves are obtained in subsec-
tion V-B. These curves were used for contact point modeling
(see Fig. 5(b)) and simulation analysis and verification dis-
cussed in subsection IV-A. Finally, validation of anti-slip con-
trol using the proposed inertia emulation methods discussed in
subsections IV-B−IV-D is addressed in subsections V-C-V-E
respectively.

A. Hardware Setup

Test bench parameters are given in Table III. Main elements
of the test bench are discussed as following:

1) Wheel and Roller: The test bench has a wheel which
emulates the traction wheel of the railway locomotive and a
roller, which is a wheel with larger diameter, which emulates
the rail. The manufacturing limit for roller diameter is 0.5 m
and test rigs maintain a ratio of two or more between roller
and wheel diameters. Hence, a diameter of 0.25 m was chosen
for the wheel and 0.5 m for the roller (see Fig. 5(a) and Fig.
11(a)). The roller is a cylinder, i.e. its surface is flat. The
surface of the wheel is provided with a circular profile with
radius 0.25 m, the resulting contact area is 3.93 mm2 close to
the required scaled value shown in Table II.

2) Traction and Transmission Systems: The traction system
consists of the motors and the electric drives. Four-pole
induction machines of 4 kW and 5.5 kW respectively are used
for wheel and roller. From the wheel parameters calculated
in Table II, it can be noticed that the required power and
speed of wheel/roller are small but the required torque is
large when compared to the induction motors rated value.
Using a transmission between the wheel/roller and the motor
allows achieving the required torque and speed. The gear
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Fig. 11: Experimental setup: (a) Front view of roller rig test
bench; (b) Electric Drives.

ratios of the corresponding belt transmissions were selected
to match rated torque-speed of the motors to wheel and roller
requirements. The details can be found in Table III. The
transmission between the motors, roller and wheel can either
be gear drive, belt drive or chain drive.

Owing to the non-availability and time requirement to pro-
cure the gear drive of specific ratio to match the requirement, a
V-belt drive is chosen. A commercial Vacon NXP00385 Dan-
foss drive is used to control the roller motor and a custom drive
is developed to control the wheel motor (see Fig. 11(b)). Both
drives use rotor field-oriented control (RFOC) as mentioned in
Section II-B. The Control Board of the custom drive contains
the Digital Signal Controller (DSC) TMS320F28335 real time
micro-controller from Texas Instruments which controls the
operation of the drive with 10 kHz for both sampling and
switching frequencies [22]. Additionally, the control board
contains the input/output interface circuits for current, speed
measurements and Pulse-Width Modulated (PWM) signals
transmission for the power module.

Torque and speed of roller and wheel motors are needed
for slip and torque control. Torques are estimated from RFOC

variables, i.e. stator measured currents and estimated rotor flux
[11]; speeds are obtained from 500 ppr encoders attached at
wheel and roller motors.

3) Wheel Load Adjustment: The force applied by the wheel
on the roller can be varied by the spring system, it is measured
using a force gauge. The normal force can be varied between
380 N, which occurs when the spring is not stretched and all
the force is due to wheel system mass, and 1380 N (see Fig.
11(a))).

4) Visualization and Data Analysis: Roller and wheel
speeds are obtained from encoders (500 ppr of resolution)
attached at the corresponding motors. Torques are estimated
from RFOC variables. All the relevant signals involved in
wheel and roller control can be exported using Pulse-Width
Modulated (PWM) signals from the drives, and captured by a
multi-channel acquisition system for visualization and results
analysis (see Fig. 11(b)). Results shown in Fig. 12 to Fig. 16
have been obtained using this method.

B. Adhesion-Slip Curves

To validate the proper operation of the test bench and the
consistency of the results, multiple tests were conducted to
obtain adhesion-slip curves between wheel and roller under
different operating conditions. Both drives were operated in
speed control for these tests. For each test, a base speed is
fixed for the roller and then the wheel is commanded to sweep
the desired slip range. The adhesion value is calculated using
(20). Tests were performed varying the load applied using the
spring system and the roller speed. It is observed from Fig.
12(a) that adhesion decreases as load increases. Fig. 12(b)
shows that adhesion increases with increase in roller speed.

Moreover, additional tests are also conducted to obtain the
adhesion curves in various conditions to have a real-world
scenario. The results obtained are shown in Fig. 13. The
results show that adhesion is maximum in dry conditions and
reduces with water, soap water, and is least with grease. This
is consistent with the results reported using the roller rig test
bench in [3] and the results obtained using a real train in
[23]. In this context, it is worth mentioning that the adhesion
estimation accuracy is relying on the estimated wheel motor
torque as seen in (19) and (20). The torque observer was
calibrated and tested experimentally, the estimation error being
< 4%. Consequently, the steady-state error in the estimated
adhesion coefficient is expected to be < 4%. Transient errors
will depend on the first-order low-pass filter (LPF) time
constant τ in (19). The LPF time constant of τ = 0.01 s
was chosen for all conducted experiments.

C. Anti-slip Control with Infinite Train Inertia

This test is performed to verify the direct method of anti-
slip control (Section II-B) with fixed roller speed mentioned
in Section IV-B. Wheel is in torque control mode 1⃝, a torque
ramp is provided (see top sub-figure in Fig. 14) along with slip
control 2⃝ as shown in Fig. 4. The roller is in speed control
and commanded a fixed speed. The equivalent force will get
transferred from the wheel onto the roller until the adhesion
reaches the maximum value (see bottom sub-figure in Fig. 14).
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Fig. 12: Experimental results. Adhesion curve comparison at
dry condition (a) Fixed roller speed, varying load; (b) Fixed
load, varying roller speed.
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Fig. 13: Experimental results. Adhesion curve comparison for
different conditions.

Once the maximum adhesion is reached, the wheels begin to
slip as shown in the second sub-figure in Fig. 14 and follows
the slip velocity command (see third sub-figure in Fig. 14).
This is consistent with the discussion in subsection IV and
the simulation results shown in Fig. 10.

D. Anti-slip Control with Proposed Train Inertia Emulation
using Disturbance Observer

The method explained in Section IV-C (Fig.8) is verified in
the test bench. It includes the inertia emulation proposed in
this paper. In this method both wheel and roller are in torque
control. A ramp torque command (Fig. 15) is provided to the
wheel. Once wheel starts rotating, roller starts rotating too.

① ②  

Fig. 14: Experimental results. Anti-slip control with fixed
roller speed. From top to bottom: wheel torque; wheel and
roller velocities; Commanded and actual slip velocities and
estimated adhesion. 1⃝: Torque control mode; 2⃝: Slip control
mode.

Inertia emulator block calculates the load torque required to
emulate the train inertia, which is provided to roller drive.

Test results are shown in Fig. 15(a), the analysis being
similar to the previous subsection. The ramp torque applied
in Fig. 15(b) causes wheel and roller speed to increase slowly
until maximum adhesion is reached. The wheel begins to
slip and follows the slip command (see third sub-figure in
Fig. 15(b)) after reaching the maximum adhesion value. It is
observed that once the torque is removed, wheel and roller
speeds remain almost constant, as would correspond to a
system with a very large inertia. This effect becomes more
evident in Fig. 15(a), where the system is seem to maintain
an almost constant speed for a large time span. This is
in agreement with the simulation results shown in Fig. 10.
Interestingly, it is observed from Fig. 15(a) that when the
inertia emulation is disabled, wheel and the roller come to
halt in a few seconds, due to the reduced inertia and relatively
large friction of the physical system compared to the one being
emulated.

E. Anti-slip Control with Proposed Train Inertia Emulation
using Adhesion Torque Observer

The method proposed in this paper explained in Section
IV-D (Fig.9) was also verified in the test bench. The test
conditions and implementation methodology are the same as
for the previous subsection. Test results are shown in Fig. 16,
the analysis being similar as for the previous subsection too.
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𝑡1  𝑡2  𝑡3  
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① ② ③ 
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Fig. 15: Experimental results. Inertia emulator using Dis-
turbance Observer method. (a) wheel and roller velocities.
t = t1 → t2, acceleration process; t = t2 → t3, inertia
emulation enabled; t > t3, inertia emulation disabled. (b)
Zoomed view of acceleration period showing from top to
bottom: wheel torque; wheel and roller velocities; commanded
and actual slip velocities and estimated adhesion. 1⃝ and 3⃝:
torque control mode; 2⃝: slip control mode.

The ramp torque applied in Fig. 16(b) causes wheel and roller
speed to increase slowly until maximum adhesion value is
reached (see bottom sub-figure in Fig. 16(b)). The wheel begin
to slip and follows the slip command (see third sub-figure
in Fig. 16(b)) after reaching the maximum adhesion value.
Once the torque command is reduced to zero, roller speed
is seen to decrease slowly, but with a slope which is larger
compared to the Disturbance Observer method shown in Fig.
15(a). This is in agreement with the simulation results shown
in Fig. 10 where the slope of roller speed when the torque
command is limited, is larger in Adhesion Torque Observer
method compared to Disturbance Observer method for inertia
emulation.

𝑡1  𝑡2  𝑡3  

(a)

②  ① ③ 

(b)

Fig. 16: Experimental results. Same legends as Fig. 15 using
Adhesion Torque Observer method.

Finally, it is highlighted the importance of having a precise
estimation of test bench friction B̂ in the ’Test bench dynamic
model’ of Fig. 9(a). This allows isolating the adhesion force
in the estimation. Fig. 17(a) and Fig. 17(b) show the effects
of underestimating and overestimating the friction respec-
tively. Underestimation of friction results in a deceleration
of −0.019m/s2, which is around ten times faster than the
expected value obtained using the actual train inertia and fric-
tion, which is −2.08×10−3m/s2. Furthermore, in the case of
overestimation of friction, the estimated train speed would not
decrease but increase with an acceleration of 4.6×10−3m/s2.
The importance of accurate test bench friction coefficient
estimation becomes evident from these results.

VI. CONCLUSION

This paper explains the development of test bench intended
for validation of anti-slip control for railway traction systems.
System scaling and characterization of adhesion properties
has been discussed in detail. The main contribution of the
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Underestimation

Correct Estimation

𝑡1  𝑡2  𝑡3  

(a)

Overestimation

Correct Estimation

𝑡1  𝑡2  𝑡3  

(b)

Fig. 17: Experimental results. Inertia emulator sensitivity
to friction coefficient B̂ using Adhesion Torque Observer
method. Wheel and roller velocities for the case of (a) un-
derestimated and (b) overestimated B̂.

paper is the emulation of inertia, which is required for proper
evaluation of anti-slip control. Two different approaches have
been proposed. The first method uses a Disturbance Observer
which emulates the train inertia irrespective of the test bench
properties. The method with Adhesion Torque Observer pro-
duces torque command for the roller which reflects the desired
properties of the train. This accounts for the traction force that
gets transferred from wheel onto the roller including the inertia
and friction of test bench. Thus the inertia emulation provides
a good replica of the real train model. The concepts developed
were first simulated and further verified experimentally in
a roller-rig test. Train inertia emulation will require precise
knowledge of roller-rig test bench inertia and friction. Roller-
rig inertia can be estimated with good accuracy from the
dimensions and material of the wheels. Friction estimation
from system parameters is far more problematic, mainly due
to the use of belts in the mechanical transmission. Therefore
its adjustment has been performed experimentally. It has been
shown that without proper adjustment of roller-rig parameters,
inertia emulation is not reliable. Without proper inertia emula-
tion, train acceleration and consequently the dynamic behavior
of anti-slip control may be subjected to large deviations with
respect to read world behavior, eventually compromising the
validation process.
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Abstract: Torsional vibration is an oscillation phenomenon occurring at driven railway vehicle
wheelsets. As the resulting dynamic stresses can be significantly larger than the maximum static
motor torque, axle and press fit are at risk of failure. To prevent dangerous vibration events and
with these, press fit and axle from failure, traction drive manufactures nowadays used to implement
vibration suppression algorithms in drive controls. In this paper, the effectiveness of such suppression
algorithms is analyzed. Furthermore, as a pilot survey, we analyze to what extend traction controls
influence the excitation of torsional vibration.

Keywords: torsional vibration; railway drive train; wheel–rail contact; slip control; traction control

1. Introduction

The oscillation phenomenon torsional vibration has been known since the 1980s
when the first three-phase drives with traction controls for a high force utilisation were
developed. Torsional vibration was found to be a self-excited oscillation of the wheelset,
which cannot actively be damped by an appropriately designed traction control. Therefore,
in the following decades, torsional vibration was tolerated as no further safety concerns
appeared. This changed in 2010, when wheel twists were found on traction vehicles [1].
The cause of these twists was investigated in measurements, and torsional vibration was
found to result in exceeding the maximum transferable torque between wheel and axle.

Subsequently, research was undertaken to predict the highest dynamic torque resulting
from torsional vibration. Railway vehicle manufacturers wanted to consider it in the design
phase and enable appropriate dimensioning of a new wheelset. No suitable prediction
method could be developed. However, several approaches have been published to simulate
torsional vibration. Some of these models aim to predict maximum dynamic torque as
described before whereas others are used to investigate the vibration phenomenon itself. A
summary of these approaches is given in the following.

Yu and Breuer [2] and Weinhardt [3] tried to predict the maximum dynamic torque
with empirical or semi-empirical methods. These models could not be transferred to
other traction drive-wheelset configurations but to those they are based on. In a similar
way, Szolc [4], Schneider [5] and Saur [6–8] used analytical simulation methods to predict
maximum dynamic torque. However for these models no validation on measurements is
documented.

Further investigations on the physics of torsional vibration have been performed
by Liu et al. [9], Xu et al. [10], Konowrocki and Szolc [4], Meierhofer et al. [11] and
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Fridrichovsky and Sulc [12]. First investigations on the physics of torsional vibrations
have already been documented by Körner [13], Schwartz [14] and Buscher [15] in the 1980s.
These investigations lack to provide dependencies between the amplitude of torsional
vibration and the physical conditions under which they appear.

Finally, such dependencies were discovered in measurements documented in a study
by Trimpe and Salander [16]. These dependencies are further investigated in simulations
published in Trimpe et al. [17]. These simulations consider the traction control as a
relevant influence for the development of torsional vibration. As the traction control
used in Trimpe et al. [17] does not feature any torsional vibration suppression methods
as documented in Abouzeid et al. [18], the influence of such suppression methods is
investigated in this article. Basing on this, the novelty of the article at hand is firstly
to introduce a simulation procedure enabling realistic simulation of torsional vibration.
Here, realistic simulation especially means the implementation of vibration excitation by
changing wheel–rail conditions. Secondly, the article at hand shall validate the effectiveness
of a torsional vibration protection implementation.

2. System Description

In this section, a system overview for a high-performance locomotive is presented.
The main circuit elements are given in Figure 1 based on the energy flow from the electrical
input (overhead line) to the mechanical output (drive train) of the locomotive.

Firstly, the pantograph, mounted on top of the locomotive, transfers the electrical
energy from the AC overhead line to the main transformer. The AC transmission can be
25 kV/50 Hz or 15 kV/16.7 Hz based on the country, however, cross-border locomotives
are equipped with generalized transformers that meet each country’s standards. The main
transformer consists of a primary high-voltage winding with multiple secondary windings
supplying both the traction converters and the auxiliary inverters for on-board purposes,
like heating/cooling, lighting, etc.

Then, the traction converter transforms the single-phase input, connected to the main
transformer winding, into the three-phase modulated output connected to the traction
motor. The traction converter includes the following elements:

1. the four-quadrant chopper (4QC),
2. the DC-link,
3. the switched inverter.

The 4QC is used to provide and regulate the DC voltage of the DC-link. Meanwhile,
the DC-link capacitor is used to smooth the effects of power unbalances between 4QC and
the inverter. A series resonant circuit (2F) is included to filter the second harmonic content
of the line frequency generated by the 4QC due to the single-phase AC input. In addition,
a chopper module is added to the DC-link to prevent the capacitor from overvoltages.

After that, the PWM inverter inverts the regulated DC-link voltage to a three-phase
voltage with variable amplitude and frequency to feed the traction motor. This function is
achieved by the electrical drive control unit which regulates the traction force according
to the locomotives’ driver commands. Induction machines (IMs) are commonly used in
traction systems for railways due to their robustness with less maintenance requirements,
their independency on rare-earth materials (e.g., magnets), and the possibility of feeding
more than one motor from a single inverter [19].

Finally, the electromagnetic torque developed by the traction motor (IM) is trans-
ferred to the wheels through the mechanical drive train. This transmitted torque provides
tangential (traction) force which depends on the wheel–rail condition.
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Figure 1. Main circuit elements of a high-performance locomotive [20].

2.1. Electric Drive

High performance locomotives operate with individual axle control i.e., each wheelset
is fed from an independent PWM inverter (see Figure 1). Thanks to this, high utilization of
wheel–rail adhesion can be achieved. The electric drive control is responsible for achieving
the traction force F∗t demanded by the locomotive driver which consists of two cascaded
control loops:

1. Adhesion control. This control loop aims to adapt the wheel–rail adhesion level (i.e.,
the tractive/breaking force) besides preventing the wheel from slipping during accel-
eration/deceleration of the locomotive or due to changing of the wheel–rail contact
conditions caused by slippery rails. More details will be discussed in Section 3.1.

2. Torque control. A precise, high dynamic torque control is needed to assure that
the machines’ actual torque follows the demanded torque T∗e by the outer adhesion
controller. Modern traction drives are equipped with different control strategies,
which can change dynamically based on the operating speed [18]. Mainly, vector
control schemes are used to decouple the torque and flux components of the machine’s
current, which allows to fully exploit machine torque capability without surpassing
machine or power converter current limits. Typically rotor flux field-oriented control
(RFOC) tuned with a high bandwidth is used (see Figure 2). In this scheme, the d-axis
of the rotating reference frame is aligned with the rotor flux, i.e., λ̂e

dqr = λ̂e
dr = λ̂r ,

the stator voltage and the stator flux equations become (1) and (2), where ωe is the
angular speed in electrical units of the synchronous reference.

ve
dqs = R̂′sie

dqs + pλ̂e
dqs + jωeλ̂e

dqs (1)

λ̂e
dqs =

L̂m

L̂r
λ̂e

dqr + L̂σsie
dqs (2)

ωe = ωr + ω̂sl ; where ω̂sl =
L̂m

τ̂r|λ̂r|
ie
qs (3)
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Thus, the electromagnetic torque Te can be represented by (4) in terms of q-axis of
stator current and the estimated rotor flux.

Te =
3
2

P
L̂m

L̂r
|λ̂r|ie

qs (4)
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Figure 2. Rotor field-oriented control (RFOC) scheme.

The main concerns regarding RFOC methods are their sensitivity to rotor resistance,
and the degradation of current regulator performance when the inverter operates near
its voltage limit. Alternatively, the stator-flux orientation can be used to overcome
these limitations, especially at high speeds. Direct Self-Control (DSC) was proposed
for high power drives operating with low switching to fundamental frequency ratio
(see Figure 3) [21]. Three hysteresis controllers determine the voltage applied to the
machine by comparing the command flux magnitude and the estimated one for each
phase. A two-level hysteresis torque controller determines the amount of zero voltage
vector to be used. Moreover, the switching frequency is controlled by adapting the
torque controller hysteresis band using either proportional or proportional-integral
(P/PI) controller. DSC produces a symmetrical hexagonal stator flux trajectory to the
origin increasing the robustness against input voltage disturbances. From ≈30% to
≈85% of base speed, DSC offers a high dynamic response and reduced switching
losses, but at the price of a high current ripple. At high speeds (>≈85% of base speed),
zero voltage vectors are not selected anymore, DSC providing, therefore, a natural
transition into overmodulation and eventually into six-step [22]. Below ≈30% of the
base speed there is a degradation of the control performance, a detailed description
and potential remedial actions can be found in [23,24].

2.2. Mechanical Model of the Drive Train

The mechanical components of the drive train are implemented in a multibody sim-
ulation (MBS) model. Figure 4 shows the quarter model of a traction locomotive which
is used for the investigations [17]. The mechanical model contains the masses and iner-
tias of a hollow shaft drive train consisting of a rotor, the gear wheels, the coupling, the
hollow shaft, the axle and both wheels. The torsional stiffness and damping of the gear,
the coupling, the hollow shaft and the axle are considered. Also the single-stage gear is
included in the model. Figure 4 gives an overview of the described system. The traction
motor drives the gear wheel which is attached onto the cardan hollow shaft. The hollow
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shaft transmits the torque by its coupling onto the directly driven wheel. Via the wheelset
axle the directly driven wheel drives the indirectly driven wheel. Numerical values for the
torsional stiffness and torsional damping as well as the moments of inertia used for the
MBS model are obtained from [14].
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Figure 3. Direct Self-Control (DSC) scheme.
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Figure 4. Structure of the mechanical model: mechanical elements of the traction drive train [25].
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2.2.1. Simulation Model

The simulation model was built up in the MBS software Simpack as depicted in
Figure 5. The MBS model is linked to the drive control via co-simulation. The model
contains the torque transmitting components of the mechanical drive train, the wheel–rail
contact, as well as the friction forces and inertia forces resulting from the train set. The
whole model of the drive train can follow the track in longitudinal direction and can move
freely in vertical direction. The individual bodies have rotational degrees of freedom
around their lateral axis.

Traction
Motor

Wheel-Rail
Contact Point

Direct Wheel

Gearbox Cardan Hollow Shaft

Indirect Wheel

Rail Track

Vehicle
&

Load Weight

Figure 5. MBS model of the drivetrain with wheel–rail interaction.

For the calculation of the tangential forces in the wheel–rail contact, the analytical
approach of Polach is used [26]. This approach was developed to achieve an improved fit
of the adhesion characteristics in the simulation with measured data. The tangential force F
calculated in Polach’s formalism depends on the wheel load Q, the wheel–rail adhesion
coefficient µ and the weighting factors kA and kS.

F =
2Qµ

π

(
kAε

1 + (kAε)2 + arctan(kAε)

)
, kS ≤ kA ≤ 1 (5)

The gradient of tangential stress in the adhesion area ε is depending on the relative
(slip) velocity vs between wheel and rail and the contact ellipse in the wheel–rail contact.

ε =
2
3

Cπa2b
Qµ

vs (6)

The decrease of the wheel–rail adhesion coefficient for higher relative velocities is
realized by a relative velocity vs dependent friction value. This is highly relevant for the
simulation of torsional vibrations. The slope of the adhesion coefficient above its maximum
can be determined by the parameters A and B. Figure 6 shows the adhesion characteristics
as a function of the driving speed.

µ = µ0 ·
(
(1− A) · exp−B·|vs |+A

)
(7)

The traction forces are opposed by the friction and inertia forces of the train set. These
opposing forces are represented in the MBS model by the following equations taken from
the literature [17].

Rolling Resistance:

Froll = Mtrain · g · kroll , kroll = 1.5 · 10(−3) (8)
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Air Resistance:

Fair = Mtrain · g · kair, kair = 0.25 · 10(−3) (9)

[–]

[–]

Figure 6. Adhesion characteristics as a function of the driving speed Vtrain and slip Sx [26].

2.2.2. Linear Analysis

A linear eigenvalue analysis was carried out to investigate the dynamics of the drive
train. The wheel–rail contact forces are not taken into account in the analysis. The eigen-
modes and the eigenfrequencies of the six-mass model were calculated (see Figure 7).

Especially, two eigenmodes are important with regard to the assessment of the drive
train dynamics. For mode 2, a chatter oscillation occurs where the whole wheelset is
oscillating in counter phase to rotor and gear. As the resulting oscillation amplitudes of
the wheelset have a similar magnitude as the oscillation amplitudes of the rotor, chatter
oscillations are detectable by the traction motor sensors. As a result, they can actively be
damped by an appropriate design of the traction control [14,25].

This is different in mode 3, which is the relevant mode of torsional vibration. Here,
both wheels of a wheelset oscillate in counter phase and at the same time, oscillation
amplitude of the rotor are close to zero (see Figure 7). As oscillation amplitudes can hardly
be detected at the rotor, torsional vibration of the wheelset cannot be actively influenced by
the drive control. If wheelset torsional vibrations occur, further measures must be taken.
For example, the drive torque of the motor must be reduced or the wheels must be braked.
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–
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...

Figure 7. Mode shapes of the six-inertia model. The magnitude of the relative rotational angle is
normalized based on the peak value at each mode.

3. Slip Control and Torsional Vibration Protection
3.1. Overview of Slip Control

Anti-slip control is needed in railway traction drives to reduce the wear of the wheel–
rail contact surface, increase traction/breaking capability, and increase passenger comfort
and safety. Commonly, the torque commanded by the train driver Tre f

e is sent to the traction
motor control unit (TCU) meanwhile the slip control is running in parallel without any
action during normal operation. Once slippage is detected, the slip control becomes active
and the output torque correction signal Tα

e is sent to the TCU (see Figure 8). Generally, slip
controller can be classified into:

• Traditional slip controllers, also known as re-adhesion controllers. They are one of
the simplest and stablest solutions to limit the wheel–rail slippage to a predefined
value [27–29]. The slip velocity reference can be kept at a constant value or varied
with the train speed based on previous field-tests and train’ driver experience [30].

• Advanced slip controllers aimed to operate at maximum possible adhesion
level [15,31–36]. Due to the unpredictability of the adhesion-slip phenomena, finding the
optimal slip velocity increases the complexity of the control and its real time implementa-
tion becomes more challenging.

In this article, slip velocity control is used. From the measured motor speed signal
ωm, the wheel velocity vw and acceleration signals αw can be obtained (see speed signal
processing block in Figure 8). Slip velocity vslip is obtained by subtracting wheel linear
velocity vw from train velocity vtrain. Slip speed is compared to a preset value v∗slip, the error
signal feeding a conventional PI regulator. The correction signal coming out from the slip
velocity controller could be the commanded torque directly. However, to ensure passengers
comfort, an additional acceleration control is employed to control the acceleration/jerk of
the wheel (see Figure 8). Additionally, adaptation of slip velocity ∆v∗slip is added to damp
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vibrations excited in the drive train wheelset through vibration detection and protection
block seen in Figure 8. Vibration suppression will be discussed in the following subsection.
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Figure 8. Overall slip control scheme with torsional vibration protection.

3.2. Torsional Vibration Control

Torsional vibrations occur in the drive trains axle due to changing of the adhesion
conditions (from high to low values P1 → P3 or vice versa), track irregularities, and/or
operating at high slip velocities (i.e., unstable region in Figure 9a). The envelope magnitude
of the torque vibration component, which is referred to dynamic torque |Tdynamic|, is

proportional to the slope of the adhesion characteristic curve δµ
δVslip

in the unstable region

(i.e.,
δµP1

δVslipP1

>
δµP2

δVslipP2

>
δµP3

δVslipP3

in Figure 9a) [5].

To mitigate torsional vibrations in traction drive trains, passive readhesion controller
is usually used (see vibration detection and protection block in Figure 8). The readhesion
controller reduces the slip velocity to protect the wheelset axle from excessive vibration
events. This can be achieved by extracting the vibration component from the speed sensor
signal of the IM ωm using a band-pass filter. Then the envelope of the extracted vibration
Env(|vosc|) is controlled to avoid surpassing a predefined limit |vosc| using a conventional
PI regulator (see Figure 9b). The output signal ∆v∗osc reduces the slip velocity command
once the vibration envelope exceeds the defined limit bringing the operating point back
into the stable region (e.g., P

′
1 → P1 in Figure 9a). Consequently, the reference torque T∗e is

reduced during the vibration mitigation process, T∗e being returned to its original value
after vibration events clearance. In this paper, passive readhesion control is used to limit
the slip velocity, being aware of its adverse impact on traction. Alternatively, advanced
control techniques can be employed to actively damp the torsional vibrations in the traction
drive, but at the cost of higher complexity and parameter dependency [20,25].
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Figure 9. Torsional vibrations occurrence and mitigation method: (a) migration of operating point
from stable (micro-slip) to unstable (macro-slip) regions, and (b) Vibration protection control scheme.

4. Simulation Results and Experimental Verification

In this section, the entire traction drive system and control are modeled and simulated
using the MATLAB-SIMPACK co-simulation tool. Furthermore, changes in the wheel–rail
conditions with activated and deactivated torsional vibration protection will be analyzed.
Finally, simulation results will be compared with measured data already published in [16].

Based on the dependencies between maximum dynamic torque and wheel–rail condi-
tions documented in [16,17], the wheel–rail adhesion coefficient was modified during the
simulation at hand during an acceleration process. The introduced co-simulation tool (see
Figure 10) was used.

The simulation batch starts by defining the number of simulations to be carried out.
This depends on the ranges of train speeds and wheel–rail conditions to be tested. Variables
to be set for each simulation include train velocity, adhesion coefficient and the travelling
distance where the adhesion change is applied for both wheels. The slip and vibration
protection control algorithms are executed via MATLAB/SIMULINK toolbox where the
torque command is sent to the drive train and vehicle model implemented in the SIMPACK
environment. The train velocity and motor speed measurements are fed back to SIMULINK
model where the co-simulation communication is done via internet protocol (IP-Server
2000). Finally, the output data (dynamic torque, slip velocity, etc.) are stored in a vector
table then the same process is repeated for the rest of simulation steps.
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Figure 10. Flow chart for parametric sweep analyzes of torsional vibrations in mechanical drives
using MATLAB-SIMPACK co-simulation tool.

Three different wheel–rail condition scenarios for both wheels were conducted to
investigate effectiveness of torsional vibration protection of electric driven wheelsets (see
Figure 11). x1...4 indicates the distance at which the change of the adhesion value µ is
applied (starting from 10 to 400 m with separation of 10 m each step). Additionally, the
simulations carried out are repeated (traction and electrical braking) for different train
velocities (from 0 to 200 km/h).

[–
]

[–
]

[–
]

Figure 11. Wheel-rail contact friction configuration scenarios for SIMPACK model.

Figure 12 shows dynamic torque plotted against slip velocity where all simulation
results for different adhesion scenarios (mentioned in Figure 11) are combined and plotted
in the same graph (i.e., Figure 12). It is observed that without vibration protection (see
left subplot in Figure 12), the vibration magnitude is increasing linearly with slip velocity
up to the maximum value (Tdyn ≈ 180 kNm at vslip ≈ 2.5 m/s) for traction mode. It is
noted that though the maximum dynamic torque is found to be less (Tdyn ≈ 160 kNm at
vslip ≈ 2 m/s) in braking mode, still the trend is the same as for traction mode.
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Enabling vibration protection control limits the dynamic torque magnitude (see right
subplot in Figure 12). The maximum dynamic torque achieved is Tdyn ≈ 72 kNm at
vslip ≈ 0.7 m/s for traction mode and Tdyn ≈ 51 kNm at vslip ≈ 0.6 m/s for braking mode.

– – – –

Figure 12. Simulation results. Dynamic torque vs. slip velocity with and without vibration protection
during traction and braking, provoked by different adhesion scenarios.

Given that the adhesion characteristic is highly stochastic, it is striking that data
points resulting from simulations show good conformity with data points resulting from
measurements. Measurements have been conducted with a similar drive train and traction
control as the one implemented in the simulation model at hand. Measurement conductions,
as well as measurement data analysis have been published in [16]. Furthermore, for both,
simulations and measurements, maximum dynamic torque increases linearly by increasing
slip velocity. Although in Figure 13 this linearity appears more accurate for simulations
than for measurements, conformity can be considered good as deviations in the accuracy of
the linearity can be traced back to the limitations of the real test execution. After exceeding
a certain slip velocity vslip,crit ≈ 0.5 m/s) data points are not increasing linearly but rather
decreasing. This decreasing process of data points conforms with observations documented
in other publications [2,37]. Most likely, for further increasing slip velocities above vslip,crit,
dynamic processes vanish and the wheelset transitions into global slipping.

– – – –

Figure 13. Comparison between Simulation and Measurement results. Dynamic torque vs. slip
velocity during traction and braking process, provoked by different adhesion scenarios.

5. Conclusions and Outlook

In this article, the implementation of a complete traction drive system including
electrical components, control strategies and mechanical drive train is presented. The
implementation is realized by a co-simulation tool and this tool is used to simulate torsional
vibration. In simulations, torsional vibration is provoked by changes of the wheel–rail
conditions. Furthermore, the effectiveness of a torsional vibration detection is investigated.
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For this, a torsional vibration protection is implemented as part of the traction control.
Simulations are conducted with activated and deactivated vibration protection.

As a first step, the functionality of the simulation model implementation has suc-
cessfully been verified on measurement results. This includes coincidence of maximum
dynamic torque of simulations and measurements as well as the linear dependency of
dynamic torque and slip (find further investigations on this dependency in [37]).

As a second step, simulations were performed to investigate the effectiveness of a
torsional vibration protection. The received results show that the implemented vibration
protection helps to suppress torsional vibration and therefore, to prevent the wheelset from
high dynamic torque. As torsional vibration is suppressed indirectly by dynamic torque
reductions, the vibration detection requires reliable wheelset rotation speed data. Here,
linear analysis shows that rotation speed sensors of the traction motors may not provide
wheel rotation speed data of sufficient quality.

Consequently, the presented investigations and results verify that suppressing tor-
sional vibration indirectly by dynamically reducing the traction torque is an effective way to
prevent a railway wheelset from high dynamic torque. Therefore, the implementation of an
effective vibration protection is capable of reducing the maximum torsional loads applied
to wheelset axle and press fit by a significant amount. With this, a vibration protection
contributes to the safety and reliability of rail traffic.

Moreover, with the introduced model, torsional vibration has been successfully simu-
lated in accordance with track measurements. Basing on this achievement, the simulation
model shall be applied to other vehicles in order to validate prediction of maximum dy-
namic torque values. The capability of predicting maximum dynamic torque values is
needed by railway vehicle manufacturers, to enable a more efficient development of new
wheelsets. In the same way, such simulations can help manufacturers to study evidence of
the effectiveness of their torsional oscillation protection implementations.
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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

The associate editor coordinating the review of this manuscript and

approving it for publication was Zhuang Xu .

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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Abstract: This paper analyzes control strategies for induction motors in railway applications. The
paper will focus on drives operating with a low switching to fundamental frequency ratio and in the
overmodulation region or six-step operation, as these are the most challenging cases. Modulation
methods, efficient modes of operation of the drive and the implications for its dynamic performance,
and machine design will also be discussed. Extensive simulation results, as well as experimental
results, obtained from a railway traction drive, are provided.
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1. Introduction

Despite being one of the most energy-efficient means for mass transportation (see Figure 1) [1],
there is pressure to develop a more efficient, reliable, cheap, and compact railway traction system,
which should be achieved without compromising customer satisfaction.
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Three-phase induction motors (IMs) were adopted in the 1990s for traction systems in railways
replacing DC machines [2] due to their increased robustness and reduced cost and maintenance
requirements. In addition, precise control of the IM torque/speed is perfectly possible thanks to the
development of new power devices and digital signal processors, combined with the advances in
AC-driven control methods. Furthermore, the inherent slip of IM allows multiple motors to be fed
from a single inverter, even if they rotate at different speeds due to differences in wheel diameters. As a
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result, the voltage-source inverter-fed IM drive (VSI-IM) is currently the preferred option in traction
systems for railways [3]. While Permanent Magnet Synchronous Machines (PMSM) have also been
considered and can be found in several traction systems, cost and reliability concerns intrinsic to this
type of machine, mainly due to magnets, have so far prevented their widespread use [4].

Rolling stock can be classified according to the power level of the traction system, ranging from
several tens of kW for Light Rail systems, to several MW for High-Speed Trains (HST) and Heavy Rail
Locomotives [5]. Traction systems can be concentrated or distributed. In concentrated systems, one or
more locomotives pull unmotorized coaches. On the contrary, distributed traction systems use Electric
Multiple Units (EMU), i.e., self-propelled carriages. Both options have advantages and disadvantages.
EMUs can provide a superior performance in terms of the acceleration and deceleration times, adhesion
effort, and transport capacity. However, passenger comfort, maintenance, and pantograph operation
can be compromised in this case [6,7]. For the case of HST, European manufacturers have predominantly
adopted the concentrated traction option, while the distributed option has been preferred by Japanese
manufacturers [8].

The two main elements in a traction system are the electric motor and the inverter. The development
of a cost-effective traction system for a given application involves a complex, iterative process to
decide the number of traction motors, motor size, inverter rated power, cooling system, etc. Once the
physical elements of the traction system have been defined, the control and modulation strategies need
to be defined. Additionally, in this case, a complex iterative process can be required as the traction
system must comply with a number of requirements. These include those imposed by the desired train
performance (e.g., torque-speed characteristic, maximum torque and speed, acceleration/deceleration
times, etc.), electric drive performance (e.g., machine and inverter efficiency, temperature limits,
maximum torque ripple, etc.), existing standards (e.g., electromagnetic interference, acoustic noise,
etc.), and so on. However, these targets will often be in conflict. The reduction of inverter losses
requires low switching frequencies, which in turn result in higher losses and large torque pulsations in
the motor, and can also compromise the dynamic response or even the stability of the drive. Especially
challenging is the operation of the traction drive at high speeds. The large back-electromotive force,
in this case, forces the inverter to operate in the overmodulation region, including square-wave modes.
The control operates in this case with a reduced (or even no) voltage margin and large distortions in
the currents, which can further deteriorate the drive performance.

Figure 2 shows a schematic representation of the main blocks involved in the operation of a
traction drive. The drive will normally receive a torque command coming from outer control loops
(e.g., the train driver or speed control loop). From the torque command and in the operating condition
of the machine, a flux command is derived; different criteria can be followed for this purpose, as shown
in Figure 2. Torque and flux are controlled by the inner control loops; a number of solutions are
available for this purpose. Inner control loops will provide the voltage command to the Voltage
Source Inverter (VSI) feeding the machine, with selection of the modulation method being of the
highest importance.
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This paper presents a review of the different aspects involved in the control of IM motor drives
for railway applications. Section 2 reviews the IM motor model, including a discussion on the machine
characteristics. Section 3 discusses control strategies, with a special focus on their suitability for use
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at high speed and low switching frequencies, as this is the most frequent and challenging mode of
operation for traction drives. Modulation is discussed in Section 4. Section 5 discusses efficient modes
of operation and remagnetization strategies. Sections 6 and 7 provide simulation and experimental
results, respectively. Section 8 summarizes the conclusions.

2. Induction Motor Model and Machine Characteristics

2.1. Induction Motor Model

Complex vectors allow a compact, insightful dynamic representation of the physical effects
occurring in AC machines, i.e., the relationships among electromagnetic variables (voltages, currents,
and fluxes) and shaft variables (torque and speed) [9]. Equations (1)–(4) show the electromagnetic
complex vector equations describing the squirrel cage induction machine in a synchronous reference
frame rotating at the flux angular frequency ωe, where vdqs denotes the stator voltage; idqs and idqr
are the stator and rotor currents, respectively; λdqs and λdqr represent the stator and rotor fluxes,
respectively; Rs and Rr are the stator and rotor resistances, respectively; Ls, Lr, and Lm are the stator,
rotor, and mutual inductances, respectively; ωr is the rotor angular speed in electrical units; and p is
the derivative operator.

vdqs = Rsidqs + pλdqs + jωeλdqs (1)

0 = Rridqr + pλdqr + j(ωe −ωr)λdqr (2)

λdqs = Lsidqs + Lmidqr (3)

λdqr = Lmidqs + Lridqr (4)

The electromagnetic torque Te can be expressed as the cross product of stator and rotor
currents (5). P is the number of pole-pairs, and “Im” and “‡” denote the imaginary part and
complex conjugate, respectively.

Te =
3
2

PLmIm
{
idqsi

‡
dqr

}
(5)

Equations (1)–(4) can be particularized for the case when the d-axis is aligned with the rotor
flux, i.e., λdqr = λdr = λr, which is the base of rotor field-oriented control (RFOC). The stator voltage
equation in scalar form is, in this case (6), the rotor flux dynamics being given by (7), where τr is the
rotor time constant and σ is the leakage factor.

vds = Rsids + σLspids −ωeσLsiqs +
Lm
Lr

pλr

vqs = Rsiqs + σLspiqs +ωeσLsids +ωe
Lm
Lr
λr

 (6)

τr
dλr

dt
+ λr = Lmids ; τr =

Lr

Rr
; σ = 1− L2

m
LsLr

(7)

The torque Equation (5) can be rewritten as (8) in this case. Other forms of the torque equation
can be obtained by combining (2)–(4) and (5) and will be the basis of different control strategies, as will
be discussed in further sections.

Te =
3
2

P
Lm

Lr
λriqs (8)

Appendix B. Publications

235



Energies 2020, 13, 700 4 of 22

2.2. Machine Characteristics

Traction drives commonly receive a torque command from an outer control loop, which is
responsible for speed control. The maximum torque that can be produced at a given speed will
essentially depend on the current limits of the machine and power converter (due to losses) and on
the maximum flux, which is limited by saturation and the available DC link voltage. For most IM
designs, the maximum voltage and field weakening occur at the same speed, i.e., field weakening is a
direct consequence of reaching the voltage limit. This is shown schematically in Figure 3 (continuous
line case). For rotor speeds ωr < ω1, the machine operates with a rated flux and current, with the
voltage increasing proportionally to the rotor speed, mainly due to the back-emf. If ωr > ω1, the flux,
and consequently torque, must be decreased. The current (Figure 3b) can still be maintained at its
rated value until the machine enters field-weakening region II (not shown in the figure) [10]. Therefore,
for the machine denoted as conventional in Figure 3, region 1O corresponds to a constant torque
operation, while regions 2O+ 3O have constant power.
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Figure 3. Conventional (−) and extended full flux range (- -) induction motor (IM) design behavior: (a)
Stator voltage magnitude; (b) Stator current magnitude; (c) Flux density; (d) Electromagnetic torque
(rated&pull-out). Both machines are designed to provide the same torque vs. speed characteristic and
have the same voltage limit.

IM designs for railway traction are often aimed at reducing the size of the machine, which can be
desirable or even imperative due to room constraints. For this purpose, the voltage characteristic of the
conventional design in Figure 3 can be modified by rewinding the stator, varying the number of turns,
and gauging the wire [10,11]. If the modification is made such that N2 < N1, with N1 and N2 being the
number of turns for the conventional and modified designs, respectively, and the active conductor
area in each stator slot remaining unchanged, i.e., N1·S1 = N2·S2, and S1 and S2 being the area of the
conductor for the conventional and modified designs, respectively, both machines should be able to
produce the same amount of torque, as the total current circulating within the stator slots and the rest
of the machine dimensions are the same in both cases [11]. Since the number of turns has been reduced,
the voltage vs. speed characteristic is also modified. As seen in Figure 3a (dashed line), for ωr = ω1,
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the machine is far from its voltage limit. It can also be observed that for ωr < ω1, the current of the
modified machine design is N1/N2 larger than for the conventional design. This does not imply an
increase of joule losses, as the wire in the modified design is thicker, and the current density is the same
in both cases. Since, at ωr = ω1, the modified machine operates well below its voltage limit, there is no
need to decrease the flux at this point; instead, the nominal air gap flux density can be maintained until
ωr = ω2 (region 2O in Figure 3), i.e., the full flux range is extended. The fact that the flux weakening
region is reduced while the torque characteristic remains unchanged enables a reduction of the stator
current for ωr > ω1, as can be readily deduced from (8). Consequently, assuming that the dimensions
of the machine do not change, the extended full flux range design in Figure 3 would allow a significant
decrease of the current density in regions 2O and 3O (i.e., at high train speeds) and consequently of Joule
losses, i.e., would be more efficient compared to the conventional design.

However, the design with an extended full flux range offers other possibilities. The torque of an
IM can be written as (9), where Vrotor is the active volume of the rotor, J is the stator surface current
density, B is the air gap flux density, ∅ is the angle between J and B vectors, and k1 is a constant which
depends on the machine winding design [11].

Te = k1·Vrotor·J·B·cos(∅) (9)

As the extended full flux range design provides higher flux densities at high speeds and the
current density J remains constant, it is possible to reduce the volume of the rotor, and consequently
the size of the machine, without affecting the torque production capability, i.e., the extended full flux
design in Figure 3 will be smaller.

It must be noted, however, that redesigning the machine brings drawbacks that must also be
considered. First, the size of the inverter is increased, as the current that the semiconductors must
handle is increased by a factor of N1/N2, while the voltage and power remain unaffected. However, this
penalty is not so relevant nowadays thanks to the latest developments in power devices [10]. Second,
the pull-out torque in the low-speed region is significantly decreased, as shown in Figure 3d [11],
which must be considered to guarantee that the machine meets the application requirements.

3. Overview of Control Methods for Three-Phase Induction Machines

This section discusses control strategies for IMs in railway applications. The drives must be
able to perform properly from zero to relatively high rotational frequencies. On the other hand,
the switching frequencies are often limited to several hundred Hz due to the switching losses of
high-power semiconductor devices. At low rotational frequencies, the switching to fundamental
frequency ratio is still relatively large and the inverter will operate far from its voltage limit. On the
contrary, operation at high speeds is characterized by a reduced switching to fundamental frequency
ratio and a reduced (or even inexistent) voltage margin in the inverter. Due to this, both control and
modulation strategies are often dynamically modified, depending on the IM speed. The following
discussion will primarily focus on the most challenging high-speed case.

Control methods for IMs can be classified into scalar and vector types, as shown in Figure 4.
Scalar methods are derived from the machine equivalent circuit in a steady-state. Consequently, they
can operate properly in applications in which fast changes in the operating conditions of the machine
(torque, speed, flux, . . . ) are not required. On the contrary, vector control methods are based on the
dynamic equations of the machine, which, combined with proper control loops, allow the machine’s
torque capabilities to be fully exploited, without surpassing machine or power converter limits. Both
types of methods are briefly discussed in the following. It must be noted, however, that the borderline
between scalar- and vector-based methods is sometimes blurred, as there have been several proposals
to enhance the dynamic response of scalar methods by adding control loops based on dynamic models.
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3.1. Scalar-Based Control

3.1.1. Open-loop V/F

Open-loop V/F varies the stator voltage magnitude proportional to the frequency. This results in
an (almost) constant flux. While simple, V/F control has some relevant limitations. The rotor speed
is not precisely controlled due to slip. Additionally, an incorrect voltage to frequency ratio, voltage
drop in the stator resistance, variations of the DC link voltage feeding the inverter, etc., will result in
incorrect flux levels, eventually modifying the operating point of the machine from the desired value.

3.1.2. V/F with Feedback Control

Closed-loop speed control with slip regulation (Figure 5) has been widely used in IM traction
drives [12]. Speed error generates the slip command ω∗sl through a Proportional-Integrator (PI)
controller, which, when added to the measured speed, provides the angular frequency of the stator
voltage ω∗e.
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Flux and torque control loops can be used instead of the V/F ratio to obtain the desired stator
voltage magnitude and angle (Figure 6). Torque and flux can be estimated from the (commanded)
stator voltages and the (measured) stator currents using the voltage model (10); “ˆ” indicates estimated
variables/parameters. The pure integrator in (10) is replaced in practice by a first-order system to
avoid the drift problems derived from the integrator infinite gain at DC [13]. The torque is obtained
using (11).

λ̂αβs =

∫ (
V∗αβs − R̂siαβs

)
dt (10)

T̂e =
3
2

P
(
λ̂αsiβs − λ̂βsiαs

)
(11)
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The methods in Figures 5 and 6 are relatively simple to implement, with the second enabling
precise control of the machine’s operating point in a steady-state. A further advantage of scalar
methods is that operation near or at the inverter voltage limit is relatively easy to achieve. However,
the fact that coupling between flux and torque is not considered for the control design requires a very
slow dynamic response to avoid over currents and torque pulsations.

3.1.3. Torque/Flux Scalar Control with Feedforward

The dynamic response of the closed-loop V/F control scheme in Figure 6 can be enhanced by
adding two feedforward terms, as can be seen in Figure 7. The first uses the desired V/F characteristic
to provide the base value of the stator voltage magnitude V∗s_v f , with the rotor flux regulator providing
the incremental voltage required to track the desired rotor flux with no error. The second provides the
base value for the slip ω∗sl_ f f , which is obtained from the desired torque and the estimated rotor flux
using (12). The torque regulator corrects the slip so that the desired torque is followed with no error.

ω∗sl_ f f =
2
3

1
P

R̂r∣∣∣λ̂r
∣∣∣2

T∗e (12)
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Due to the fact that the voltage command magnitude and phase angle are independently controlled,
flux and torque controllers must be tuned for relatively low bandwidths. A dynamic response eventually
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relies on the accuracy of the feedforward terms. As for the scheme in Figure 6, the scheme in Figure 7
can easily operate in the field-weakening region, including that of six-step.

An alternative approach for the implementation of the feedforward action is to use the machine
d-q model in the rotor flux reference frame. The desired d- and q-axis currents are first obtained from
the commanded torque and rotor flux using (7) and (8) (see Figure 8). The d- and q-axis stator voltages
required to achieve the desired currents are the middle terms in (13), which are obtained from (6).

v∗ds_ f f = R̂si∗ds + σ̂L̂spi∗ds −ω∗eσ̂L̂si∗qs +
L̂m
L̂r

pλ∗dr � −ω∗eσ̂L̂si∗qs

v∗qs_ f f = R̂si∗qs + σ̂L̂spi∗qs +ω∗eσ̂L̂si∗ds +ω∗e
L̂m
L̂r
λ∗dr � ω

∗
eσ̂L̂si∗ds +ω∗e

L̂m
L̂r
λ∗dr


(13)
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Ideally, (13) will produce the voltage needed to obtain the desired torque and rotor flux with
no error. However, there are a number of issues to consider. Mismatch between model and actual
parameters must be expected and will produce errors in the feedforward voltages. In addition, (13)
includes derivatives which are problematic in practice. It is noted, however, that the signals affected by
the derivative (13) are (clean) commanded variables, i.e., do not involve (noisy) measured variables.
Furthermore, the torque derivative will be limited by the application, meaning that the derivative
of q-axis current and flux commands will be limited too. Finally, the terms depending on the stator
resistance will have a reduced weight considering that the control is only intended to operate at a high
speed. Based on the previous considerations, the feedforward voltage can be safely simplified to form
the right hand of (13). The resulting block diagram is shown in Figure 8, with the feedforward term
being either the complete or simplified voltage equation in (13).

3.2. Vector-Based Control

Vector control methods are aimed at directly manipulating the IM fields and torque. These
methods are based on well-known d-q models. Field-Oriented Control (FOC) represents flux and
torque as a function of stator currents in a synchronous reference frame, with high-bandwidth current
regulators being used to provide the voltage command to the inverter. Alternatively, Direct Torque
Control (DTC) methods implement torque and flux controllers which directly provide the IGBT gate
signals for the inverter, i.e., without the explicit control of stator currents.
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3.2.1. Rotor Field-Oriented Control (RFOC)

RFOC (see Figure 9) is one of the most popular options for the high-performance control of IM
drives [14,15], although its discussion is beyond the scope of this paper. RFOC is often used in HST at
relatively low speeds, the inverter operates in the linear region and with an adequate switching to
fundamental frequency ratio. However, its use at high speeds presents multiple problems, including
the lack of a voltage margin in the inverter for proper operation of the current regulator, distortions
in the currents due to overmodulation, and delays intrinsic to the reduced switching frequency. The
modification of RFOC to enable operation at the voltage limit was discussed in [16].
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3.2.2. Direct Flux Vector Control (DFVC)

DFVC [17] is a stator-flux-oriented control approach. By writing the voltage Equation (1) in stator
flux, reference frame (14) can be obtained. It can be observed from (14) that the stator flux variation can
be regulated through the d-axis voltage, and the torque is then controlled through the q-axis current
(15), with a current regulator being used for this purpose. The DFVC scheme is shown in Figure 10.

vds = R̂sids + pλ̂ds
vqs = R̂siqs + ω̂s f λ̂ds

}
(14)

Te =
3
2

Pλ̂dsiqs (15)

Stator flux αβ-components are estimated from the voltage-model-based flux estimator. The
synchronous frequency can be obtained from the estimated stator flux and back-emf (16) [18], avoiding
the use of stator flux angle derivative and time-consuming trigonometric functions.

ω̂s f = pθ̂s f =
d
dt


tan−1



λ̂βs

λ̂αs




 =

λ̂αs · êβs − λ̂βs · êαs
∣∣∣λ̂s

∣∣∣2
(16)

At low speeds, DFVC can operate either with rated stator flux or a maximum torque per ampere
(MTPA) strategy to improve the efficiency. Above the base speed, flux is reduced according to (17),
where Vmax is the maximum output voltage of the inverter, which depends on the available DC-link
voltage and the modulation method. Operation in overmodulation is feasible, but a voltage margin
must be preserved for proper operation of the q-axis current regulator, meaning that operation with a
maximum output voltage (i.e., six-step) is not possible. Furthermore, operation in overmodulation
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forces a reduction of the current regulator bandwidth to mitigate the effects of the resulting current
harmonics in this case. Therefore, current regulator gains may need to be adapted with machine speeds.

λ∗s ≤
Vmax − R̂siqs∣∣∣ω̂s f

∣∣∣
(17)

It is finally noted that Figure 10 includes a mechanism to limit the torque angle δ between the stator
and rotor fluxes so that it is smaller than the pull-out torque angle of δ = 45 electrical degrees [17].
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3.2.3. Direct Torque Control (DTC)

IM torque can be expressed as (18), with δ being the torque angle. DTC methods control
torque by controlling the stator flux magnitude and angle with respect to rotor flux. Stator flux is
controlled through the stator voltage (19) (stator resistance neglected), with Vs being the inverter
output voltage vector.

Te =
Lm

σLsLr
λsλrsin(δ) (18)

λs =

∫
Vsdt (19)

Switching-Table-Based (ST-DTC) was introduced by Takahashi and Noguchi [19] in the mid-1980s.
Two hysteresis controllers are used to control the stator flux and torque directly. The hysteresis control
signals are sent to a look-up table to select the voltage vectors required to achieve high dynamics
(see Figure 11). The fact that the switching frequency is not defined and operation in overmodulation
and six-step is not straightforward makes this method inadequate for high-power railway drives [20].

Direct-Self Control (DSC) was proposed by Depenbrock [21] for high-power drives. Three
hysteresis controllers determine the voltage applied to the machine by comparing a flux magnitude
command with the estimated flux for each phase, and a two-level hysteresis torque controller determines
the amount of zero voltage (see Figure 12). DSC produces a hexagonal stator flux trajectory, which
enables a smooth transition into overmodulation and eventually six-step. However, hexagonal flux
trajectories make DSC problematic below ≈30% of the base speed, and remedial actions can be found
in [22,23].
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Figure 12. Direct-Self Control (DSC) scheme.

Several modifications have been proposed to overcome the limitations of DTC methods [24]. DTC
with a constant switching frequency calculates the required stator voltage vector over a sampling period
to achieve the desired torque and stator flux. The voltage vector is synthesized using Space-Vector
Modulation (SVM), and these methods are often referred to as DTC-SVM. In the implementation in
Figure 13, a PI controls the torque through the torque angle [25]. The stator flux angle is obtained from
the estimated rotor flux angle and the commanded torque angle. The stator voltage vector command
V∗αβs employed to cancel the stator flux error ∆λ∗αβs at the end of the next sampling period ∆t is
obtained as:

V∗αβs =
∆λ∗αβs

∆t
+ R̂siαβs. (20)
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Figure 13. Direct-Torque Control Space-Vector Modulation (DTC-SVM) block diagram.

The scheme in Figure 13 is easy to implement and retains the fast dynamics of DTC if the inverter
operates in the linear region. However, voltage distortions intrinsic to overmodulation can result
in magnitude and phase deviations of the actual stator flux vector, leading to instability problems.
Furthermore, (20) effectively cancels the flux error for relatively small values of ∆t, but can result in
large steady-state errors in the case of low switching frequencies. DTC-SVM suffers from the same
limitation as ST-DTC when operating in overmodulation and six-step, which raises concerns on their
use for high-power, high-speed railway traction drives. A predictive term for mitigating the stator flux
delay and extending the operation to six-step was proposed in [26]. However, this was at the price of a
significant complexity increase.

3.3. Control Strategies Summary

Table 1 summarizes the main conclusions for the control methods discussed in this section,
including controlled variables and the easiness of operation at low speeds, overmodulation (high
speed), and the transition to six-step. Regarding the dynamic response, it is important to note that
the torque ramp is normally limited in railway traction. Consequently, not only the maximum
dynamic response (e.g., the minimum time required to respond to a step-like torque command) is
relevant, but also the capability of the drive to meet the maximum torque ramp requested by the
application, especially when the machine operates at a high speed in the field-weakening region.
CLVFC, CLVFVC&FF, DFVC, and DTC-SVM have been selected as a representative subset of the
methods in Table 1, and their behavior will be analyzed by means of simulation in Section 6.

Table 1. Summary of the presented control schemes for traction applications.

Properties/
Performance

V/Hz with Feedback FOC DTC

V/Hz
(Figure 5)

CLVFVC
(Figure 7)

CLVFVC&FF
(Figure 8)

RFOC
(Figure 9)

DFVC
(Figure 10)

DTC
(Figure 11)

DSC
(Figure 12)

DTC-SVM
(Figure 13)

Reference frame λr λr λr λr λs SRF. SRF λr

Controlled variables ωr
† λr; Te λr; Te λr&ids; iqs λs; iqs λs; Te λs; Te λs; Te

Defined
switching frequency Yes Yes Yes Yes Yes No No Yes

Low speed
(linear mod.) 4 4 4 4 4 7 7 4

High speed
(overmodulation) 4 4 4 — — 7 4 7

Six-step operation 4 4 4 7 7 7 4 7

Dynamic response †† 7/7 7/— —/4 4/— 4/— 4/7 4/4 4/7

4: favorable; —: neutral; 7: unfavorable; “SRF” stands for stationary reference frame. †: Implementation of an
outer speed control loop for the rest of the methods is straightforward. ††: (1) maximum torque dynamic response/
(2) capability to provide 3 kNm/s in the overmodulation region.
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4. Modulation Techniques

High-power traction drives usually operate with low switching frequencies (<1 kHz) to reduce
switching losses. This results in significant current and consequently torque ripples, which can
have implications for mechanical transmission stress, train comfort, standards compliance, etc.
Trading-off switching losses and torque pulsations is a challenge for the selection of modulation
methods. Furthermore, modulation and control strategies often change with the output frequency.
Figure 14 shows an example of this [27]. Asynchronous Pulse-Width Modulation (PWM) is used at low
speeds, changing to synchronous modulation with Selective Harmonic Elimination (SHE) and finally
single pulse modes as the speed increases. The three options are briefly described in the following,
and are particularized for a three-level Neutral-Point-Clamped (3L-NPC) scheme [28], as this is the
configuration used in this project.
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4.1. Asynchronous Modulation

Carrier-Based Pulse-Width Modulation (PWM) or Space-Vector Modulation (SVM) can be used at
low speeds. The first compares the reference voltages V∗abc with two carriers, as shown in Figure 15a.
A level-shifted carrier is normally preferred as it results in a lower voltage harmonic content [28].
A common-mode (homopolar) voltage should be added to fully use the available DC link voltage.
Space-Vector Modulation (SVM) for three-level inverters shares the same basic principles as that for
two-level inverters, but 24 active voltage and three zero vectors are available. The implementation of
SVM is shown in Figure 15b. It typically consists of three steps: (1) sector identification, (2) region
identification, and (3) the selection of an appropriate switching sequence. Redundant states are used to
balance DC link capacitor voltages. SVM offers the same DC voltage utilization as the PWM with a
homopolar voltage, and it has a larger computational burden, but makes better use of the redundant
states [29,30].Energies 2020, 13, x FOR PEER REVIEW 14 of 22 
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4.2. Synchronous Modulation—Selective Harmonic Elimination (SHE)

SHE performs a predefined number of commutations per quarter of the fundamental cycle.
Commutations are synchronized with the fundamental wave. Commutation angles are pre-calculated
via Fourier analysis [31], with the aim of eliminating specific harmonics of the output voltage.
An example of SHE with three switching angles is shown in Figure 16a. With three angles, it is possible
to cancel two harmonics of the output voltage (typically the 5th and 7th), in addition to controlling
the magnitude of the fundamental voltage. As the speed increases, SHE changes to one pulse mode
(Figure 16b) to reduce switching losses. SHE implementation is schematically shown in Figure 16c.
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5. Operation with Reduced Flux and Remagnetization Strategies

Electric drives in high-speed traction applications can work for certain periods of time with light
loads. It is possible in this case to decrease the flux level to reduce the stator current and consequently
Joule losses, which is commonly termed MTPA [32]. However, operating with reduced flux levels will
penalize the dynamic response of the drive. If a torque increase is demanded, the machine must be
remagnetized first. The remagnetization time is determined by the rotor time constant (7) and applied
magnetizing current. Due to the relatively large values of the rotor time constant, fast torque changes
of torque are not feasible. It must be noted, however, that fast torque changes are not desirable for
traction applications, as they might exert stress on the mechanical transmission, produce wheel slip,
and raise comfort concerns. The maximum torque-allowed gradient will depend on the application.
For the machine considered in this paper, it has a value of 3 kNm/s.

Figure 17 shows two possible remagnetization strategies. RFOC principles are used for the
discussion. It is noted, however, that equivalent strategies can be used with other control methods by
simply transforming d-q axis current commands into other commands, e.g., stator flux and slip.
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The strategy in Figure 14a uses a step-like d-axis current command. While simple, this results in a
slow remagnetization, with the 3 kNm/s target not being achieved. The option in Figure 14b is derived
from the method described in [33] and is aimed at providing a target torque ramp with the smallest
possible current during the remagnetization process. This reduces the stress in the power devices and
the risk of surpassing their current limit. This strategy will be used for the simulation results in the
next section.

6. Simulation Results

Selected control methods from Section 3 have been evaluated by means of simulation using
MATLAB/Simulink. IM parameters for the base speed are given in Table 2. The simulation model
implements asynchronous SVM with a switching frequency of 1 kHz at low speeds and SHE at high
speeds, as shown in Figure 14.

Table 2. Specifications of the induction motor at base speed ωbase (extended full flux range design).

Variable Value Unit

DC-link voltage 3600 V
Rated Power 1084 kW

Rated Voltage (L-L, rms) 2727 V
Pole-pairs (P) 2 Pole

Stator resistance (Rs) 55.38 mΩ
Stator inductance (Ls) 26.45 mH

Torque 3241 Nm
Speed 3194 rpm

Since the main focus of this paper is high-speed operation, only results at high speed using SHE
are provided in this section. Infinite inertia is assumed. Consequently, the rotor speed remained
constant throughout the simulation. This assumption is realistic and has no effect on the conclusions.
Profile 2 in Figure 17b was used during remagnetization. The maximum torque ramp was limited to
3 kNm/s, which was imposed by the application. Simulation results are shown in Figure 18.

The most remarkable difference is the slowest transient response of CLVFC due to dynamic
limitations intrinsic to scalar control. The dynamic response is seen to improve and be comparable to
the other methods when the feedforward defined by (13) is used (CLVFC&FF in Figure 18b).

DFVC and DTC-SVM are seen to provide similar dynamic responses to CLVFC&FF. Regarding
DFVC, it must be noted that to achieve proper operation in the overmodulation region, the q-axis
current regulator bandwidth was reduced in the range of ten times to avoid a current regulator reaction
to low-order current harmonics due to the non-linear operation of the inverter. The need to dynamically
adapt the gains of the current regulator in the high-speed region is an obvious concern.
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It can be observed that DTC-SVM suffers from a steady-state error in the controlled flux due to
the low sampling frequency (∆t) when SHE is used in the inverter. This results in an increase in the
load angle. This could lead to overcurrent or instability if the load angle is not monitored.

Figure 19 summarizes the performance in a steady state for the four control methods, i.e., once the
machine is providing its maximum torque. The steady-state error in the flux for DTC-SVM is seen to
affect the modulation index and slip. This will eventually affect the machine loss distribution, which
is a concern as traction motors can be required to operate close to their thermal limit. CLVFC and
CLVFC&FF are seen to have a higher torque error compared to DFVC, but with little impact on the
modulation index and slip. It is noted that a torque error in the range of 1% is perfectly assumable.
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Figure 18. Simulation results of using (a) CLVFC, (b) CLVFC&FF, (c) DFVC, and (d) DTC-SVM control
methods with SHE. Rotor speed ωr = 1.328ωbase; torque was increased from 10% (i.e., with the machine
operating with reduced flux in MTPA) to 100%. From top to bottom: commanded and actual torque;
d- and q-axis currents; commanded and estimated flux (can be stator or rotor flux, depending on the
method); and output voltage magnitude. All the variables are shown in p.u.
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Voltage (HV) DC power supply. The power converter module (see Figure 20b) consists of a three-
phase, three-level Neutral-Point Clamped (NPC) inverter feeding the IMs. Single-phase inverters 
feed auxiliary loads, such as cooling systems, control power supply units, etc. A DC-DC chopper is 
implemented for dissipative braking and DC bus overvoltage protection. A specially designed 
traction transformer is used to filter off catenary harmonics and allow the interconnection of the 
different converters. A 100 Hz (2f) filter is included in the DC bus. The overall experimental test rig 
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Figure 19. From left to right: modulation index, slip, torque error, and error in the flux being controlled
for the four control methods being considered, once the machine has reached a steady state, i.e., is its
maximum torque. Torque and slip have been low-pass filtered to eliminate the harmonic content
produced by SHE modulation.

It can be concluded that CLVFC&FF is more adequate compared to the simulated schemes at high
speeds due to its high dynamics, and the controllers are not affected by low-order harmonics resulting
from a square-wave operation, i.e., six-step, as in the case of DFVC, and are simple to implement.

7. Experimental Results

A schematic diagram of the high-power traction system test bench is shown in Figure 20a.
It consists of two identical IMs and converters connected back-to-back, which are supplied from a
High-Voltage (HV) DC power supply. The power converter module (see Figure 20b) consists of a
three-phase, three-level Neutral-Point Clamped (NPC) inverter feeding the IMs. Single-phase inverters
feed auxiliary loads, such as cooling systems, control power supply units, etc. A DC-DC chopper is
implemented for dissipative braking and DC bus overvoltage protection. A specially designed traction
transformer is used to filter off catenary harmonics and allow the interconnection of the different
converters. A 100 Hz (2f) filter is included in the DC bus. The overall experimental test rig is shown in
Figure 20c.
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Figure 20. High-power traction test bench: (a) Schematic diagram; (b) power converter module
(INGETRAC); and (c) overall view of the laboratory setup.

Preliminary experimental results for a full-scale HS traction drive are presented in the following.
The control uses RFOC at low speeds and CLVFC at high speeds. The main system parameters are the
same as those used in the simulation shown in Table 2. The torque-flux characteristic of the motor is of
the type named as the extended full flux range in Figure 3.

Figure 21a shows the rotor speed, modulation index, commanded and estimated torques, estimated
rotor flux, and magnitude of the stator current vector during an acceleration (left) and deceleration
(right) process. Figure 21b shows the spectrogram of the stator current vector. For ωr < 0.12 p.u.,
RFOC-SVM with a switching frequency of 850 Hz is used; the switching frequency increases to 1 kHz
for 0.12 < ωr < 0.94 p.u. For ωr > 0.94 p.u., CLVFC combined with SHE with one switching angle is
used. Changes in the modulation method are readily observable in the spectrogram of Figure 21b,
and are aim to trade-off switching losses and torque ripple. The control is seen to precisely follow the
commanded torque and rotor flux in the whole speed range. It is noted that the changes in the estimated
rotor flux observed in the flux-weakening region respond to changes in the corresponding command
(not shown in the figure). Transitions between the different control and modulation strategies can
be a challenge due to the high power and low switching frequencies. However, as can be observed
from Figure 21, such transitions are satisfactory, i.e., the spikes observed in the currents are perfectly
acceptable and do not represent a risk for the power devices. Implementation of the other control
methods and remagnetization strategies discussed in Sections 3 and 6 is ongoing.
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8. Conclusions

In this paper, a comparative analysis of scalar and vector control strategies for railway traction
applications has been presented, with a special focus on their operation at high speeds.

HSTs normally use medium-voltage, high-power IMs. Rotor flux Oriented Control (RFOC) has
been widely adopted at low and medium speeds. However, high fundamental frequencies intrinsic to
high-speed operations, combined with the need to reduce inverter losses, force the inverter to operate
with reduced switching frequencies and a high modulation index or even at the six-step limit. These
limitations seriously compromise the performance of RFOC at high speeds. A common practice is
to use RFOC at low speeds, rather than switch to strategies able to perform properly under severe
voltage constraints at high speeds.

Methods considered for the analysis included different types of Closed-loop Voltage/Frequency
(V/F), Field-Oriented Control (FOC), and Direct-Torque Control (DTC) strategies. Four different
control strategies have been selected and tested by means of simulation, namely, Closed Loop V/F
with flux/torque Control (CLVFC), CLVFC with feedforward (CLVFC&FF), Direct Flux Vector Control
(DFVC), and Direct-Torque Control Space-Vector Modulation (DTC-SVM). The modulation methods
that have been considered are PWM/SVM, SHE, and six-step. Their advantages include the easiness
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of operation with a high modulation index, including six-step; switching frequency; and dynamic
response to both torque change demands and rotor flux change demands during remagntization.

The CLVFC&FF method described in Section 3.1.3 and the remagnetization strategy discussed in
Section 5 are the original contributions of this paper.

It was concluded from the simulation results that CLVFC, CLVFC&FF, and DFVC provide similar
performances. However, DFVC requires a modification of the q-axis current controller gains when
the drive enters the overmodulation region. Specifically, CLVFC&FF proposed in this paper operates
properly with a high modulation index, including six-step, and provides a good dynamic response
during remagnetization.

Preliminary experimental results using CLVFC in a full-scale traction drive have been provided,
which are in good agreement with the simulation results, and confirm the viability of this strategy.
Implementation of the other strategies, including remagnetization, is ongoing.
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Abstract—Induction Machines (IMs) drives are the preferred
option for high-speed railway traction drives. Electric drives in
this application can work for certain periods of time with light
load levels. It is possible in this case to decrease the flux level
to reduce the stator current and consequently both joule and
hysteresis losses. A drawback of this approach is that if a torque
increase is demanded, the machine must be firstly remagnetized.
Remagnetization time is determined by the rotor time constant
and the applied magnetizing current. Due to the relatively large
values of the rotor time constant, fast torque changes are not
feasible, which eventually penalizes the dynamic response of the
drive. This paper presents strategies for the remagnetization of
Induction Machines. Though proposed methods are primarily
intended for railways traction, they can be easily extended to
other uses of IM drives.

Index Terms—Induction Machines; Field-Oriented Control;
Scalar Control; Maximum-Torque-Per-Ampere (MTPA); Re-
magnetization.

I. INTRODUCTION

TRACTION electrification gained more attention in re-
cent years due to fuel costs and environmental concerns.

Thanks to the continuous development of renewable energy
conversion systems and power electronic converters, the
electric traction drive systems (ETDS) have been drastically
improved [1]. Efficiency, performance, torque and power
densities are the key aspects of ETDSs. Compromising these
aspects over a wide speed range is a challenging task. This
can be achieved either by traction machine type, electric drive
control, or a combination of both [2]. Permanent-magnet
(PM) synchronous machines are widely used for traction
applications due to their high efficiency, high torque, and high
power densities [3]. However, cost and rare-earth material
availability are the main limitations of PMs [4]. Induction
machines (IMs), besides being robust with fewer maintenance
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requirements, are considered the promising alternative of
PMs in traction applications [5]. Rewinding the machine
combined with optimized control techniques of the electric
drive, IMs can achieve comparable performance to PMs [6],
[7]. Furthermore, for specific applications like traction, the
overall efficiency of the IM operating at partial load can be
improved by reducing the air gap flux level [8].

IMs control optimization techniques objective may in-
clude minimization of total losses, maximization of power
transfer and/or maximization of torque production [9], [10].
Optimal efficiency control or also called loss minimization
control aims to select the appropriate machines’ flux level
minimizing the joule and hysteresis losses of the machine
[11]. Maximum-Torque-per-Ampere (MTPA) method aims to
optimally select the flux and torque producing components
of machines’ stator current to achieve maximum torque with
minimum losses considering inverter voltage limits [12]. Sim-
ilarly, Maximum-Torque-per-Voltage (MTPV) method is used
to fulfill the optimization criteria taking into consideration
both inverter voltage and current constraints [10].

Regardless of the optimization technique used, the IM
operates at a reduced flux level during light loads. Hence,
at any instant, if the load torque is increased, the machine
flux has to be re-established (i.e. remagnetized) quickly for
producing the required torque. While the aforementioned op-
timization techniques are intended for steady-state operation,
an additional approach should be imposed to control the tran-
sient dynamics. Few attempts have been made for improving
the transient response and minimizing the machine’s losses
during flux remagnetization. In [13], an optimal dynamic
current sharing algorithm is proposed to mitigate machine
speed drops for sudden torque increases while the machine
is initially operating at reduced flux. Alternative power loss
minimization techniques using model predictive control in
transient states of speed controller machines are presented in
[14], [15]. In [16], different stator current sharing techniques
have been proposed for improving the dynamic response of
the IM, however, the proposed methods were intended for
Field Oriented Control (FOC) schemes.

In this paper, the problem of operating the IM with
reduced flux will be addressed. In addition, different flux
remagnetization strategies considering the dynamic response
and inverter limits will be proposed. The proposed strategy
generates the optimum torque and flux trajectories that meet
the application requirements and it can be used for vector
and scalar control schemes.

2249978-1-6654-1432-6/22/$31.00 ©2022 IEEE
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II. MODELLING, OPERATING REGIONS AND CONTROL OF
INDUCTION MACHINES

A. IM model using complex vector notation

Complex vectors are a powerful tool for the modeling
of three-phase symmetric ac machines [17]. The sinusoidal
variation of mutual inductances with respect to the rotor angle
is eliminated by transforming the electrical variables of stator
and rotor to a common reference frame. This frame can be
either fixed to the stator or rotated with the electromagnetic
quantities of the machine, being denoted as stationary and
synchronous reference frames respectively [18]. In this paper,
rotor-flux field-orientation (RFOC) will be used as it allows
decoupled control of rotor flux and torque [19].

Stator voltage equation in a rotor-flux reference frame is
given by (1), where σLs is the stator transient inductance,
R′

s is stator transient resistance and τr is the rotor time
constant (2); Rs and Rr are the stator and rotor resistances,
respectively; Ls, Lr, and Lm are the stator, rotor, and
mutual inductances, respectively; ωe is the rotor flux angular
frequency; ωr is the rotor angular frequency.

Rotor flux and torque equations for the IM in the rotor-
flux reference frame are given by (3)-(4), with P being the
number of pole-pairs. The slip frequency ωslip is given by
(5), the rotor flux angular frequency ωe and angle θe being
obtained as shown in (6).

vdqs = σLs
didqs
dt

+(R′
s + σLsjωe) idqs−

Lm

Lr

(
1

τr
− jωr

)
λr

(1)

σ = 1− L2
m

LsLr
; R′

s = Rs +

(
Lm

Lr

)2

Rr; τr =
Lr

Rr
(2)

dλr

dt
τr + λr = Lmids (3)

Te =
3

2
P
Lm

Lr
λdriqs (4)

ωslip =
Lm

τrλr
iqs (5)

ωe = ωr + ωslip; θe =

∫
ωedt (6)

B. Regions of operation of the IM

Fig. 1 shows the operating regions of IMs considering
that torque reduction and field weakening occur at the same
frequency at which the inverter reaches its voltage limit. The
full range of operation is considered: 1) MTPA; 2) rated flux;
3) field weakening region I, and 4) field weakening region
II. Transitions from region 2) to 3) and from region 3) to
4) are the result of voltage constraints. In segment 4-5 the
machine operates with MTPV operation. The behavior and
constraints of the machine in steady-state are defined by the
stator voltage equation (7) (determined by dc-link voltage Vdc

1

2

3

𝑖𝑑𝑠

𝑖𝑞𝑠

Current limit

Rated torque

Constant voltage contours

Constant torque contours

Torque limit
 with MTPA

Maximum torque 
in FW region

>>

>
>

>>

>
>

4

5

Fig. 1: Regions of operation of the induction machine for
the case rated voltage and rated speed occur at the same
frequency (Segment 1-2: MTPA region; Segment 2-3: rated
flux region; Segment 3-4: field weakening region 1; Segment
4-5: field weakening region 2 (MTPV)).

and modulation strategy, being vdqslimit
= Vdc/

√
3 for linear

operation of inverter), current limit (mainly due to thermal
issues) (8) where Vdc is the dc-link voltage.

(ωeσLsiqs)
2
+ (ωeLsids)

2 ≤ v2dqslimit
(7)

√
i2ds + i2qs ≤ idqsrated

(8)

MTPA can be implemented in segment 1-2 ( see Fig. 1)
while operation at rated flux applies between 2 and 3. In
point 3 the machine operates at is rated values of voltage
(9), current (10).

(ωeσLsiqsrated
)
2
+ (ωeLsidsrated

)
2
= v2dqslimit

(9)

iqsrated
=
√

i2dqsrated
− i2dsrated

; idsrated
=

λrrated

Lm
(10)

Field weakening region I corresponds to the segment 3-4
in Fig. 1. In this region, the machine operates with rated
voltage and current, but with reduced d-axis current and
therefore reduced rotor flux. The d-axis current can be written
as a function of the fundamental frequency (11), which is
obtained from (8) and (9), the q-axis current being (12). The
maximum fundamental frequency in field weakening region
I occurs when the constant voltage ellipsis and the constant
torque hyperbola do not intersect to each other but the ellipsis
become tangent (operating point 4 in Fig. 1).

ids =

√√√√
(

vdqslimit

ωe

)2
− (σLsidqsrated

)
2

L2
s (1− σ2)

< idsrated
(11)
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iqs =
√

i2dqsrated
− i2ds =

√√√√ (Lsidqsrated
)
2 −

(
vdqslimit

ωe

)2

L2
s (1− σ2)

(12)
In field weakening region II (see segment 4-5 in Fig.

1), the machine operates with MTPV, i.e. constant voltage
ellipsis are tangent to constant torque hyperbolas. d- and q-
axis in this region can be obtained by replacing the q-axis in
(12) into the torque equation (4), (13) being obtained. Making
the derivative of the torque with respect to the d-axis current
equal to zero (3.14), produces the currents (14).

Te =
3

2
P
L2
m

Lr
ieds

√√√√ (Lsidqsrated
)
2 −

(
vdqslimit

ωe

)2

L2
s (1− σ2)

(13)

ids =
vdqslimit√
2ωeLs

; iqs =
vdqslimit√
2ωeσLs

(14)

C. Control strategies of IMs

High power electric drives must be able to properly oper-
ate from zero to relatively high rotational frequencies while
switching frequencies are often limited to several hundred
Hz. Control of the electric drive at low rotational frequencies
where switching to fundamental frequency ratio is relatively
large and the inverter operates far from its voltage limit, is
significantly easier compared to the case of operation at high
speeds characterized by reduced switching to fundamental
frequency ratio and reduced (or even no) voltage margin
in the inverter. Due to this, both control and modulation
strategies are often dynamically changed depending on the
frequency of operation [20]. A common practice in high-
speed drives is using rotor flux field-oriented control (RFOC)
in the low-speed range and switch to scalar or direct torque
control in the high-speed range. That strategy ensures a high
dynamic response of the electric drive without deterioration
of the control system [21], [22].

III. PROPOSED REMAGNETIZATION STRATEGIES FOR
INDUCTION MACHINES

In high-speed traction applications, the electric drive can
work for certain periods of time with light loads. It is possible
in this case to decrease the flux level to reduce the stator
current and consequently joule losses. However, if higher
torque is demanded, the machine must be magnetized first to
achieve a proper flux level corresponding to the demanded
torque. MTPA strategy is one of the most efficient and used
strategies in motor drives for a wide speed range [23], [24].
In this paper, the map-based approach introduced in [25]
will be used for selecting the current references to achieve
MTPA control, taking into consideration the machine satu-
ration. However, the main limitation of the presented map-
based MTPA strategy is that it controls only the steady-state
behavior of the stator current dq-axis trajectories regardless
of the dynamic behavior during torque variations.

Operation with reduced flux levels will deteriorate the
dynamic response of the electric drive to torque demands.
The machine must be remagnetized first, where the remag-
netization time is determined by the rotor time constant
and by the applied magnetizing current. Generally, the goal
of a remagnetization strategy is to determine the optimal
torque and flux trajectories between initial (Teini

, λrini
) and

maximum possible torque/flux values (Temax
, λrmax

) for the
corresponding speed. Due to the relatively large values of
the rotor time constant fast torque changes of torque are
not feasible specifically for traction applications. Fast torque
variations might stress the mechanical transmission, produce
wheel slip and also raise comfort concerns. Therefore, the
optimization of the torque/flux trajectories should satisfy the
following criteria:

• Minimization of the settling time ∆t.
• Avoidance of torque impacts, i.e. sudden changes in the

torque.
• Loss minimization during the transient.

in addition, other considerations must be also taken:
• Over-currents are not allowed.
• It is assumed that the load has a very large mechanical

inertia, and consequently the rotor speed can be assumed
to remain constant during the transient.

Some of these targets can conflict, e.g. minimization of
losses and of settling time. Thus, the optimal remagnetization
process may differ for each application.

Strategies for the simultaneous increase of torque and
rotor flux (remagnetization) are discussed following:

A. Remagnetization with step-like rated d-axis change and
ramp-like q-axis current change:

If FOC is being used, the straightest remagnetization
strategy to achieve rated rotor flux and torque (for the actual
operating speed) is to apply the rated d- axis current as fast as
possible (step increase segment 1-2 in Fig. 2a) and increase
the q-axis current gradually (segment 2-3 in Fig. 2a). The
main drawback of this solution is the large settling time for
the torque during the machine remagnetizing process (in the
range of three rotor time constants).

B. Remagnetization with maximum d-axis current:
This strategy prioritizes remagnetization over torque pro-

duction. As shown in Fig. 2b, following an increased torque
command, all the available current is used in the d-axis for
this purpose (segment 1-2 in Fig. 2b). Once the rotor flux
is fully established, d-axis current is reduced to the level
required to maintain the rotor flux at its target level, the
remaining available current being transferred to the q-axis
to produce the maximum torque (segment 2-3 in Fig. 2b).
This strategy reduces the time required to produce the desired
final torque (i.e. settling time) and provides the fastest torque
production. However, in traction applications, fast torque
variation is not allowed as mentioned above.
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Fig. 2: Summary of different proposed remagnetization strategies: a) step-like rated d-axis change and ramp-like q-axis current
change (Profile 1); b) maximum d-axis current (Profile 2); b) maximum d-axis current and constant Nm/s (Profile 3); c) reduced
d-axis current and constant Nm/s (Profile 4).

C. Remagnetization with maximum d-axis current and
constant Nm/s:

The main idea behind this strategy is to control the torque
to follow a ramp (15), where KTe

is the slope in Nm/s.

T ∗
e = Teini

+KTe
t for t1 < t < t2 (15)

To minimize the settling time of flux, KTe
must be selected

such that the maximum current is used during the whole
transient (16). √

i∗ds
2 + i∗qs

2 = Ismax
(16)

The desired torque and flux trajectories can be obtained
by solving (3), (4) and (16). Analytical solution of this system
is not feasible, numerical methods can be used instead. It is
seen that at the beginning of the transient all the available
current is transferred to the d-axis current (segment 1-2 in
Fig. 2c), the remaining current being transferred to the q-axis
to establish the rotor flux quickly (segment 2-3 in Fig. 2c).
Then, the d-axis current is reduced to its rated value (segment
3-4 in Fig. 2c) while increasing the q-axis current smoothly
taking into consideration that fast changes in q-axis current
are avoided as they would produce torque impacts (segment
4-5 in Fig. 2c).

D. Remagnetization with reduced d-axis current and con-
stant Nm/s:

The strategy in Fig. 2d provides the same torque ramp
as in Fig. 2c but uses the smallest possible current during
segment 2-3. This reduces the stress in the power devices, as
well as the risk of surpassing the maximum current in case of
overshoot due to controller detuning. Thus, the segment 3-4
in Fig. 2c is omitted to have a continuous trajectory of d-q
axis currents. However, this strategy is not straightforward,
and the minimum current value changes depending on the
initial torque value. One of the possible solutions is to assign
profile 3 strategy with a lower current magnitude but at cost
of longer magnetization time.

The proposed remagnetization strategy (see Fig. 3) in-
cludes the following process:

1) At light load, the initial rotor flux reference value is
obtained from MTPA method using a look-up table
or polynomial function approximation according to the
operating speed.

2) Once an increase/decrease is detected in the reference
torque, the torque and rotor flux references will follow
one of the predefined trajectories (see Fig. 2) with rates
limited to the application until reach to the new target
values.

3) The rotor flux reference is limited in the field-
weakening region according to the operating speed.

4) The rotor flux trajectory can be a ramp, exponential
convergence or other profiles obtained from optimiza-
tion methods (profiles 1-to-4, in this paper) that meets
the application constraints.

The aforementioned remagnetization profiles will be sim-
ulated and evaluated in section IV.
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∗

Remagnetisation
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∗ Modulation
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(a)
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Fig. 3: Proposed remagnetization strategy: a) overall control
scheme; b) detailed block diagram of the proposed method.
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IV. SIMULATION RESULTS AND EXPERIMENTAL
VALIDATION

The proposed remagnetization strategies discussed in sec-
tion III have been simulated using MATLAB environment
with a sample time of 200 µs. The dynamic d-q model in
rotor flux reference frame is used for modeling the induction
machine. IM parameters for the base speed are given in
Table I.

TABLE I: Specifications of the IM at base speed (107 Hz).

Parameter Value Unit
DC-link voltage, (Vdc) 3600 V

Rated Power 1084 kW
Rated Voltage, (VLL, RMS) 2727 V

Pole-pairs (P ) 2 -
Stator resistance (Rs) 55.38 mΩ
Stator inductance (Ls) 26.45 mH

Torque 3241 Nm
Speed 3194 rpm

Fig. 4 shows a summary of the simulation results for the
machine operating at base speed, assuming that the IM is
connected to an ideal inverter (i.e. linear voltage source).
The IM torque is increased from 10% to 100% of the
rated torque at t=0.25 s following the four remagnetization
profiles proposed in subsections III-A, III-B, III-C and III-D
respectively. It is noted that the slowest torque production
is obtained by magnetizing the machine with profile 1, i.e.
d-axis current is increased to its rated value then the q-
axis current is increased gradually. The final torque will be
achieved when the machine flux is fully established which
could take some time (≈ 3 to 4 times the rotor time constant
see Fig. 4).

Fig. 4: Simulation results: Time response of different pro-
posed remagnetization strategies.

On the other side, the fastest torque production is reached

Data 
Acquisition Traction 

Motor

Converter 2

Converter 1 Traction Transformer

Fig. 5: Overall view of the full scale high-power traction test
bench.

following profile 2 (see the blue color in Fig. 4) where all the
stator current is used to magnetize the machine. Afterward,
the stator current vector follows the current limit trajectory
sharing the remaining current into the q-axis component
assuring that the total current is not surpassed.

Profiles 3 and 4 show similar torque production rates
(magenta vs. red color in Fig. 4) as these strategies are de-
signed to follow a predefined kNm/s rate (in this application 3
kNm/s is used), however, each strategy dynamically behaves
different. Profile 3 prioritize the use of stator current vector on
the d-axis component in order to expedite flux establishment
then the priority moves to the q-axis component for torque
production (see second sub-figure Fig. 4). A reduced rema-
ganetization can be used for profile 4 which will penalize the
dynamic response of the rotor flux which is not a concern in
traction applications as a fast torque increase is not needed.
The main advantage of this strategy is it balances the dynamic
response of the remaganetization process with the current
stress on the switches of the inverter.

The proposed remagnetization strategy has been exper-
imentally validated using high-power traction system test
bench shown in Fig. 5. It consists of two identical IMs
and two converters connected back-to-back, which are sup-
plied from a High-Voltage (HV) dc power supply. The
power converter module consists of a three-phase, three-
level Neutral-Point Clamped (NPC) inverter feeding the IMs.
Single-phase inverters feed auxiliary loads, such as cooling
systems, control power supply units, etc. A dc-dc chopper is
implemented for dissipative braking and dc bus overvoltage
protection. A specially designed traction transformer is used
to filter off catenary harmonics and allow the interconnection
of the different converters. A 100 Hz (2f) filter is included
in the dc bus. Preliminary experimental results for a full-
scale high-speed traction drive are presented in the following.
The control uses RFOC at low speeds and closed-loop scalar
control at high speeds. The main system parameters are the
same as those used in the simulation shown in table I.

The proposed remagnetization strategy is validated by
comparing the conventional magnetization solution (applying
maximum possible flux for the full speed range see Fig. 6a)
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against the proposed remagnetization profile 4 (see Fig. 6b).
It is noted that both methods are able to reach the target
torque with the same increase rate (3 kNm/s) from 10% to
100% of the rated torque. The main difference can be seen
in the rotor flux for the proposed method where it is reduced
to ≈ 48% of the rated value during light load operation
compared to the conventional solution. The corresponding
d- and q-axis currents are shown in the bottom figures of
Fig. 6. The d-axis current is kept at its rated value for the
conventional magnetization method while the d-axis current
is initially reduced during light load duration then it super-
passed its rated value to build up the rotor flux quickly when
the torque increase is commanded. Once the machine is fully
magnetized, the d-axis current is decreased to prioritize the
usage of q-axis current.

Rated Flux

(a)

Reduced Flux Rated Flux

Remagnetization

(b)

Fig. 6: Experimental results of IM torque increase from
10% to 100% of rated torque: a) applying rated magnetizing
current; b) proposed remagnetization strategy.

V. CONCLUSIONS

Optimal efficiency and loss minimization control tech-
niques have been proposed in the technical literature for
optimally distributing stator current components (i.e. flux and
torque producing components) while the electric machine is
operating at light loads. MTPA method is commonly used in
electric drives providing maximum available torque with min-
imum losses. However, MTPA algorithms provide the steady-
state set points for the electric drive control, transients being
uncontrolled and dictated by the machine time constant and
the coupling between torque and flux components. Few ap-
proaches attempting to improve the torque transient response
can be found in the literature. Computational complexity
and approximated solutions for specific conditions limit the
widespread usage of those approaches in the industry.

This paper proposes different remagnetization strategies
for induction machines during torque transients. Based on
the application, the remagnetization strategy can be selected
to prioritize the torque dynamic response where the machine
can operate at inverter limits for a portion of time. Another
solution is to operate far from inverter limits at the cost of
a lower dynamic response. Compromising dynamic response
with system operational requirements would be the optimum
solution.

The proposed remagnetization strategy calculates the ini-
tial rotor flux using MTPA algorithm at light loads. Once a
change in torque command is detected, the torque and rotor
flux reference will follow predefined trajectories till reach the
final value. The proposed strategy at four different torque and
flux components trajectories is evaluated through simulations.
For traction applications, a fast dynamic response is not
required as the torque rate change is limited to avoid torque
shocks. Thus, a reduced remagnetizing current with con-
stant torque increase rate has been validated experimentally
through a full-scale high-power traction test bench. Currently,
the proposed remagnetization torque and flux trajectories are
implemented offline and stored in look-up tables. Online
implementation of the remagnetization trajectory is ongoing.
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Abstract—Traction systems for railway typically use rotor
field-oriented control (RFOC) at low speeds, and scalar control
at high speeds to overcome the deterioration of the current
regulator performance in the overmodulation region. Well-known
limitations of scalar control are the slow dynamic response
due to the coupling between torque and flux, as well as the
risk of overcurrents. While this is not a problem for normal
operation, as fast torque variations are not required, there are
specific operating conditions in which fast torque response of
scalar control might be required. This would include adhesion
control, torsional torque vibration mitigation and torque ripple
cancellation for traction systems fed from ac catenaries without a
2F filter in the dc-link. This paper proposes a method to enhance
the dynamic response of scalar control. The principles of the
proposed method are derived from vector control concepts. While
the method could be applied to any electric drive using scalar
control, the discussion presented in this paper will be targeted
towards high power railway traction drives.

Index Terms—Scalar V/F control; railway traction drives;
induction motors; beatless control; torsional torque oscillations.

I. INTRODUCTION

Voltage-Source Inverter-fed Induction Machines (VSI-IM)
are the preferred choice in railway traction systems due to
their robustness and the slip inherent to IM, which allows
multiple motors to be fed from a single inverter [1], [2]. VSI-
IM traction drive systems can be fed from different power
sources. For the specific case of ac catenaries, a four-quadrant
converter (4QC) is required to supply the VSI-IM dc link. The
fact that the catenary is single-phase results in well-known
power oscillations at twice the catenary voltage frequency
(2F), which has to be considered for the design of the traction
system.

Fig. 1 shows the main circuit elements for a single-driven
axle of a high-performance locomotive fed from an ac cate-
nary. High-performance locomotive drives control consists of
two control layers; an inner control layer aimed to provide
the desired torque T ∗e and an outer control layer that oversees
traction force F ∗t which can comprise several functionalities

Fig. 1: Main circuit diagram for single driven axle of a high-
performance locomotive.

as re-adhesion control, anti-slip control, torsional torque vi-
bration mitigation, 2F oscillations cancellation, etc. Regarding
the inner loop, RFOC with Pulse-Width Modulation/Space-
Vector Modulation (PWM/SVM) is typically used at low-
medium speeds, where the voltage margin and the switching to
fundamental frequency ratio are sufficient for proper operation
of the current regulators [3]. At high speeds, the lack of
a voltage margin and the reduced switching to fundamental
frequency ratio can seriously compromise the performance
of FOC. Several attempts have been made to improve vector
control performance in the overmodulation region, but this is
at the price of increased complexity and parameter sensitivity,
which has prevented their widespread use [4]–[6].

Scalar control is widely used when the drive operates close
or at the voltage limit, constant V/F being the simplest imple-
mentation. Modulation strategies aimed to reduce switching
losses and/or harmonic content are often used in this case [7].
Scalar control methods show slow torque dynamics due to
the coupling between torque and flux and the need to prevent
overcurrents. This is not a concern for normal operation of
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traction drives. However, modern trains may require fast torque
dynamics for advanced modes of operation, such as adhesion
control, torsional torque vibration mitigation, and cancellation
of torque ripple in traction drives fed from ac catenaries
without an intermediate 2F filter (see Fig. 1) [8], [9].

Several methods aimed to improve the dynamic response of
scalar control have been reported in the literature [10]–[15].
In [10], a feedforward term is added to the voltage magnitude
command to compensate for the voltage variation caused by
torque changes, which is claimed to decouple torque and flux
and improve both the dynamic and steady-state response of
the V/F control. Parameters required by the decoupling block
change with the operating point. This involves the use of look-
up tables which are built during a commissioning stage, what
increases the complexity of the proposed method. In [13],
[14], a transient voltage vector is estimated and added to the
voltage vector command improving the transient response of
the scalar V/F method. However, the estimated transient vector
is obtained from d-q current regulators operating in parallel
of the main V/F controllers which could be problematic
when the machine enters the overmodulation region and the
voltage margin required for the normal operation of the current
controller is lost. Methods reported in [11], [12], [15] are
targeted to overcome the limitations of scalar control at low
fundamental frequencies only, being therefore disregarded.

In this paper, a method for enhancing the torque dynamics
of scalar control when the drive operates at high fundamental
frequencies in the overmodulation region, including six-step,
is developed. The proposed method can potentially achieve
dynamic responses comparable to those of vector controlled
drives, but without the drawbacks of current regulators. The
effectiveness of the proposed method will be validated through
MATLAB/Simulink simulations in this paper. Construction of
a test bench for experimental verification is ongoing.

II. INDUCTION MOTOR MODEL

For the discussions following, variables in the stationary
reference frame, stator voltage reference frame and rotor flux
reference frame will be denoted by superscripts “s”, “slf” and
“rf” respectively.

The complex vector notation of an induction motor, with
the stator current and the rotor flux as the state variables, are
given by (1)-(2). vsdqs denotes the stator voltage; isdqs is the
stator current; λ̂sdqr represents the estimated rotor flux; R̂s and
R̂r are the estimated stator and rotor resistances; L̂s, L̂r and
L̂m are the estimated stator, rotor, and mutual inductances,
respectively; ωr is the rotor angular speed in electrical units;
and p is the derivative operator.

pisdqs =
1

L̂σs

(
vsdqs − R̂′sisdqs +

L̂m

L̂r
ωbrλ̂

s
dqr

)
(1)

pλ̂sdqr =
L̂m

L̂r
R̂ri

s
dqs − ωbrλ̂sdqr (2)

where

R̂′s = R̂s + R̂r

(
L̂m

L̂r

)2

; L̂σs = L̂s −
L̂2
m

L̂r
;ωbr =

R̂r

L̂r
− jωr

R̂′s and σ̂ are the estimated stator transient resistance and
leakage inductance respectively. The electromagnetic torque
Te is given by (3) in terms of stator current and rotor flux
where P is the pole-pairs.

Te =
3

2
P
L̂m

L̂r

(
λ̂sdri

s
qs − λ̂sqrisds

)
(3)

By aligning the d-axis of the rotating reference frame with
the rotor flux, i.e., λ̂rfdqr = λ̂rfdr = λ̂r , the stator voltage and
the stator flux equations become (4) and (5), where ωe is the
angular speed in electrical units of the synchronous reference
frame.

vrfdqs = R̂′si
rf
dqs + pλ̂rfdqs + jωeλ̂

rf
dqs (4)

λ̂rfdqs =
L̂m

L̂r
λ̂rfdqr + L̂σsi

rf
dqs (5)

III. VECTOR VS. SCALAR CONTROL

Vector control uses the dynamic equations of the machine
to achieve decoupled control of torque and flux (see Fig. 2a).
This allows to fully exploit machine torque capability without
surpassing machine or power converter current limits. On the
contrary, open-loop scalar V/F control schemes make the stator
voltage magnitude proportional to the frequency, leading to
an almost constant flux in the machine. Nevertheless, there
is a number of issues e.g. incorrect voltage to frequency
ratios, voltage drops in the stator resistance, or variations of
the inverter dc-link voltage, etc. which could drift the actual
operating point from the desired value. To overcome these
effects, the performance of V/F control can be improved with
the addition of feedback loops [16].

Closed-loop V/F control has been widely used in traction
drives. Flux and the torque are regulated in this case using
Proportional-Integral (PI) controllers. This closed-loop scheme
is known as slip/flux scalar V/F control (SLF), (see Fig. 2b),
which consists of two terms: 1) the first term provides the
base value of the stator voltage magnitude through the V/F
characteristic, with adapting the rotor flux level through a PI
regulator. 2) the second term provides the base value for the
slip, then the torque is controlled by regulating the slip with
no error [7]. Closed-loop V/F control is usually applied at high
speed operation where power converter operates close to its
voltage limit, including overmodulation and six-step [3]. This
enables precise control of the machines’ operating point in
steady-state avoiding the deterioration of the current regulators
due to the generated harmonic components of the machine
current during the over-modulation. However, closed-loop V/F
schemes have slower dynamic response compared to rotor flux
field-oriented control (RFOC). Since the voltage magnitude
and phase angle commands are independently obtained, both
flux and torque controllers must be tuned for relatively low
bandwidths to avoid cross-coupling interactions.
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(a)

(b)

Fig. 2: Block diagram of closed-loop control scheme for
induction motors: a) Rotor flux field-oriented control (RFOC);
b) Stator voltage oriented V/F with slip & flux control (SLF).

IV. SCALAR CONTROL WITH ENHANCED DYNAMICS

The following discussion assumes that the induction ma-
chine in Fig. 2 is operating at relatively high speed. The q-
axis of the synchronous reference is defined to be aligned
with the stator voltage vector (6b). If a sudden change in
the torque command is applied, the slip angular speed ω̂sl
will increase proportionally (see Fig. 2b), increasing therefore
the angular speed of the stator voltage vector. The magnitude
of the stator voltage vslfqs will also increase according to the
predefined V/Hz ratio to keep the flux constant. Such sudden
changes of the stator voltage angle and magnitude can result
in large transient currents. Due to this, the rate of variation of
the torque command, i.e. the dynamic response of the scalar
control, must be limited.

{
vslfds = 0 (6a)

vslfqs = V ∗s = |R̂sIs + jω̂eλ̂s| ∼= |ω̂eλ̂s| (6b)

To understand how the dynamic response of the scalar
control can be enhanced, it is useful to analyze the behavior of
the stator voltage from a rotor flux oriented control perspective.
Using (5) and (4), it is possible rewrite (6a) and (6b) in a rotor

Fig. 3: Proposed feedforward compensation for stator voltage
oriented scalar V/F control.

flux reference frame (7a) and (7b).



vrfds = R̂′si

rf
ds + L̂σspi

rf
ds − ω̂eL̂σsirfqs − R̂r L̂m

L̂2
r

λ̂rfdr (7a)

vrfqs = R̂′si
rf
qs + L̂σspi

rf
qs + ω̂eL̂σsi

rf
ds + ω̂r

L̂m

L̂r
λ̂rfdr (7b)

Equations (7a) and (7b) can be used to define feedforward
terms aimed to improve the dynamic response of the scalar
control in Fig. 2. Despite of its apparent complexity, and the
associated parameter sensitivity, a number of simplifications
are feasible: 1) The resistive voltage drops R̂′si

rf
ds and R̂′si

rf
qs

can be neglected in high speed operation; 2) L̂σspi
rf
ds equals

zero assuming that the flux is kept constant; 3) R̂r L̂m

L̂2
r

λ̂rfdr can
be shown to be negligible as the rotor flux and rotor resistance
values of high power machines are small compared to low
power machines. The relationship between the stator voltage,
q-axis current and flux can be then simplified as:

{
vrfds

∼= −ω̂eL̂σsirfqs (8a)

vrfqs
∼= L̂σspi

rf
qs + ω̂eL̂σsi

rf
ds + ω̂r

L̂m

L̂r
λ̂rfdr (8b)

Equation (8a) shows the feedforward term to be added to
the d-axis voltage component vrfds to take into account changes
in the torque (i.e. q-axis current). The transient response
improvement is achieved by the L̂σspi

rf
qs term of the stator

voltage q-axis component in (8b). This term is a function of
the q-axis current derivative and enhances therefore torque
dynamic behavior. Since this action must be applied to the
scalar control, the q-axis current is transformed into the slip
angular speed using (9).

ω̂sl =
L̂m
τ̂r|λ∗r |

irfqs (9)

Finally, the feedforward terms aimed to improve the dy-
namic response are given in (10a)&(10b) by substituting (9)
in (8a)&(8b), where the steady-state value is nearly achieved
from the V/F relation, i.e. |ω̂eλ̂s| ∼= ω̂eL̂σsi

rf
ds + ω̂r

L̂m

L̂r
λ̂rfdr in

(6b). Fig. 3 shows the block diagram of the proposed method.



vslfdsff

∼= −ω̂eL̂σs τ̂r|λ
∗
r |

L̂m
ω̂sl (10a)

vslfqsff
∼= L̂σs

τ̂r|λ∗
r |

L̂m
pω̂sl (10b)
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Fig. 4: Response to a torque command step change: (a), (d) RFOC; (b), (e) SLF; (c), (f) SLF with full feedforward terms.
Top: time response. Bottom: vector trajectories. Solid vector: starting position. Dashed vector: steady-state position.

V. SIMULATION RESULTS

The performance of the proposed method has been validated
by simulation using MATLAB/Simulink. The induction motor
parameters at base speed are given in Table I. The dynamic
response of the proposed method is validated first with the
IM connected to an ideal (linear) voltage. Further a Three-
Level Neutral-Point-Clamped (3LNPC) inverter will be used.
Usually high-power traction drives operate with low switching
frequencies to reduce switching losses, Space-Vector PWM
(SVPWM) with a switching frequency of 1 kHz will be
used. An infinite inertia is assumed; consequently, the rotor
speed remains constant. This assumption is realistic in railway
traction drives during short periods of time due to train inertia.

TABLE I: Specifications of the induction motor and nominal
values at base speed

Variable Value Unit
DC-link voltage 3600 V

Rated Power 1084 kW
Rated Voltage (VLL, rms) 2727 V

Pole-pairs (P ) 2 Poles
Stator resistance (Rs) 55.38 mΩ
Stator inductance (Ls) 26.45 mH

Torque 3241 Nm
Speed 3194 rpm

Fig. 4 shows the response to a torque step from 2 kNm

to 3 kNm of RFOC (Fig. 2a), scalar control (SLF) (Fig. 2b),
and scalar control (SLF) with both dq-axis feedforward terms
(Fig. 3). Top subfigures show the torque, stator voltage and
current vectors response in the time domain while bottom sub-
figures show the vector diagrams. For the sake of comparison,
all vector diagrams are shown in the rotor-flux reference frame.

The superior dynamic performance of RFOC over scalar
control is readily observed from Fig. 4a and Fig. 4b. The
differences in the trajectories followed by the voltage in Fig. 4d
and Fig. 4e explain this behavior. For the RFOC case, current
controllers force the current to move along the q-axis, while for
the scalar control case, a deviation from the desired trajectory
is observed. Adding the d-axis feedforward term is seen to
improve the dynamic response providing the correct position
of the stator voltage vector, but at the price of inadmissible
torque and current oscillations. The dynamic response with
only d-axis feedforward has been omitted as it provides an
unsatisfactory response. Full feedforward (Fig. 4c and Fig. 4f)
are seen to provide a dynamic response comparable to that
of field-oriented control. However, it is seen the the stator
voltage vector reached its limits. In practice, this behavior is
undesired, but can be avoided by limiting the maximum slope
of the torque command, which is a common practice in traction
drives.

While thew fast changes in the torque command shown
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Fig. 5: Response to commanded torque oscillation at 100 Hz: (a), (d) RFOC; (b), (e) SLF; (c), (f) SLF with full feedforward
terms. Top: time response. Bottom: vector trajectories. Solid vector: starting position. Dashed vector: steady-state position.

in Fig. 4 are not normally needed, there is a number of
operating conditions in which they might be required. This
would include to mitigate torque ripples produced by the 2F
oscillation of the dc-link voltage in ac catenaries when a 2F
filter is not used; to implement anti-slip control and for active
cancellation of torsional torque vibrations. In all these case,
the control should be able to produce torque oscillations at
frequencies around twice the catenary frequency [17].

Fig. 5 shows the dynamic response of the control schemes
under discussion subjected to a torque command oscillating at
100 Hz (which corresponds to 2F for 50 Hz catenaries). While
RFOC (see Fig. 5a) precisely follows the torque command,
SLF is unable to track such fast torque variations (see Fig.
5b). Use of full feedforward 5c) is seen to produce a dynamic
response comparable fo the of RFOC.

All the simulation results shown so far used a linear voltage
source. While useful for validation of the concepts, the use
of the linear voltage source hides effects as the now due to
commutation and the delays intrinsic to PWM which can play
a relevant role in the real system. The proposed method has
also also been validated when feeding the IM from a 3LNPC,
as shown in Fig. 6. A step of 2 kNm is applied at t = 0.5s
then a ramp of 1 kNm is applied at t = 1.5s (see Fig. the left
column of Fig. 6).
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Fig. 6: Response of IM connected to 3LNPC: (a), (b) RFOC;
(c), (d) SLF; (e), (f) SLF with full feedforward terms. Left:
with step/ramp torque command. Right: with 100 Hz injected
oscillation torque command.
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The maximum allowable torque gradient will depend on
each application. A 3 kNm/s has been chosen for the machine
considered in this paper. The torque oscillation injection results
are shown in the right column of Fig. 6. The results confirm
the effectiveness of the proposed method.

VI. CONCLUSIONS

This paper proposes a method to improve the dynamic
response of electric drives using scalar control. The proposed
method uses vector control concepts to obtain feedforward
voltage terms to be applied to the scalar control, being suitable
for its use with electric drives operating at high fundamental
frequencies, and with high modulation indexes, including six-
step.

The proposed methods can achieve a similar dynamic
performance as RFOC. By this way, the deterioration of the
RFOC current regulators performance operating at overmod-
ulation range can be avoided without affecting the overall
performance of the traction drive.

While the proposed concepts can be applied to any electric
drive using scalar control, the specific application being con-
sidered are traction drives for railway. Potential uses would
include mitigation of torque pulsations in ac catenaries for
traction drives operating without 2F filter; anti-slip control and
suppression of torsional torque vibrations.

Preliminary simulation results have been provided in this
paper. Construction of the testbench for experimental valida-
tion is ongoing.
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Abstract—This paper performs a comparative analysis of
overmodulation methods for AC electric drives. Criteria for the
analysis considers three aspects: output vs. commanded modu-
lation index (i.e., linearity); harmonic content; and the number
of commutations (i.e., switching losses). The analysis focuses on
existing methods reported in the literature. Improvements for the
existing methods will be proposed as a result of the analysis. The
analysis is experimentally validated on a three-phase three-level
Neutral-Point-Clamped (NPC) inverter.

I. INTRODUCTION

Overmodulation is used in electric drives to increase the
fundamental output voltage of the inverter. This has two
beneficial effects: 1) an increase of the fundamental output
voltage allows to get more torque at high speed, and con-
sequently more power; 2) the number of commutations, and
consequently, the switching losses in the inverter are reduced
[1]. Unfortunately, this is at the price of an increase of the
distortion of the currents creating torque harmonics with the
subsequent effects as noise, vibration, additional losses in the
machine, etc [2]. Many efforts have been devoted to improving
drive performance in overmodulation [3]–[9]. However, the
analyses reported in the literature primarily focuses on voltage
utilization and harmonic content, the effect on switching losses
being normally ignored. This paper presents a comparative
analysis of overmodulation methods for AC electric drives
using three criteria: output vs. commanded modulation index
(i.e. linearity); harmonic content; and number of commutations
(i.e. switching losses). Thus, the analysis will primarily focus
on existing methods reported in the literature, followed by a
generalized form for improving some of these methods will
be also addressed. Though the methods discussed in this paper
can be applied to any electric drive, they will be of especial
relevance in high power applications in which machine and/or

power converter need to operate close to their thermal limits,
as often occurs in railway traction drives.

II. VOLTAGE SYNTHESIS SUMMARY OF
OVERMODULATION STRATEGIES

The modulation index (Mi) of a three-phase inverter is
given by (1), where V is the peak value of the phase voltage
fundamental component and Vdc is the inverter dc input volt-
age. Modulation methods as Space-Vector Modulation (SVM)
or sine-triangle Pulse-Width Modulation (PWM) with triplen
harmonic injection allow linear operation of the inverter (i.e.
Mi = M∗

i ) up to Mi = 0.907, Mi = 1 being achieved with
six-step modulation.

Mi =
V

2
πVdc

(1)

In the overmodulation range (0.907 ≤ Mi ≤ 1), the
voltage waveform is distorted, which results in odd harmonics.
In addition, the relationship between commanded and actual
modulation index, M∗

i and Mi , becomes non-linear. Several
overmodulation methods that have been reported in the lit-
erature will be summarized following (see Fig. 2), and their
performance will be discussed in Section IV:

A. Minimum-Phase Error (MPE), V ∗
s1

In this strategy, when the reference voltage vector V ∗
s is

outside the hexagon, the applied voltage is obtained as the
intersection between the voltage command and the hexagon
boundary [10]. The results for this method has been omitted
from the paper as it requires infinity gain to reach six-step
operation.
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Fig. 1: Space-vector representation of the modified voltage
vector vs. the reference voltage vector for overmodulation.

B. Minimum-Distance/Magnitude Error (MDE), V ∗
s2

When the reference voltage vector is outside the hexagon,
the output voltage is obtained as the projection of the voltage
command orthogonal to the hexagon boundary (see Fig. 2a)
[10].

C. Switching-state (60◦), V ∗
s3

The output voltage vector is modified to a point in which the
vector difference between the reference and the output voltage
vector makes a 60◦ lagging/leading with the hexagon boundary
on the first/second half of each hexagon sector respectively
(see Fig. 2b) [10].

D. Single-mode, V ∗
s4

When the reference vector exceeds the hexagon boundary,
the output voltage vector is obtained by rotating the reference
voltage, keeping its magnitude constant, until it touches the
hexagon boundary (see Fig. 2c). With this method, six-step
operation is reached when V ∗ = 2

3Vdc [11]. Due to holding
the reference voltage vector at the intersection point, the
phase angle of the reference vector is shifting to the next or
the previous intersection point depending on its location in
the sector. This results in a significant increase of harmonic
components in the output voltage.

E. Dual-mode, V ∗
s5

This method is intended to overcome the single-mode high
harmonic content [12], [13]. Overmodulation is divided into
two modes: a) Mode I (0.907 < Mi ≤ 0.952): only the
magnitude of the reference vector is changed while the phase
angle is kept as its reference. If the reference vector is outside
the hexagon boundary, the output vector is limited to the
hexagon bounds. When the reference vector is inside the
hexagon, the output vector magnitude is increased with an
appropriate value to compensate for the difference in the
reference vector during the operation outside the hexagon
limit.

𝛼
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𝐵

Fig. 3: Proposed generalized form overmodulation strategy: a)
Reference voltage vector, V ∗

s ; b) Modified reference voltage
vector with an arbitrary angle γ, V ∗

sm.

The modified vector magnitude is a function of the reference
angle αr. b) Mode II (0.952 < Mi ≤ 1): both vector
magnitude and phase angle are changed to ensure a smooth
transition of the output voltage vector into square wave, i.e.
six-step (see Fig. 2d). The output voltage vector is limited to
the hexagon boundary while the output phase angle is modified
according to a holding angle αh which is gradually increased
from zero to π

6 at six-step. For online implementation both the
reference and the holding angles are linearized as a function
of the modulation index [13].

III. GENERALIZED FORM OF SPACE-VECTOR PWM IN
OVERMODULATION

From the previous discussion, it can be noticed that
the Minimum-Phase Error, Minimum-Distance Error and
Switching-State methods are based on similar principles, the
only difference being the angle between the voltage vector
being added to the original voltage command and the hexagon
boundary (0◦, 90◦ and 60◦ respectively), as seen in Fig. 1. This
type of overmodulation can be generalized to any arbitrary
angle γ as described following:

1) Assuming the reference voltage vector is located in the
first sector. The reference vector magnitude limited to
the hexagon boundary is calculated in (2), where θ∗ is
the angle of the reference voltage vector.

|V ∗
hex| =

Vdc√
3 cos

(
θ∗ − π

6

) (2)

2) For a given angle γ the triangle ABC shown in Fig. 3
is formed, with the angles α and β being obtained as:

α =

{
θ∗ + π

3 , if 0 ≤ θ∗ ≤ π
6

π − θ∗ − π
3 , if π

6 < θ∗ ≤ π
3

(3)

β = π − α− γ. (4)
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Fig. 2: Reference voltage vector synthesize using different overmodulation methods: (a) Minimum-Distance Error (90◦); (b)
Switching-State (60◦); (c) Single-mode; (d) Dual-mode. Red: reference voltage vector. Blue: modified reference voltage vector.
Green: difference between reference and modified voltage vectors.

3) The modified reference vector can be calculated as
follows:

|A| = |V ∗
s | − |V ∗

hex| (5)

|C| = |A| sin (β)
sin (γ)

(6)

−→
V ∗
sm =

{−→
V ∗
hex + |C| e−j

π
3 , if 0 ≤ θ∗ ≤ π

6−→
V ∗
hex + |C| ej

2π
3 , if π

6 < θ∗ ≤ π
3

(7)

4) Finally, the modified reference voltage vector
−→
V ∗
sm is

rotated for the remaining sectors.

IV. COMPARATIVE ANALYSIS OF OVERMODULATIONM
STRATEGIES

This section compares the performance of the different
overmodulation strategies. As already stated, three aspects
will be considered: a) output to commanded modulation index
(linearity); b) harmonic distortion; and c) number of commu-
tations. The analysis will focus on strategies which can reach
six-step operation; hence the Minimum-Phase Error (MPE)
method is disregarded as it requires an infinite reference
modulation index to reach six-step.

Fig. 4a shows the actual (Mi) vs. commanded (M∗
i ) modu-

lation index for the overmodulation methods stated in section
II. It is seen that the Dual-mode strategy provides a nearly
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Fig. 4: Comparative analysis: a) Mi versus M∗
i ; b) THD, c)

−5th, d) 7th, e) −11th and f) 13th harmonic components vs.
Mi respectively.

linear relationship between the reference and the output volt-
age while the Minimum-Distance Error (MDE) one shows the
worse behavior in this regard. The six-step operation is reached
at a very high (in the range of thousands) value of the reference
modulation index, therefore the reference modulation index
in Fig. 4a is only showed up to the value of 2 for clear
visualization and comparison with other methods. Switching-
State strategy modifies the reference voltage vector to be 60◦

from the hexagon boundary. Six-step operation is achieved
in this case for M∗

i
∼= 1.5. Holding the reference voltage

vector at the hexagon boundary to compensate for the interval
being outside the hexagon (i.e. Single-mode), will fasten the
achievability of the six-step operation to M∗

i
∼= 1.047 [11].

To conclude this discussion, it is important to note that the
non-linear relationship between the commanded and actual
modulation index can potentially be compensated by pre-
warping the commanded modulation index, either a look-up
table or an analytical function can be used for this purpose.

The main concern using overmodulation are the low-order
harmonics introduced in the output voltage waveform, which
will be transferred to the currents and eventually to torque. Fig.
4b shows the Total Harmonic Distortion (THD) considering
the −5th, 7th, −11th and 13th harmonic components. It is
noted that the Single-mode method shows the worst behavior,
while for the other methods subject of this analysis only minor

differences are observed. The individual harmonic distortion
for the −5th, 7th, −11th and 13th components are shown in
Fig. 4c-f respectively. It is seen that Minimum-Distance Error
and Dual-mode have lower harmonic content for most of the
overmodulation range. However, the Switching-State method
has lower distortion in certain harmonic components for a
specific modulation index range. For instance, the 7th from
M∗
i = 0.9 to M∗

i = 0.95 and the −11th from M∗
i = 0.958

to M∗
i = 0.98, Switching-State method becomes superior for

these ranges regarding to harmonic content.
Another important aspect which is often neglected in the

literature are the switching losses, which are especially rel-
evant for medium-voltage high-power drives. The number of
commutations per quarter of cycle was obtained by means of
simulation. This number is a function of the modulation index
and the ratio between switching frequency and fundamental
frequency, (ωswωf ). Fig. 5 shows the results for a ratio of 100
and 10 respectively. The Single-mode strategy shows the worst
performance, while none of the other methods is superior
(i.e., has less commutations) for all modulation indexes and
switching to fundamental ratios.
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Fig. 5: Number of commutations per quarter cycle of the fund-
amental frequency, of the different overmodulation methods
vs. Mi for a switching to fundamental frequency ratio: a)
ωsw
ωf

= 100; b) ωsw
ωf

= 10.

The same analyses was repeated using the proposed general
form discussed in section III. By comparing the results in Fig.
6 and Fig. 7, it can be concluded that the lower the angle, the
higher the linearity, THD, and number of commutations. The
maximum output voltage is found at 1.047 of the commanded
modulation indexes, which is similar to the Single-mode
method. But again, taking into consideration the individual
low-order harmonic components, none of the angles provides
the best solution over the whole overmodulation range.

Optimal overmodulation strategy can be achieved by com-
bining at least two overmodulation methods as a function of
modulation index. As the minimum number of commutations
and minimum low-order harmonic distortion (especially −5th
& 7th) are usually the requirements for traction drives, a
combination of Switching-State and Dual-mode could provide
the best performance over the whole overmodulation range.

V. EXPERIMENTAL VALIDATION

Fig. 8 shows the hardware setup of the test bench used
for experimental verification. Control is implemented on a

Authorized licensed use limited to: UNIVERSIDAD DE OVIEDO. Downloaded on June 16,2021 at 07:48:57 UTC from IEEE Xplore.  Restrictions apply. 

B.2 Conference publications

274



1 1.2 1.4 1.6 1.8 2
M$

i

0.9

0.95

1

M
i 90o

75o

60o

45o

30o

15o

(a)

0.9 0.92 0.94 0.96 0.98 1
Mi

0

10

20

30

T
H

D
[%

]

90o

75o

60o

45o

30o

15o

(b)

0.9 0.92 0.94 0.96 0.98 1
Mi

0

10

20

30

!
5

th
H

a
r
m

o
n
ic

[%
] 90o

75o

60o

45o

30o

15o

(c)

0.9 0.92 0.94 0.96 0.98 1
Mi

0

10

20

30

7
th

H
a
r
m

o
n
ic

[%
] 90o

75o

60o

45o

30o

15o

(d)

0.9 0.92 0.94 0.96 0.98 1
Mi

0

10

20

30

!
1
1

th
H

a
r
m

o
n
ic

[%
] 90o

75o

60o

45o

30o

15o

(e)

0.9 0.92 0.94 0.96 0.98 1
Mi

0

10

20

30

1
3

th
H

a
r
m

o
n
ic

[%
] 90o

75o

60o

45o

30o

15o

(f)

Fig. 6: Comparative analysis as a function of γ angle: a) Mi

versus M∗
i ; b) THD, c) −5th, d) 7th, e) −11th and f) 13th

harmonic components vs. Mi respectively.
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Fig. 7: Number of commutations per quarter cycle of the fund-
amental frequency, of the different overmodulation methods as
a function of γ angle vs. Mi for a switching to fundamental
frequency ratio: a) ωsw

ωf
= 100; b) ωsw

ωf
= 10.

TMS320F28335 DSP. A three-level 4 kV NPC three-phase
inverter was used. For the experiments presented in this paper,
the dc-link was limited to 600V. The switching and sampling
frequencies are 1 kHz, a dead-time of 4 µs is used.

The measured phase-a to dc mid-point voltages is shown
in Fig. 9. It can be noticed that the switching pattern of
Minimum-Distance Error and Switching-State methods are
still far from six-step operation even at (M∗

i = 1.1). The
transition from linear modulation to six-step is achieved in
both Single-mode (see Fig. 9c) and Dual-mode (see Fig. 9d).
However, Dual-mode reaches six-step faster with less number

(a)

(b)

Fig. 8: Test bench for overmodulation strategies: a) Schematic
representation of the laboratory setup; b) 4 kV/40A three-level
NPC ELINSA inverter.

of commutations which confirms the simulation results in
section IV (see Fig. 9c vs. Fig. 9d at M∗

i = 0.94 and
M∗
i = 0.98).
Despite of the main aspects compared in this section, the

dynamic performance plays an important role in selecting the
appropriate overmodulation strategy for electric drives. Usu-
ally, overmodulation methods with larger gains are preferred
for such applications which involves current regulators [14],
[15]. Further investigation of the dynamic performance of
overmodulation strategies and the transition from one method
to another for optimal overmodulation is ongoing.

VI. CONCLUSIONS

In this paper, comparative analysis of four overmodula-
tion strategies for electric drives reported in the literature is
performed: Minimum-Distance Error (90◦), Switching-State
(60◦), Single-mode, and Dual-mode. Furthermore, a gener-
alized overmodulation method with an arbitrary angle γ is
presented. Criteria considered for the analysis are: 1) linearity,
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Fig. 9: Measured voltage of phase a to dc mid-point of three-level NPC (Va0) for different overmodulation methods: (a)
Minimum-Distance Error (90◦); (b) Switching-State (60◦); (c) Single-mode; (d) Dual-mode.

2) harmonic distortion, and 3) number of commutations. A
finding is that by decreasing the angle between the voltage
vector added to the original voltage command and the hexagon
boundary, linearity is increased at the price of an increase
in the harmonic distortion and number of commutations.
It is concluded that none of the analyzed methods achieve
the best performance for the whole overmodulation range
and switching to fundamental frequency ratio. Optimal per-
formance would be achieved by combining Switching-State
and the Dual-mode. Preliminary simulation and experimental
results have been provided.

Analysis of the dynamic transition between different over-
modulation methods, both for open loop operation as well as
in current controlled drives is a subject of ongoing research.
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A B S T R A C T
Modern railway traction systems are equipped with anti-slip control to avoid excessive slipping of
locomotive wheels, which is compulsory due to both performance and safety concerns. A certain
amount of slip is often needed to increase the torque transferred by the traction motors onto the rail.
Finding the slip at which maximum traction force is achieved is challenging due to the non-linear
relationship between slip and wheel-rail adhesion coefficient, as well as to its dependence on rail and
wheel conditions. The constant slip control strategy can be used instead but at the price of not fully
utilizing the train traction/braking capability, which will penalize train performance.

In this paper three slip control strategies are compared: constant slip velocity; perturb and observe
(P&O); and steepest gradient (SG), the last two methods being intended for maximum adhesion
tracking (MAT). Additionally, new advanced MAT strategies using Fuzzy Logic Controller (FLC)
and Particle Swarm Optimization (PSO) will be proposed. All the methods will be simulated and
further validated experimentally and compared using a scaled Roller Rig.

1. Introduction
Optimized utilization of traction/braking force is a key

aspect in modern railway traction systems for multiple rea-
sons, including safety, performance, reliability, and energy
efficiency.

Traction force is defined as the force developed by the
traction motor being transferred to the rail through the train
vehicle’s wheel to achieve the desired train speed. Maxi-
mizing the traction force leads to more efficient and faster
acceleration/deceleration rates. This allows achieving the
planned travel speed-distance profile precisely, avoiding trip
delays and reducing energy consumption. Therefore, imple-
mentation of control methods able to maximize the traction
force becomes crucial to traction systems manufacturers and
train service providers.

The traction force that can be transferred to the rail will
be limited by the friction between the driven wheels and
the steel rail. The adhesion limit will depend on the normal
load and the friction coefficient of the contact point, also
known as the adhesion coefficient. Adhesion coefficient is
a non-linear function slip [1]. Slip/skid phenomenon occurs
when the traction force surpasses the adhesion limit during
traction/braking. Excessive slip or skid will result in an
increase in wheel wear and a reduction of the overall traction
performance. Therefore, many efforts have been devoted to
limiting the slip/skid between the wheel and the rail [2, 3, 4].

abouzeidahmed@uniovi.es; ahmed_abouzeid@eng.psu.edu.eg (A.F.
Abouzeid); guerrero@uniovi.es (J.M. Guerrero);
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ORCID(s): 0000-0002-2239-7972 (A.F. Abouzeid);
0000-0001-5529-9837 (J.M. Guerrero); 0000-0002-6658-8746 (F. Briz)

Both direct and indirect re-adhesion control methods have
been proposed to limit the slip within a predefined threshold
[5, 6, 7, 8]. The main demerit of these traditional re-adhesion
methods is that the traction capability is not fully utilized.

Finding the slip velocity at which the maximum adhesion
occurs is a challenging task. This is due to the unpredictabil-
ity of the wheel-rail contact condition, and consequently
the difficulty of estimating the adhesion coefficient. In [9],
Perturb and Observe (P&O) method similar to those used
for photovoltaic panels was applied for MAT. The slip con-
troller increases the slip velocity command gradually and the
tractive force is monitored and stored. If the maximum point
is overstepped, the slip velocity command is decreased to
bring the operating point back to the stable region. In [10]
authors propose to use the adhesion force derivative. The slip
velocity command is corrected according to the slope of the
adhesion curve, i.e., the slip command increases when the
slope of the curve is positive which means that the operating
point is in the stable region. If the slope of the adhesion curve
is negative, the operating point is in the unstable region and
the slip command should be decreased. The previous two
methods will be discussed in more detail and tested in this
paper.

Several approaches have been proposed using Kalman
Filters to avoid measurement noise and the computation
of derivatives used in [10]. However, these methods rely
on the mathematical model of the mechanical drive train
and require accurate parameter estimates [11, 12, 13]. The
authors in [14] proposed an adaptive sliding mode control
to stabilize wheel slip and improve traction performance but
this method requires accurate measurement of the adhesion
force, which is not easy to achieve in practice. Additionally,
advanced slip control techniques using model predictive
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control and adhesion swarm intelligence can be found in
[15, 16, 17, 18, 19]. Though these methods show good ad-
hesion performance, they either lack experimental validation
[16, 17, 18] or suffer from implementation complexity and
high computational burden [15, 19].

The aim of this paper is twofold: First, existing slip
control strategies intended for maximum utilization of the
available adhesion will be discussed. Then, two new meth-
ods for MAT will be proposed, using Fuzzy Logic Control
(FLC) and Particle Swarm Optimization (PSO) respectively.
Existing and proposed slip control methods will be simulated
and validated experimentally on a scaled roller rig. A com-
parative analysis will be included considering computational
burden, tuning easiness, MAT searching capability, steady-
state response, and Signal Smoothness.

The structure of the article is summarized as follows:
section 2 includes an overview of the design and the overall
control scheme of the scaled roller rig with wheel-rail con-
tact emulator; section 3 summarizes the existing slip velocity
control methods considered for MAT applied in real trains;
section 4 includes the two proposed MAT strategies; section
5 includes an assessment and comparative analysis of all the
methods being considered; conclusions are finally discussed
in section 6.

2. System Model and Test bench Description
One of the limitations perceived during the review of the

state of the art was that the different methods were validated
using different platforms. This makes it extremely difficult
to perform a fair comparative analysis. To overcome this
limitation, all the methods considered in this paper will be
tested in the same test rig. System model as well as test rig
design and control are presented in this section.
2.1. Wheel-rail contact emulator

Roller rigs combined with simulation verification are
convenient replicas for evaluating control techniques of rail-
way traction drives during pre-service commissioning. Full-
scale or scaled roller rigs can be used for the purpose of
producing the same dynamics of the actual train moving
on a rail. Scaled roller rigs are preferred due to cost, size,
and manufacturing obstacles. However, special care must
be taken for the selection of the scaled parameters during
the design process to reproduce as precisely as possible the
behavior of the full-scale system. In this paper, Manchester
Metropolitan University (MMU) method is used [20]. In this
approach, the locomotive mass is considered to be equally
distributed amongst the wheels and the nominal linear wheel
speed is scaled by 1∕5 factor [21]. The full design process
and scaling parameters of the scaled roller rig used in this
paper can be found in [22].

Fig. 1 shows a schematic representation of the scaled
roller rig where the smaller wheel represents one of the
locomotive wheels and the bigger wheel, referred to as roller,
represents the rail. Two induction motors (IMs) are used to
drive both wheels via a transmission belt system. The normal
force 𝐹𝑁 applied to the wheel is adjusted manually with a

𝐹𝑁
𝜇

𝑣𝑠𝑙𝑖𝑝

Contact Point

Wheel

Roller

Dynamometer

Adjustable 

Load 

Wheel Motor

Roller Motor

𝜔𝑚_𝑅

𝜔𝑚_𝑊

Wheel – Rail 

Emulator

Belt Transmission

Nozzle𝐹𝑎

Figure 1: Schematic representation of the scaled roller rig.

spring system including a dynamometer for fine force tuning.
The test bench has a water-spraying nozzle to emulate wheel-
rail wet conditions.

Adhesion coefficient 𝜇 is defined in (1) as the ratio
between the adhesion force 𝐹𝑎 being transferred from the
wheel to the roller and the normal force applied to the wheel
𝐹𝑁 . Adhesion is a non-linear function that depends on the
slip velocity between the wheel and roller, ambient factors
such as humidity and ambient temperature, and the surface
condition of the contact point [23]. The slip velocity is given
by (2), where 𝜔𝑚𝑊

, 𝜔𝑚𝑅
and 𝑟𝑊 , 𝑟𝑅 are the mechanical

speed of the induction motors (IM) in electrical units (rad/s)
and the radius of both wheel and roller respectively.

𝜇 =
𝐹𝑎
𝐹𝑁

(1)
𝑣𝑠𝑙𝑖𝑝 = 𝑣𝑊 − 𝑣𝑅 (2)

where 𝑣𝑊 = 𝜔𝑚𝑊
⋅ 𝑟𝑊 ; 𝑣𝑅 = 𝜔𝑚𝑅

⋅ 𝑟𝑅

The adhesion torque (i.e., load torque) can be expressed
as the adhesion force exerted on the wheel multiplied by its
radius (3).

𝑇𝑊 = 𝐹𝑎 ⋅ 𝑟𝑊 = 𝜇 ⋅ 𝐹𝑁 ⋅ 𝑟𝑊 (3)
The electromagnetic torque developed by the wheel mo-

tor 𝑇𝑒_𝑊 and transferred to the wheel 𝑇𝑊 via belt transmis-
sion is given by (4) where 𝑅𝑔_𝑊 is the wheel gear ratio.

𝑇𝑒_𝑊 =
𝑇𝑊
𝑅𝑔_𝑊

=
𝜇 ⋅ 𝐹𝑁 ⋅ 𝑟𝑊

𝑅𝑔_𝑊
(4)

The same relation can be developed for the roller side
where 𝑇𝑒_𝑅, and 𝑅𝑔_𝑅 are the roller motor electromagnetic
torque, and roller gear ratio respectively.

𝑇𝑒_𝑅 =
𝑇𝑅
𝑅𝑔_𝑅

=
𝜇 ⋅ 𝐹𝑁 ⋅ 𝑟𝑅

𝑅𝑔_𝑅
(5)
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Figure 2: Overall control scheme of scaled roller rig for slip velocity control.

2.2. Scaled roller rig overall control scheme
Wheel and roller motors are fed from three-phase invert-

ers which share the same dc link (see Fig. 2). The dc link is
fed from the grid by means of a diode rectifier. A commercial
drive using Rotor Field Oriented Control (RFOC) with an
outer speed control loop (see right side of Fig. 2) is used to
control the roller.

On the other side, the wheel motor is fed from a custom
drive built to implement the different control strategies for
MAT functionality. The control scheme of the custom drive
contains the same structure as the roller commercial drive
except for the speed control block that is replaced by the
slip velocity control block (see the gray block on the left
side of Fig. 2). Further details are provided in Section 5.
The slip velocity control block requires additional signals:
reference torque 𝑇 ∗

𝑒_𝑊 , reference slip velocity 𝑣∗𝑠𝑙𝑖𝑝, and
torque estimate �̂�𝑒_𝑊 . The signals involved depend on the
MAT method being used. In all cases, knowledge of roller
speed is essential, which implies that real train velocity
should be known in the real system.

For the following discussion and simulations, it is as-
sumed that the roller drive control is set to speed control
mode running with a constant speed. This is consistent with
the case of a train that has a very large inertia. Meanwhile,
the wheel drive operates with torque control; the slip ve-
locity controller remains disabled unless the actual slip sur-
passes the established limit (see Fig. 3). The torque reference
𝑇 ∗
𝑒_𝑊 is transferred to the wheel drive torque command,

i.e, 𝑇 ∗′′
𝑒_𝑊 = 𝑇 ∗

𝑒_𝑊 unless wheel slip is detected. In this
case, the slip velocity control is activated and the torque
command generated from the slip speed controller is passed
by the (𝑀𝑖𝑛) function, i.e., 𝑇 ∗′′

𝑒_𝑊 = 𝑇 ∗′
𝑒_𝑊 . Wheel speed

reference 𝜔∗
𝑚_𝑊 is obtained from the slip velocity control

block considering the gear ratio, i.e. 𝜔∗
𝑚_𝑊 = 𝑅𝑔_𝑊

𝑟𝑊
⋅ 𝑣𝑊 ,

where 𝑣𝑊 is the wheel linear speed in m/s. A dynamic
limiter is added for the slip speed controller to avoid wind-up
problems in the Propositional-Integral (PI) controller when
the slip speed control is not active [22]. Different slip control
modes are discussed following.

𝑣𝑊(𝑘)
∗ +

𝜔𝑚_𝑊(𝑘)

PI
−

𝑇𝑒_𝑊(𝑘)
∗′′

𝜔𝑚_𝑊(𝑘)
∗

Speed Controller

Dynamic 

Limiter

𝑅𝑔_𝑊

𝑟𝑊

𝑇𝑒_𝑊(𝑘)
∗′

Slip Control 

Mode Selection 

𝑇𝑒_𝑊(𝑘)𝜔𝑚_𝑅(𝑘)𝜔𝑚_𝑊(𝑘)

Rate Limiter
Slip Velocity Control

𝑇𝑒_𝑊(𝑘)
∗

𝑣𝑠𝑙𝑖𝑝(𝑘)
∗

Figure 3: Detailed slip velocity control block diagram. Slip
Control Mode Selection block is explained in Sections 3 and 4.

3. Overview of Wheel-Rail Slip Velocity
Control Methods
This section reviews the slip velocity control methods

reported in the literature. Simulation results using the down-
scaled test rig are provided. Experimental results will be
shown in section 5.

The slip velocity control mode in Fig. 3 can be selected
either with constant or variable slip velocity. Variable slip
mode can be based on train speed where the slip velocity
reference value is changing along the whole trip, and con-
tinuously adapting the slip velocity command to track the
maximum adhesion. The classification of the slip control
mode is summarized in Fig. 4, and the discussion of each
method is provided in the following subsection.
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Existing Methods
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Figure 4: Classification of slip velocity control mode.

3.1. Constant slip velocity control
This method is the simplest solution for slip control,

being likely the most common choice for anti-slip protection
in railway applications [3]. In this control mode, slip velocity
reference 𝑣∗𝑠𝑙𝑖𝑝 is added to the train velocity and sent to the
wheel speed controller as seen in Fig. 5. In this paper, it
is assumed that the train speed is measured. Methods to
measure or estimate the train’s linear speed can be found in
[24, 25, 26]. Slip velocity reference is selected based on field
tests and the train’s driver experience, being generally in the
range of ≈ 0.5 to 1.0 m/s [3]. Regardless of its simplicity,
the main demerit of this method is that it does not usually
operate at the maximum adhesion point.

+

𝑟𝑅

𝑅𝑔_𝑅

𝜔𝑚_𝑅(𝑘)

+

𝑣𝑊(𝑘)
∗

𝑣𝑅(𝑘)

𝑣𝑠𝑙𝑖𝑝(𝑘)
∗

Figure 5: Constant slip velocity control command generation.

Fig. 6(a) shows simulation results using this method. The
adhesion profiles used are shown in Fig. 6(b). A torque ramp
with a final value of 10 Nm is commanded. The adhesion is
lost when the actual torque reaches ≈ 5 Nm (see Fig. 6(a)-
top). Slip velocity control is then activated with a 1.0 m/s
set point (see third subplot in Fig. 6(a)). The response of slip
control to changes in the wheel-roller adhesion conditions
is also simulated as shown in Fig. 6. Constant slip velocity
control is seen to provide a good dynamic response, with
deviations from the target sleep corrected in ≈ 1 s, and not
exceeding ≈ 0.2 m/s.
3.2. Variable slip velocity control with maximum

adhesion estimation
These methods are aimed to operate at the slip speed

providing maximum adhesion. This will require maximum
adhesion estimation. Subsections 3.2.1 and 3.2.2 discuss
methods already reported in the literature. Two new methods
will be proposed in Section 4

Profile 1 Profile 2 Profile 3

(a)

0.45

0.37

0.225

1

2

Transient

3

(b)

Figure 6: Constant slip velocity control (simulation): (a)
transient response; (b) adhesion profiles. 1○ 𝑃1 ∶ 𝑡 < 7 s;
2○ 𝑃2 ∶ 7 s< 𝑡 < 11 s; 3○ 𝑃3 ∶ 𝑡 > 11 s.

3.2.1. Perturb and Observe (P&O)
In this method, the slip velocity is indirectly controlled

by perturbing the wheel acceleration as seen in Fig. 7. The
wheel velocity command 𝑣∗𝑊 is obtained by integrating the
wheel acceleration command which is a combination of the
current acceleration 𝑎𝑊 and a constant value Δ𝑎 as given
by (6) and (7). Selection of 𝑎0 or 𝑎1 is based on Perturb
and Observe (P&O) technique to track the maximum torque
[9, 27].

𝑎0 = 𝑎𝑊 − Δ𝑎 (6)
𝑎1 = 𝑎𝑊 + Δ𝑎 (7)

The operation of MAT strategy can be summarized as
follows:
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Figure 7: Perturb and Observe (P&O) slip velocity control
mode block diagram.

• The acceleration of the traction motor wheel is ini-
tially perturbed (e.g. increased). The developed torque
during this process is stored. The maximum torque
value during the perturbation period 𝑇 𝑚𝑎𝑥

𝑒(𝑘) is held and
subtracted from the current torque value obtaining
Δ𝑇𝑒 (see Maximum Torque Search block in Fig. 7).

• Δ𝑇𝑒 is sent to the Search Logic Decision block, which
will choose between 𝑎0 and 𝑎1 using a binary output
signal 𝑆𝑚(𝑘). The search logic task is to adapt the
operating point either by increasing or decreasing
the acceleration command based on the current load
torque compared to the maximum stored value during
perturbation. If Δ𝑇𝑒 > 𝑇𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 , then the current
torque 𝑇 ∗′′

𝑒_𝑊 is moving apart from the peak of the ad-
hesion curve thus the search logic block output 𝑆𝑚 =
0 to decelerate the wheel and bring the operating point
back to the peak of the curve (see Signal Adaptation
block in Fig. 7).

• A reset signal generated in the Search Logic in Fig. 7
is used to reset the counter in the Maximum Torque
Search block which handles the perturbation period.
Consequently, the operating point is expected to be
alternating around the peak of the adhesion curve with
no need for additional speed measurement, i.e. train
velocity.

The main drawback of this method is that it creates
additional ripples in the machine torque, which depend on
the perturbation period. This might contribute to undesired
oscillations in the mechanical drive train torsional elements
[28].

Fig. 8 shows the simulation results of the roller rig
emulator using P&O method slip velocity control. Operating
conditions are the same as in Fig. 6. Significant excursions
around the peak of the adhesion curve are observed in Fig.
8(b), especially for the case of 𝑃1 which corresponds to the
highest adhesion level, i.e. dry condition. Also, it is found
that the P&O method has a slow dynamic response while
searching for the peak. Finally, peak searching capability

Profile 1 Profile 2 Profile 3

(a)

1

2

Peak Searching

3

(b)

Figure 8: Variable slip velocity control using Perturb and Ob-
serve (P&O) (simulation): (a) transient response; (b) adhesion
profiles. 1○ 𝑃1 ∶ 𝑡 < 7 s; 2○ 𝑃2 ∶ 7 s< 𝑡 < 11 s; 3○ 𝑃3 ∶ 𝑡 > 11 s.

becomes more challenging with flat adhesion curves like 𝑃2and 𝑃3 (see Fig. 8(b)).
3.2.2. Steepest Gradient

This approach takes advantage of the non-linear behavior
of the adhesion-slip characteristic curve to track the maxi-
mum adhesion. As already known, the adhesion-slip charac-
teristic is divided into two regions as shown in Fig. 9(a): 1)
micro-slip (stable) region, where the adhesion coefficient 𝜇
increases with the slip velocity 𝑣𝑠𝑙𝑖𝑝 till reaches its maximum
value; 2) macro-slip (unstable), where any increase in slip
velocity will decrease the adhesion coefficient and would
drive the traction system to instability.
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Defining the increments of the adhesion coefficient and
slip velocity as (8) and (9) respectively, the slope of the
adhesion-slip curve is given by (10).

Δ�̂�(𝑘) = �̂�(𝑘) − �̂�(𝑘−1) (8)
Δ𝑣𝑠𝑙𝑖𝑝(𝑘) = 𝑣𝑠𝑙𝑖𝑝(𝑘) − 𝑣𝑠𝑙𝑖𝑝(𝑘−1) (9)
𝐾𝑣𝑠𝑙𝑖𝑝(𝑘) =

Δ�̂�(𝑘)
Δ𝑣𝑠𝑙𝑖𝑝(𝑘)

(10)

The slope 𝐾𝑣𝑠𝑙𝑖𝑝(𝑘) is positive in the micro-slip region,
and negative in the macro-slip region, being zero at the peak
of the adhesion-slip curve [see Fig. 9(a)]. Hence, tracking the
maximum adhesion in the steepest gradient method would
be naturally done by adding the current gradient of the
adhesion-slip curve to the previous slip velocity as shown
in (11). Gain 𝛼 in (11) is an adaptation constant.

𝑣∗𝑠𝑙𝑖𝑝(𝑘) = 𝑣𝑠𝑙𝑖𝑝(𝑘−1) + 𝛼 ⋅𝐾𝑣𝑠𝑙𝑖𝑝(𝑘) (11)
According to (11), if the operating point is in the micro-

slip region, the adhesion-slip gradient 𝐾𝑣𝑠𝑙𝑖𝑝(𝑘) is positive
and the slip velocity command is increased. Contrarily,
if the operating point falls in the macro-slip region, the
gradient added is negative, and the slip velocity command
is decreased. Once the maximum adhesion is reached, the
adhesion-slip gradient is zero and no change is applied to
the slip velocity. The block diagram of the steepest gradient
method is shown in Fig. 9(b).

As the adhesion coefficient 𝜇 in an actual locomotive
cannot be measured, estimation is required. A disturbance
observer is commonly used for adhesion estimation using
(12).

�̂� = �̂�𝑙_𝑊
𝑅𝑔_𝑊
𝐹𝑁 ⋅ 𝑟𝑊

(12)

�̂�𝑙_𝑊 can be estimated from (13), where 𝛽𝑚 and 𝐽𝑚 are
the viscus friction and inertia of the traction wheel motor,
respectively.

�̂�𝑙_𝑊 = �̂�𝑒_𝑊 − 𝛽𝑚𝜔𝑚_𝑊 − 𝐽𝑚�̇�𝑚_𝑊 (13)
To avoid the pure derivative in (13), a low pass filter can

be used instead (14).

�̂�𝑙_𝑊 (𝑠) = �̂�𝑒_𝑊 (𝑠) − 𝜔𝑚_𝑊 (𝑠)

[
𝛽𝑚_𝑊 + 𝐽𝑚𝑠

( 1
𝜏𝑠 + 1

)]

(14)
Two low-pass filters are used to attenuate the measure-

ment noise in the slip velocity signal and the estimated adhe-
sion coefficient prior to the discrete differentiation realized
by 𝐷(𝑧) blocks.
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∆ෝ𝜇(𝑘)
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Figure 9: Steepest Gradient slip velocity control mode. (a)
adhesion-slip curve and involved incremental variables; (b)
Block diagram.

Simulation results for this method are shown in Fig. 10.
Due to the differentiation of signals used to estimate the
adhesion slope Δ ̂𝜇(𝑘)

Δ𝑣𝑠𝑙𝑖𝑝(𝑘)
, Steepest Gradient (SG) method suf-

fers from high oscillations attempting to keep the operating
point at the peak of the adhesion-slip curve [see Fig. 10(a)].
This becomes obvious for the adhesion profiles with higher
slopes like𝑃1 as the resulting slope correction signal𝐾𝑣𝑠𝑙𝑖𝑝(𝑘)increases dramatically for the next step of the slip velocity
command. Contrarily, with lower adhesion slopes such as 𝑃2and 𝑃3, the correction signal moderately increases with the
assumption of using constant correction factor 𝛼. However,
it can be noticed in this method that the operating points
are closer to the peak of the adhesion-slip curves for all the
profiles. However, the peak searching space is still high [see
Fig. 10(b)].

4. Proposed MAT Techniques for Railways
As discussed in subsection 3.2, operation with variable

slip will require estimation of maximum adhesion. Two new
methods are proposed and assessed in this section, based
on Meta-heuristic Fuzzy Logic Control and Particle Swarm
Optimization respectively.
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Figure 10: Variable slip velocity control using Steepest Gradi-
ent method (simulation): (a) transient response; (b) adhesion
profiles. 1○ 𝑃1 ∶ 𝑡 < 7 s; 2○ 𝑃2 ∶ 7 s< 𝑡 < 11 s; 3○ 𝑃3 ∶ 𝑡 > 11 s.

4.1. MAT Using Meta-heuristic Fuzzy Logic
Control

Fuzzy Logic Control (FLC) is a knowledge-based con-
trol technique that uses linguistic rules designed for com-
plex, uncertain, and non-linear systems without requiring
mathematical models and/or parameter estimation [29, 30].
FLC was first introduced for anti-lock braking systems
(ABS) in railway traction applications to prevent wheel skid
on the rail, resulting in high braking performance and con-
sequently lower braking distance compared to conventional
PID controller [31, 32, 33, 34]. Later, FLC concept has been
extended for wheel slip prevention and speed profile tracking
in electric trains [35, 36, 37, 38]. The use of FLC for MAT
is developed following.
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Figure 11: MAT using Fuzzy Logic Control (FLC) block
diagram.
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Figure 12: MAT using FLC procedure. (a) Adhesion-slip curve
strategy; (b) Flowchart representation.

The proposed block diagram is shown in Fig. 11. It uses
the same slip command adaptation concept of the Steepest
Gradient method for tracking the peak of the adhesion curve
[see Fig. 9(a)]. However, the change in the slip command
𝑣∗𝑠𝑙𝑖𝑝(𝑘) is adapted and generated automatically by the FLC
block. From (4), it can be seen that the estimated wheel
motor torque is proportional to the adhesion coefficient 𝜇
as the normal force 𝐹𝑁 , the radius of the wheel 𝑟𝑊 and
the gear ratio 𝑅𝑔𝑊 are already known. Thus the load torque
estimation �̂�𝑙_𝑊 using the disturbance observer in Fig. 9(b)
is not required anymore and the FLC rules can be applied to
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the estimated motor torque �̂�𝑒_𝑊 . �̂�𝑒_𝑊 is already available
since it is used for the drive torque control as shown in Fig. 2.

The procedure for MAT using FLC is summarized in
Fig. 12 including the flowchart shown in Fig. 12(b).

Like the conventional FLC structure, the FLC block of
the proposed method (see Fig. 11) contains the input fuzzi-
fication, the fuzzy interface, and the output defuzzification
respectively as seen in 13(a). The fuzzification block consists
of two membership functions that create the linguistic rules
of the input variables, i.e. the Δ�̂�𝑒(𝑘) and Δ𝑣𝑠𝑙𝑖𝑝(𝑘). Then,
the fuzzy interface correlates the linguistic rules with the
knowledge base for maximum adhesion-slip curve tracking.
Finally, the fuzzified output rules are transformed back to
real numbers using the defuzzification membership function.
The rules used in 13(b) are denoted for: NB is Negative
Big; NS is Negative small; Z is zero; PS is Positive Small,
and PB is Positive Big. The choice of the input and output
parameters (𝑥2, 𝑥1 & 𝑦2, 𝑦1) will depend on field tests and
trains’ driver expertise. In this paper, the input parameters
are assigned as 𝑥2 = 15 Nm, 𝑥1 = 𝑥2∕2 = 7.5 Nm for
torque increment, 𝑥2 = 1.0 m/s, 𝑥1 = 𝑥2∕2 = 0.5 m/s
for slip velocity increment, and the output parameters are
𝑦2 = 0.5 m/s, 𝑦1 = 𝑦2∕2 = 0.25 m/s for the updated slip
velocity command.
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Figure 13: Fuzzy Logic Control (FLC) scheme. (a) Basic FLC
structure; (b) Input/Output Membership functions and Rules
base for MAT-FLC.

Simulation results of the proposed MAT-FLC method
are shown in Fig. 14. The improved dynamic response and
reduced oscillations are readily visible comparing Fig. 14(a)
with Fig. 8(a) and 10(a). The maximum adhesion of �̂� =
0.45 for 𝑃1 is achieved in < 1s. The searching space is also
decreased as observed comparing Fig. 14(b) with Fig. 8(b)
and 10(b).

Profile 1 Profile 2 Profile 3

(a)

1

2

Peak Searching

3

(b)

Figure 14: MAT using the proposed MAT-FLC (simulation):
(a) transient response; (b) adhesion profiles. 1○ 𝑃1 ∶ 𝑡 < 7 s;
2○ 𝑃2 ∶ 7 s< 𝑡 < 11 s; 3○ 𝑃3 ∶ 𝑡 > 11 s.

For adhesion profiles 𝑃1 and 𝑃2, MAT-FLC was able
to find the maximum adhesion-slip point. However, for 𝑃3,
the maximum adhesion found by the algorithm was ≈ 12%
smaller than the optimal value, with an error of ≈ −40% in
the estimated optimal slip velocity. This error can be min-
imized by modifying the membership functions and rules
used in the FLC. Thus, adaptive tuning of FLC for multiple
adhesion profiles to track the peak of the adhesion curve is
needed. Implementing adaptive tuning algorithms increases
the complexity of the proposed MAT-FLC [39, 40, 41, 42,
43]. A new approach for MAT estimation that overcomes this
problem is proposed in the next subsection.
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4.2. MAT Using Particle Swarm Optimization
Particle swarm optimization (PSO) is a population-based

stochastic optimization algorithm inspired by the movement
of organisms such as flocks of birds or schools of fish [44].
PSO concept has roots in artificial life and evolutionary
computation, intended for optimizing non-linear functions
[45, 46]. PSO algorithm is simple, computationally efficient,
and effective in solving a variety of problems for different
applications [39, 47]. Maximum Power Point Tracking using
Particle swarm optimization (MPPT-PSO) is considered one
of the most popular evolutionary optimization algorithms in
solar Photo-Voltaic (PV) systems due to its high tracking
speed, ability to operate under different environmental con-
ditions, and fast computational capability [48, 49, 50, 51, 52,
53].
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Figure 15: MAT using Particle Swarm Optimization (PSO)
block diagram.

The PSO algorithm contains a swarm of individuals (par-
ticles) at random positions, where each particle represents a
possible solution to the problem under investigation. To find
the optimal solution, all particles follow a similar behavior,
e.g., the position of any particle is influenced by the best
particle in the neighborhood (𝑝𝑏𝑒𝑠𝑡) as well as the best solu-
tion found by all the particles in the entire population (𝑔𝑏𝑒𝑠𝑡).The best solution here is referred to the solution which
satisfies the selected criterion (fitness function), e.g., to find
the global minimum, the global maximum, etc. The particle
position adjustment can be represented mathematically as
(15) and (16), where 𝑥𝑖(𝑘+1) and 𝑢𝑖(𝑘+1) represent the current
position and velocity of particle 𝑖 respectively;𝑤 is an inertia
weighting parameter; 𝑐1 and 𝑐2 are acceleration coefficients;
𝑟1 and 𝑟2 are random numbers between 0 to 1; 𝑝𝑖𝑏𝑒𝑠𝑡 is the
best solution of particle 𝑖 in the previous iteration 𝑘, 𝑔𝑏𝑒𝑠𝑡 is
the best solution of all particles in the previous iteration 𝑘.

𝑥𝑖(𝑘+1) = 𝑥𝑖(𝑘) + 𝑢𝑖(𝑘+1) (15)
𝑢𝑖(𝑘+1) = 𝑤𝑢𝑖(𝑘) + 𝑐1𝑟1(𝑝𝑖𝑏𝑒𝑠𝑡 − 𝑥𝑖(𝑘)) + 𝑐2𝑟2(𝑔𝑏𝑒𝑠𝑡 − 𝑥𝑖(𝑘))

(16)
As in MAT-FLC, the proposed MAT technique using

PSO (MAT-PSO) algorithm uses the increments of wheel
motor torque Δ�̂�𝑒(𝑘) and slip velocity Δ𝑣𝑠𝑙𝑖𝑝(𝑘) to locate the
current operating point on the adhesion-slip curve. The out-
put slip velocity reference signal 𝑣∗𝑠𝑙𝑖𝑝(𝑘) is then adjusted as
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Figure 16: Procedure of minimum search using Particle Swarm
Optimization (PSO). (a) Particle initialization; (b) Particle
movements towards the global best particle after one iteration;
(c) Particle swarming towards the global minimum value;
(d) Particle final positions at the minimum value where the
objective function is achieved.

seen in Fig. 15. In the proposed method, the PSO algorithm
is designed to search for the minimum absolute value of
the adhesion-slip curve slope [see Fig. 16], as Δ�̂�𝑒(𝑘)

Δ𝑣𝑠𝑙𝑖𝑝(𝑘)
≈ 0

occurs only at the peak of the adhesion-slip curve.

A Fathy-Abouzeid et al.: Preprint submitted to Elsevier Page 9 of 16

B.3 Under review publications

286



A Fathy-Abouzeid et al./eTransportation

Start

𝑖 = 1

Calculate the adhesion slope 

for particle (𝑖), 
∆𝑇𝑒 (𝑘)

∆𝑣𝑠𝑙𝑖𝑝(𝑘)

𝑖

Better particle 

fitness value?

Better global 

fitness value?

All particles 

evaluated?

Update particles’ 

position and velocity

Set 𝑣𝑠𝑙𝑖𝑝 𝑘
∗ = 𝑣𝑠𝑙𝑖𝑝 𝑘

𝑔𝑏𝑒𝑠𝑡

PSO Initialization

End

Convergence 

criterion met?

Read ∆𝑇𝑒(𝑘), ∆𝑣𝑠𝑙𝑖𝑝(𝑘)for particle (𝑖)

Update 𝑝𝑏𝑒𝑠𝑡

Update 𝑔𝑏𝑒𝑠𝑡

Next particle 

𝑖 = 𝑖 + 1

Sort particles’ position

Reset 

criterion met?

Yes

No

Yes

No

No

Yes

Next iteration 

𝑘 = 𝑘 + 1

Yes

No

Figure 17: Flowchart of Particle Swarm Optimization (PSO)
for minimum search.

The flow chart of the proposed MAT-PSO method is
shown in Fig. 17. Four particles (𝑁𝑝 = 4) were found
adequate to achieve fast search speed with a computational
effort suitable for real-time implementation. The algorithm
starts with an initial guess of the positions of the particles
(i.e. slip velocities) [see Fig. 16(a)], local best particle po-
sition 𝑝𝑏𝑒𝑠𝑡, and global best particle position 𝑔𝑏𝑒𝑠𝑡 [see Fig.
16(b)]. The slope of the adhesion-slip curve is first calculated
for each particle and then the fitness function is evaluated
individually, where the minimum value is considered to be
the local best particle 𝑝𝑏𝑒𝑠𝑡, and its initial value is updated.
The new 𝑝𝑏𝑒𝑠𝑡 value is assigned to be the new global best
particle 𝑔𝑏𝑒𝑠𝑡 which other particles should follow for the next
iteration. The 𝑝𝑏𝑒𝑠𝑡 and 𝑔𝑏𝑒𝑠𝑡 will be varying while searching
for the value that satisfies the fitness function [see particle 2
in Fig. 16(c)]. Afterward, the output slip velocity 𝑣∗𝑠𝑙𝑖𝑝(𝑘) is
set to be equal to the global best particle position 𝑣𝑔𝑏𝑒𝑠𝑡𝑠𝑙𝑖𝑝(𝑘) [see
Fig. 16(d)]. Finally, the output slip velocity reference 𝑣∗𝑠𝑙𝑖𝑝(𝑘)will be held constant until the reset function is activated.
This occurs when the change in the wheel motor torque and
the slip velocity exceeds a certain limit chosen based on
the dynamics of the applied system. This situation refers
to a change in the adhesion level due to changes in the
track condition such as wet, ice, contaminants, etc. From
Fig. 14 and Fig. 18, it is observed that MAT-PSO has a
slightly slower response compared to MAT-FLC. This is due

Profile 1 Profile 2 Profile 3

(a)

1

2

Peak Searching

3

(b)

Figure 18: Simulation results: Proposed MAT using Particle
Swarm Optimization (PSO) (MAT-PSO).

to the re-initialization of particles’ positions and random
movement when the reset function is activated [see third
subplot in Fig. 18(a)]. On the other hand, PSO algorithm
shows a superior steady-state performance for obtaining the
correct slip velocity command value at which the peak of the
adhesion curve occurs. This can be noticed for 𝑃3 where it
reaches to 𝑣∗𝑠𝑙𝑖𝑝 = 0.41 m/s while the theoretical peak occurs
at 𝑣∗𝑠𝑙𝑖𝑝 = 0.45 m/s [see Fig. 18(b)].

Fig. 19 summarizes the main characteristics and ex-
pected performance of the methods being considered. Con-
stant slip velocity control is seen to provide excellent re-
sults in almost all the aspects being evaluated, but this is
at the price of no MAT searching capability. This control
mode would be beneficial for rail tracks with known ad-
hesion characteristics. Unfortunately, this knowledge is not
available in practice. The shortcomings of the constant slip
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method are overcome using the proposed MAT-PSO, but at
the cost of implementation complexity and difficult tuning.
The proposed MAT-FLC shows a moderate performance,
providing some of the advantages of MAT-PSO but with less
computational effort. MAT-P&O and MAT-SG show similar
performance regarding tracking capability and simplicity.
However, MAT-SG shows the worst performance regarding
signal smoothness and steady-state response.

Computational Burden

MAT Searching

Capability

Steady-state ResponseSignal Smoothness

Parameters Tunning

Easiness

Constant Slip MAT-P&O MAT-SG

MAT-FLC MAT-PSO

Figure 19: Comparison of slip velocity control methods.

5. Experimental Validation
In this section, all methods discussed in section 3 and

the proposed ones in section 4 are validated evaluated ex-
perimentally.
5.1. Test Bench Design

The scaled roller rig described in subsection 2.1 is used
for emulating the wheel-rail contact dynamics. The roller
rig test bench is shown in Fig. 20(a) and its parameters
are given in table 1 [22]. The roller rig load is adjusted by
a spring system attached to a dynamometer for load force
measurements which applies extra force on the wheel as
seen in Fig. 20(a). Additionally, a water spraying system is
included for evaluation of the control strategies when the
wheel-roller surface becomes wet.

Two four-pole induction motors of 4 kW and 5.5 kW
are used for wheel and roller respectively (see Fig. 20(a)).
The induction motors are driven by two drives, both using
rotor field-oriented control (RFOC) (see Fig. 20(b)) [54, 55].
A commercial VACON NXP00385 Danfoss drive is used
in speed control mode to keep the roller motor speed con-
stant. A custom drive is used to feed the wheel motor. All
the methods discussed in this paper are implemented in a
TMDSCNCD28335 digital signal processor used to control
the custom drive 3 and 4.
5.2. Results and Discussion

The methods discussed in Sections 3 and 4 were tested in
the test bench. For each method, the experiments start with
a dry wheel-roller contact point, then at 𝑡 ≈ 35 s the water

Table 1
roller rig test bench parameters.

System Parameter Wheel Roller Unit
Wheel
and

Roller

Radius 0.125 0.25 m
Force 843 843 N
Torque 105.3 210.7 Nm

Transmission Gear ratio 90 / 24 192/26 -

Traction
Motor

Rating 4 5.5 kW
Power 1.78 1.78 kW
Torque 28.1 28.5 Nm
Speed 604.8 595.5 rpm

Encoder
Resolution 500 500 ppr

Inverter Rating 4 15 kW
Motor-Wheel Inertia (1) 0.002 0.007 kgm2

(1) Inertia is calculated in wheel and roller motor reference
frame respectively.

spraying system is turned on till the end of the experiment
with a flow rate of 140 ml/min. Fig. 21 and 22 show the
response of the five methods being considered.

Overall, experimental results for all methods are in good
agreement with the simulation results obtained in Sections
3 and 4. However, torque and speed oscillations in the
experiments are seen to be lower than in simulation (see
Fig. 8(a) & 10(a) vs. 21(b) & 21(c)). Contrary to simulation
results, changes from dry to wet conditions of the contact
point do not occur instantaneously in the test bench. This
would explain some of the differences observed between
simulation and experimental results.

For the constant slip control method (see Fig. 21(a) and
22(a)), the achieved steady-state adhesion coefficient for dry
and wet conditions are �̂� ≈ 0.5 and �̂� ≈ 0.15 respectively.
These values increase to �̂� ≈ 0.6 and �̂� ≈ 0.25 for all MAT
methods considered in this paper (see Fig. 21(b) to Fig. 21(e)
and Fig. 22(b) to Fig. 22(e)). As expected, all the methods
track the peak of the adhesion curve both in dry and wet
conditions. An increase in slip velocity (𝑣𝑠𝑙𝑖𝑝 ≈ 0.45 m/s)
is noticed while peak searching in wet condition (see Fig.
21(c) 𝑡 = 45s to 𝑡 = 65s) with MAT-SG due to the con-
tinuous increment of (Δ𝑣∗𝑠𝑙𝑖𝑝(𝑘)) term in the slip velocity
command in the case of flat adhesion curves aiming to find
the maximum peak. This doesn’t occur with MAT-PO as the
search logic alternate between the increment/decrement of
the slip velocity command.

The two proposed methods MAT-FLC and MAT-PSO
show a similar response as seen in Fig. 21(d) and Fig.
21(e), as well as Fig. 22(d) and 22(e). However, for MAT-
FLC the slip velocity command is kept at the same value
(𝑣𝑠𝑙𝑖𝑝 ≈ 0.2 m/s) for both adhesion conditions while for
MAT-PSO slip velocity is slightly differs as (𝑣𝑠𝑙𝑖𝑝 ≈ 0.3
m/s) and (𝑣𝑠𝑙𝑖𝑝 ≈ 0.35 m/s) in dry and wet conditions
respectively. The difference in the performance of FLC and
PSO algorithms is negligible and can be only noticed in
the search space of the adhesion-slip curves, but noting
the relevant differences in the implementation complexity.
Therefore, the proposed MAT methods achieve the same
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Figure 20: Overview of experimental setup: (a) roller rig test
bench; (b) Electrical circuit and motor drives; (c) Custom drive
elements.

adhesion level (≈ 20% higher than the constant slip method)
with less slip velocity in steady-state compared to existing
methods.

6. Conclusion
Traction capability mainly depends on the adhesion co-

efficient between the wheel and the rail in railways. Im-
proving traction capability reduces travel time and energy
consumption during traction/braking. Operating at maxi-
mum adhesion coefficient is not straightforward due to its
non-linear and almost unpredictable nature. In this paper, a
comparative analysis of constant and variable slip velocity
control using MAT has been presented.

Existing and proposed slip velocity control strategies
have been simulated and validated experimentally where the
wheel-rail contact point has been emulated using a scaled
roller rig. It can be concluded that operating with constant
slip velocity provides precise and stable operation at the cost
of not fully optimizing the traction capability of the traction
drive. Perturb and Observe (P&O) MAT method was able
to track the maximum point of the adhesion-slip curve.
However, there are two main drawbacks of this method:
1) the slip controller should be limited as it can fail with
flat adhesion-slip curves as the controller tries to find the
maximum adhesion point by increasing the slip velocity
continuously, and 2) operating in the unstable adhesion
region can excite the slip-stick vibrations in the mechanical
elements of the drive-train. The MAT-P&O issues have been
improved using the steepest gradient method (MAT-SG).
As MAT-SG requires a disturbance torque observer, the
sensitivity of the observer to measurements noise is the main
concern of this method besides using derivatives that could
be a problem in this case.

Finally, two new methods using Fuzzy Logic Control
(MAT-FLC) and Particle Swarm Optimization (MAT-PSO)
have been proposed. It has been shown that these methods
provide similar performance finding the maximum adhesion
point under dry and wet wheel-roller conditions with stable
slip velocity value at steady-state, the implementation of
MAT-FLC being simpler.
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procedure for n-phase vsi with low harmonic distortion in the overmod-

ulation region,” IEEE Transactions on Industrial Electronics, vol. 61,

no. 1, pp. 92–97, 2013.

[38] P. Stumpf and S. Halász, “Optimization of pwm for the overmodulation

region of two-level inverters,” Ieee transactions on industry applications,

vol. 54, no. 4, pp. 3393–3404, 2018.

298



Appendix B. BIBLIOGRAPHY

[39] J. Chen, R. Ni, T. Li, R. Qiu, and Z. Liu, “The harmonic characteristic

of the advanced synchronous svpwm overmodulation strategy,” IEEE

Access, vol. 7, pp. 148934–148949, 2019.

[40] European Union Agency for Railways, ”Report on Rail-

way Safety and Interoperability in the EU”, 2018. Available:

https://www.era.europa.eu/sites/default/files/library/docs/

safety_interoperability_progress_reports/railway_safety_

and_interoperability_in_eu_2018_en.pdf.

[41] J. Zeng and P. Wu, “Study on the wheel/rail interaction and derailment

safety,” Wear, vol. 265, no. 9-10, pp. 1452–1459, 2008.

[42] J. Santamaria, E. Vadillo, and J. Gomez, “Influence of creep forces on

the risk of derailment of railway vehicles,” Vehicle System Dynamics,

vol. 47, no. 6, pp. 721–752, 2009.

[43] K. Kondo, “Anti-slip control technologies for the railway vehicle trac-

tion,” in 2012 IEEE Vehicle Power and Propulsion Conference, pp. 1306–

1311, IEEE, 2012.
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[61] T. Fridrichovskỳ and B. Šulc, “Investigation of torsional oscillations in

railway vehicles,” in MATEC Web of Conferences, vol. 76, p. 02052, EDP

Sciences, 2016.

[62] H. Wu, P. Wu, K. Xu, J. Li, and F. Li, “Research on vibration character-

istics and stress analysis of gearbox housing in high-speed trains,” IEEE

Access, vol. 7, pp. 102508–102518, 2019.

[63] M. Bruha and Z. Peroutka, “Torsional vibration in large variable speed

drive systems: Origin and mitigation methods,” in 2015 17th Euro-

pean Conference on Power Electronics and Applications (EPE’15 ECCE-

Europe), pp. 1–10, IEEE, 2015.

[64] J. Pacas, A. John, and T. Eutebach, “Automatic identification and

damping of torsional vibrations in high-dynamic-drives,” in ISIE’2000.

Proceedings of the 2000 IEEE International Symposium on Industrial

Electronics (Cat. No. 00TH8543), vol. 1, pp. 201–206, IEEE, 2000.

[65] S. N. Vukosavic and M. R. Stojic, “Suppression of torsional oscillations in

a high-performance speed servo drive,” IEEE Transactions on Industrial

Electronics, vol. 45, no. 1, pp. 108–117, 1998.

301



BIBLIOGRAPHY

[66] K.-K. Shyu and C.-Y. Chang, “Modified FIR filter with phase compen-

sation technique to feedforward active noise controller design,” IEEE

Transactions on Industrial Electronics, vol. 47, no. 2, pp. 444–453, 2000.

[67] L. Litwin, “FIR and IIR digital filters,” IEEE potentials, vol. 19, no. 4,

pp. 28–31, 2000.

[68] T. Ohmae, T. Matsuda, M. Kanno, K. Saito, and T. Sukegawa, “A

microprocessor-based motor speed regulator using fast-response state ob-

server for reduction of torsional vibration,” IEEE transactions on indus-

try applications, no. 5, pp. 863–871, 1987.

[69] Y. Hori, H. Iseki, and K. Sugiura, “Basic consideration of vibration sup-

pression and disturbance rejection control of multi-inertia system using

SFLAC (state feedback and load acceleration control),” IEEE Transac-

tions on Industry Applications, vol. 30, no. 4, pp. 889–896, 1994.

[70] K. Sugiura and Y. Hori, “Vibration suppression in 2-and 3-mass system

based on the feedback of imperfect derivative of the estimated torsional

torque,” IEEE Transactions on Industrial Electronics, vol. 43, no. 1,

pp. 56–64, 1996.

[71] M. Neshati, T. Jersch, and J. Wenske, “Model based active damping

of drive train torsional oscillations for a full-scale wind turbine nacelle

test rig,” in 2016 American Control Conference (ACC), pp. 2283–2288,

IEEE, 2016.

[72] J.-K. Ji and S.-K. Sul, “Kalman filter and LQ based speed controller for

torsional vibration suppression in a 2-mass motor drive system,” IEEE

Transactions on industrial electronics, vol. 42, no. 6, pp. 564–571, 1995.

[73] E. Omine, T. Goya, U. Akie, T. Senjyu, A. Yona, N. Urasaki, and T. Fun-

abashi, “Torsional torque suppression of decentralized generators using

h∞ observer,” Renewable Energy, vol. 35, no. 9, pp. 1908–1913, 2010.

[74] Y. Wang, Q. Zheng, H. Zhang, and M. Chen, “The LQG/LTR control

method for turboshaft engine with variable rotor speed based on torsional

vibration suppression,” Journal of Low Frequency Noise, Vibration and

Active Control, vol. 39, no. 4, pp. 1145–1158, 2020.

[75] T. Hirotsu, S. KASAI, and H. TAKAI, “Self-excited vibration during

slippage of parallel cardan drives for electric railcars: Vibration, con-

302



Appendix B. BIBLIOGRAPHY

trol engineering, engineering for industry,” JSME international journal,

vol. 30, no. 266, pp. 1304–1310, 1987.

[76] M. Lata, “The modern wheelset drive system and possibilities of mod-

elling the torsion dynamics,” Transport, vol. 23, no. 2, pp. 172–181, 2008.

[77] R. Konowrocki and T. Szolc, “An analysis of the self-excited torsional

vibrations of the electromechanical drive system,” Vibrations in Physical

Systems, vol. 27, 2016.

[78] K. Xu, J. Zeng, and L. Wei, “An analysis of the self-excited torsional vi-

bration of high-speed train drive system.,” Journal of Mechanical Science

& Technology, vol. 33, no. 3, 2019.

[79] T. Mei, J. Yu, and D. Wilson, “A mechatronic approach for anti-slip

control in railway traction,” IFAC Proceedings Volumes, vol. 41, no. 2,

pp. 8275–8280, 2008.

[80] M. Fleischer and K. Kondo, “Slip-stick vibration suppression by modal

state control for traction drive-trains,” IEEJ Journal of Industry Appli-

cations, vol. 5, no. 1, pp. 1–9, 2016.

[81] A. M. Hava, R. J. Kerkman, and T. A. Lipo, “Simple analytical and

graphical methods for carrier-based pwm-vsi drives,” IEEE transactions

on power electronics, vol. 14, no. 1, pp. 49–61, 1999.

[82] A. Nabae, I. Takahashi, and H. Akagi, “A new neutral-point-clamped

pwm inverter,” IEEE Transactions on industry applications, no. 5,

pp. 518–523, 1981.

[83] L. Wei, Y. Wu, C. Li, H. Wang, S. Liu, and F. Li, “A novel space

vector control of three-level pwm converter,” in Proceedings of the IEEE

1999 International Conference on Power Electronics and Drive Systems.

PEDS’99 (Cat. No. 99TH8475), vol. 2, pp. 745–750, IEEE, 1999.

[84] N. Celanovic and D. Boroyevich, “A comprehensive study of neutral-

point voltage balancing problem in three-level neutral-point-clamped

voltage source pwm inverters,” IEEE Transactions on power electron-

ics, vol. 15, no. 2, pp. 242–249, 2000.

[85] A. M. Hava, R. J. Kerkman, and T. A. Lipo, “A high-performance gen-

eralized discontinuous pwm algorithm,” IEEE Transactions on Industry

applications, vol. 34, no. 5, pp. 1059–1071, 1998.

303



BIBLIOGRAPHY

[86] A. M. Hava, R. J. Kerkman, and T. A. Lipo, “Carrier-based pwm-

vsi overmodulation strategies: analysis, comparison, and design,” IEEE

Transactions on Power Electronics, vol. 13, no. 4, pp. 674–689, 1998.

[87] J. S. Kim and S. K. Sul, “A novel voltage modulation technique of the

space vector pwm,” Chongi Hakhoe Nonmunchi (Transactions of the Ko-

rean Institute of Electrical Engineers), vol. 44, 1995.

[88] D.-W. Chung, J.-S. Kim, and S.-K. Sul, “Unified voltage modulation

technique for real-time three-phase power conversion,” IEEE Transac-

tions on Industry applications, vol. 34, no. 2, pp. 374–380, 1998.

[89] M. Al-Hitmi, S. Ahmad, A. Iqbal, S. Padmanaban, and I. Ashraf, “Se-

lective harmonic elimination in a wide modulation range using modi-

fied newton–raphson and pattern generation methods for a multilevel

inverter,” Energies, vol. 11, no. 2, p. 458, 2018.

[90] A. M. Amjad and Z. Salam, “A review of soft computing methods for

harmonics elimination pwm for inverters in renewable energy conversion

systems,” Renewable and Sustainable Energy Reviews, vol. 33, pp. 141–

153, 2014.

[91] N. Rai and S. Chakravorty, “Generalized formulations and solving tech-

niques for selective harmonic elimination pwm strategy: A review,” Jour-

nal of The Institution of Engineers (India): Series B, vol. 100, no. 6,

pp. 649–664, 2019.

[92] Y. Sahali and M. Fellah, “Selective harmonic eliminated pulse-

width modulation technique (she pwm) applied to three-level in-

verter/converter,” in 2003 IEEE International Symposium on Industrial

Electronics (Cat. No. 03TH8692), vol. 2, pp. 1112–1117, IEEE, 2003.

[93] S. Bolognani and M. Zigliotto, “Novel digital continuous control of svm

inverters in the overmodulation range,” IEEE Transactions on Industry

Applications, vol. 33, no. 2, pp. 525–530, 1997.

[94] Dong-Choon Lee and G-Myoung Lee, “A novel overmodulation technique

for space-vector pwm inverters,” IEEE Transactions on Power Electron-

ics, vol. 13, no. 6, pp. 1144–1151, 1998.

[95] “ELINSA three-phase three-level natural-point-

clamped (NPC) inverter.” https://www.elinsa.org/en/

304

https://www.elinsa.org/en/manufacturing-of-electrical-equipment-and-power-electronics
https://www.elinsa.org/en/manufacturing-of-electrical-equipment-and-power-electronics
https://www.elinsa.org/en/manufacturing-of-electrical-equipment-and-power-electronics


Appendix B. BIBLIOGRAPHY

manufacturing-of-electrical-equipment-and-power-electronics.

Accessed: 2023-03-08.

[96] “Magna DC MT series programmable DC power supply.” https://

magna-power.com/products/magnadc/mt. Accessed: 2023-03-08.

[97] A. M. Hava, S.-K. Sul, R. J. Kerkman, and T. A. Lipo, “Dynamic over-

modulation characteristics of triangle intersection pwm methods,” IEEE

Transactions on Industry Applications, vol. 35, no. 4, pp. 896–907, 1999.

[98] Y.-C. Kwon, S. Kim, and S.-K. Sul, “Six-step operation of pmsm with

instantaneous current control,” IEEE Transactions on Industry Applica-

tions, vol. 50, no. 4, pp. 2614–2625, 2014.

[99] S. K. Mondal, B. K. Bose, V. Oleschuk, and J. O. Pinto, “Space vec-

tor pulse width modulation of three-level inverter extending operation

into overmodulation region,” IEEE Transactions on Power Electronics,

vol. 18, no. 2, pp. 604–611, 2003.

[100] X. Fang, Z. Tian, H. Li, Z. Yang, F. Lin, and S. Hillmansen, “Current

closed-loop control and field orientation analysis of an induction motor

in six-step operation for railway applications,” IET Power Electronics,

vol. 12, no. 6, pp. 1462–1469, 2019.

[101] B. Wang, X. Zhang, Y. Yu, J. Zhang, and D. Xu, “Maximum torque anal-

ysis and extension in six-step mode-combined field-weakening control for

induction motor drives,” IEEE Transactions on Industrial Electronics,

vol. 66, no. 12, pp. 9129–9138, 2019.

[102] A. G. Yepes and J. Doval-Gandoy, “Overmodulation method with adap-

tive x-y current limitation for five-phase induction motor drives,” IEEE

Transactions on Industrial Electronics, vol. 69, no. 3, pp. 2240–2251,

2021.

[103] J. Zhang, B. Wang, Y. Yu, X. Zhang, and D. Xu, “Overmodulation

harmonic modeling and suppression for induction motor field-weakening

control with extended voltage tracking method,” IEEE Transactions on

Industrial Electronics, 2022.

[104] D. W. Novotny and T. A. Lipo, Vector control and dynamics of AC

drives, vol. 41. Oxford university press, 1996.

305

https://www.elinsa.org/en/manufacturing-of-electrical-equipment-and-power-electronics
https://www.elinsa.org/en/manufacturing-of-electrical-equipment-and-power-electronics
https://www.elinsa.org/en/manufacturing-of-electrical-equipment-and-power-electronics
https://magna-power.com/products/magnadc/mt
https://magna-power.com/products/magnadc/mt


BIBLIOGRAPHY

[105] G. Abad, Power electronics and electric drives for traction applications.

John Wiley & Sons, 2016.

[106] R. Ikeda, S. Yusya, and K. Kondo, “Study on design method for in-

creasing power density of induction motors for electric railway vehicle

traction,” in 2019 IEEE International Electric Machines & Drives Con-

ference (IEMDC), pp. 1545–1550, IEEE, 2019.

[107] L. Buhrkall, “Traction system case study,” in The 9th Institution of En-

gineering and Technology Professional Development Course on Electric

Traction Systems, pp. 53–71, IET, 2006.

[108] B. Bose, “Modern power electronics and ac drives-prentice-hall,” Inc,

Publication, pp. 70–74, 2002.

[109] J. Holtz, “Sensorless control of induction machines—with or without sig-

nal injection?,” IEEE transactions on industrial electronics, vol. 53, no. 1,

pp. 7–30, 2006.

[110] P. Vas, “Vector control of ac machines,” Monographs in Electrical and

Electronic Engineering, vol. 22, 1990.

[111] F. Blaschke, “The principle of field orientation as applied to the new

transvektor closed-loop control system for rotating field machines,”

Siemens review, vol. 34, no. 1, 1972.

[112] G. Pellegrino, R. I. Bojoi, and P. Guglielmi, “Unified direct-flux vector

control for ac motor drives,” IEEE Transactions on Industry Applica-

tions, vol. 47, no. 5, pp. 2093–2102, 2011.

[113] X. Xu and D. W. Novotny, “Implementation of direct stator flux orien-

tation control on a versatile dsp based system,” IEEE Transactions on

Industry Applications, vol. 27, no. 4, pp. 694–700, 1991.

[114] I. Takahashi and T. Noguchi, “A new quick-response and high-efficiency

control strategy of an induction motor,” IEEE Transactions on Industry

applications, no. 5, pp. 820–827, 1986.

[115] D. Casadei, G. Serra, A. Stefani, A. Tani, and L. Zarri, “Dtc drives for

wide speed range applications using a robust flux-weakening algorithm,”

IEEE transactions on industrial electronics, vol. 54, no. 5, pp. 2451–2461,

2007.

306



Appendix B. BIBLIOGRAPHY

[116] M. Depenbrock, “Direct self-control (dsc) of inverter fed induktion ma-

chine,” in 1987 IEEE Power Electronics Specialists Conference, pp. 632–

641, IEEE, 1987.

[117] G. S. Buja and M. P. Kazmierkowski, “Direct torque control of pwm

inverter-fed ac motors-a survey,” IEEE Transactions on industrial elec-

tronics, vol. 51, no. 4, pp. 744–757, 2004.

[118] A. Steimel, “Direct self-control and synchronous pulse techniques for

high-power traction inverters in comparison,” IEEE Transactions on In-

dustrial Electronics, vol. 51, no. 4, pp. 810–820, 2004.

[119] M. Spichartz, C. Heising, V. Staudt, and A. Steimel, “Indirect stator-

quantities control as benchmark for highly dynamic induction machine

control in the full operating range,” in Proceedings of 14th International

Power Electronics and Motion Control Conference EPE-PEMC 2010,

pp. T3–13, IEEE, 2010.

[120] C. Lascu, I. Boldea, and F. Blaabjerg, “A modified direct torque control

for induction motor sensorless drive,” IEEE Transactions on industry

applications, vol. 36, no. 1, pp. 122–130, 2000.

[121] L. Tang, L. Zhong, M. F. Rahman, and Y. Hu, “A novel direct torque con-

trolled interior permanent magnet synchronous machine drive with low

ripple in flux and torque and fixed switching frequency,” IEEE Transac-

tions on power electronics, vol. 19, no. 2, pp. 346–354, 2004.

[122] J. Rodriguez, J. Pontt, C. Silva, S. Kouro, and H. Miranda, “A novel

direct torque control scheme for induction machines with space vector

modulation,” in 2004 IEEE 35th Annual Power Electronics Specialists

Conference (IEEE Cat. No. 04CH37551), vol. 2, pp. 1392–1397, IEEE,

2004.

[123] A. Tripathi, A. M. Khambadkone, and S. K. Panda, “Stator flux based

space-vector modulation and closed loop control of the stator flux vector

in overmodulation into six-step mode,” IEEE Transactions on Power

Electronics, vol. 19, no. 3, pp. 775–782, 2004.

[124] B. K. Bose, “Scalar decoupled control of induction motor,” IEEE trans-

actions on industry applications, no. 1, pp. 216–225, 1984.

307



BIBLIOGRAPHY

[125] A. Smith, S. Gadoue, M. Armstrong, and J. Finch, “Improved method

for the scalar control of induction motor drives,” IET Electric Power

Applications, vol. 7, no. 6, pp. 487–498, 2013.

[126] I. Boldea, A. Moldovan, and L. Tutelea, “Scalar v/f and i-f control of ac

motor drives: An overview,” in 2015 Intl Aegean Conference on Electrical

Machines Power Electronics (ACEMP), 2015 Intl Conference on Opti-

mization of Electrical Electronic Equipment (OPTIM) 2015 Intl Sympo-

sium on Advanced Electromechanical Motion Systems (ELECTROMO-

TION), pp. 8–17, 2015.

[127] S. R. P. Reddy and U. Loganathan, “Robust and high-dynamic-

performance control of induction motor drive using transient vector es-

timator,” IEEE Transactions on Industrial Electronics, vol. 66, no. 10,

pp. 7529–7538, 2018.

[128] S. R. P. Reddy and U. Loganathan, “Improving the dynamic response of

scalar control of induction machine drive using phase angle control,” in

IECON 2018-44th Annual Conference of the IEEE Industrial Electronics

Society, pp. 541–546, IEEE, 2018.

[129] Z. Zhang and A. M. Bazzi, “Robust sensorless scalar control of induction

motor drives with torque capability enhancement at low speeds,” in 2019

IEEE International Electric Machines & Drives Conference (IEMDC),

pp. 1706–1710, IEEE, 2019.

[130] T. H. Nguyen, T. L. Van, D.-C. Lee, J.-H. Park, and J.-H. Hwang, “Con-

trol mode switching of induction machine drives between vector control

and v/f control in overmodulation range,” Journal of Power Electronics,

vol. 11, no. 6, pp. 846–855, 2011.

[131] B. Gou, X. Feng, W. Song, K. Han, and X. Ge, “Analysis and compensa-

tion of beat phenomenon for railway traction drive system fed with fluc-

tuating dc-link voltage,” in Proceedings of The 7th International Power

Electronics and Motion Control Conference, vol. 1, pp. 654–659, IEEE,

2012.

[132] Y. Lei, K. Wang, L. Zhao, and Q. Ge, “An improved beatless control

method of ac drives for railway traction converters,” in 2016 19th In-

ternational Conference on Electrical Machines and Systems (ICEMS),

pp. 1–5, IEEE, 2016.

308



Appendix B. BIBLIOGRAPHY

[133] J. Kullick and C. M. Hackl, “Generic machine identification and

maximum efficiency operation of induction machines,” arXiv preprint

arXiv:1812.02431, 2018.

[134] S. Lim and K. Nam, “Loss-minimising control scheme for induction

motors,” IEE Proceedings-Electric Power Applications, vol. 151, no. 4,

pp. 385–397, 2004.

[135] D. S. Kirschen, D. W. Novotny, and T. A. Lipo, “On-line efficiency opti-

mization of a variable frequency induction motor drive,” IEEE transac-

tions on industry applications, no. 3, pp. 610–616, 1985.

[136] O. Wasynczuk, S. Sudhoff, K. Corzine, J. L. Tichenor, P. Krause,

I. Hansen, and L. Taylor, “A maximum torque per ampere control strat-

egy for induction motor drives,” IEEE Transactions on Energy Conver-

sion, vol. 13, no. 2, pp. 163–169, 1998.

[137] A. Dianov, F. Tinazzi, S. Calligaro, and S. Bolognani, “Review and

classification of mtpa control algorithms for synchronous motors,” IEEE

Transactions on Power Electronics, 2021.

[138] H. Kouns, J.-S. Lai, and C. E. Konrad, “Analysis of a traction induction

motor drive operating under maximum efficiency and maximum torque

per ampere conditions,” in Nineteenth Annual IEEE Applied Power Elec-

tronics Conference and Exposition, 2004. APEC’04., vol. 1, pp. 545–551,

IEEE, 2004.

[139] M. Hrkel, J. Vittek, and Z. Biel, “Maximum torque per ampere con-

trol strategy of induction motor with iron losses,” in 2012 ELEKTRO,

pp. 185–190, IEEE, 2012.

[140] Y. Liu and A. Bazzi, “Improved maximum torque-per-ampere control of

induction machines by considering iron loss,” in 2017 IEEE international

electric machines and drives conference (IEMDC), pp. 1–6, IEEE, 2017.

[141] S. N. Vukosavic and E. Levi, “A method for transient torque response

improvement in optimum efficiency induction motor drives,” IEEE trans-

actions on energy conversion, vol. 18, no. 4, pp. 484–493, 2003.

[142] J.-F. Stumper, A. Dötlinger, and R. Kennel, “Loss minimization of in-

duction machines in dynamic operation,” IEEE transactions on energy

conversion, vol. 28, no. 3, pp. 726–735, 2013.

309



BIBLIOGRAPHY

[143] Z. Hu, Q. Liu, and K. Hameyer, “Loss minimization of speed controlled

induction machines in transient states considering system constraints,” in

2014 17th International Conference on Electrical Machines and Systems

(ICEMS), pp. 123–129, IEEE, 2014.

[144] “INGETRAC: High power traction converters.” https://www.

ingeteam.com/en-us/sectors/railways/p15_59_596_586/

ingetrac-traction-converters-high-power.aspx. Accessed:

2022-11-24.

[145] P. Pichĺık, “Strategy of railway traction vehicles wheel slip control,”

Czech Technical University, Prague, 2018.

[146] F. Trimpe and C. Salander, “Wheel–rail adhesion during torsional vi-

bration of driven railway wheelsets,” Vehicle System Dynamics, vol. 59,

no. 5, pp. 785–799, 2021.

[147] S. Iwnicki, Handbook of railway vehicle dynamics. CRC press, 2006.

[148] A. Jaschinski, On the application of similarity laws to a scaled railway

bogie model. PhD thesis, Delft University of Technology, 1991.

[149] R. Stock, D. T. Eadie, D. Elvidge, and K. Oldknow, “Influencing rolling

contact fatigue through top of rail friction modifier application–a full

scale wheel–rail test rig study,” Wear, vol. 271, no. 1-2, pp. 134–142,

2011.

[150] R. Conti, E. Meli, and A. Ridolfi, “A full-scale roller-rig for railway

vehicles: multibody modelling and hardware in the loop architecture,”

Multibody System Dynamics, vol. 37, no. 1, pp. 69–93, 2016.

[151] T. Ishrat, Slip control for trains using induction motor drive. PhD thesis,

Queensland University of Technology, 2020.

[152] X. Fang, S. Lin, Z. Yang, F. Lin, H. Sun, and L. Hu, “Adhesion control

strategy based on the wheel-rail adhesion state observation for high-speed

trains,” Electronics, vol. 7, no. 5, 2018.

[153] S. Z. Meymand, M. J. Craft, and M. Ahmadian, “On the application

of roller rigs for studying rail vehicle systems,” in Rail Transportation

Division Conference, vol. 56116, p. V001T01A015, American Society of

Mechanical Engineers, 2013.

310

https://www.ingeteam.com/en-us/sectors/railways/p15_59_596_586/ingetrac-traction-converters-high-power.aspx
https://www.ingeteam.com/en-us/sectors/railways/p15_59_596_586/ingetrac-traction-converters-high-power.aspx
https://www.ingeteam.com/en-us/sectors/railways/p15_59_596_586/ingetrac-traction-converters-high-power.aspx


Appendix B. BIBLIOGRAPHY

[154] S. Senini, F. Flinders, and W. Oghanna, “Dynamic simulation of wheel-

rail interaction for locomotive traction studies,” in Proceedings of the

1993 IEEE/ASME Joint Railroad Conference, pp. 27–34, IEEE, 1993.

[155] H. Ryoo, S. Kim, G. Rim, Y. Kim, and M. Kim, “Novel anti-slip/slide

control algorithm for korean high-speed train,” in IECON’03. 29th An-

nual Conference of the IEEE Industrial Electronics Society (IEEE Cat.

No. 03CH37468), vol. 3, pp. 2570–2574, IEEE, 2003.

[156] A. Jaschinski, H. Chollet, S. Iwnicki, A. Wickens, and J. Würzen, “The

application of roller rigs to railway vehicle dynamics,” Vehicle System

Dynamics, vol. 31, no. 5-6, pp. 345–392, 1999.

[157] N. V. Vantagodi, A. F. Abouzeid, J. M. Guerrero, I. Vicente, I. Mu-

niategui, A. Endemaño, and F. Briz, “Design of a scaled roller-rig

test bench for anti-slip control development for railway traction,” IEEE

Transactions on Vehicular Technology, 2022.

[158] E. Vollebregt, K. Six, and O. Polach, “Challenges and progress in the un-

derstanding and modelling of the wheel–rail creep forces,” Vehicle System

Dynamics, vol. 59, no. 7, pp. 1026–1068, 2021.

[159] M. Malvezzi, P. Toni, B. Allotta, and V. Colla, “Train speed and position

evaluation using wheel velocity measurements,” in 2001 IEEE/ASME

International Conference on Advanced Intelligent Mechatronics. Proceed-

ings (Cat. No. 01TH8556), vol. 1, pp. 220–224, IEEE, 2001.

[160] T. Mei and H. Li, “A novel approach for the measurement of absolute

train speed,” Vehicle System Dynamics, vol. 46, no. S1, pp. 705–715,

2008.

[161] J. Guzinski, H. Abu-Rub, M. Diguet, Z. Krzeminski, and A. Lewicki,

“Speed and load torque observer application in high-speed train elec-

tric drive,” IEEE Transactions on Industrial Electronics, vol. 57, no. 2,

pp. 565–574, 2009.

[162] H. J. Schwartz, Regelung der Radsatzdrehzahl zur maximalen Kraftschlus-

sausnutzung bei elektrischen Triebfahrzeugen. VDI-Verlag, 1992.

[163] M. Buscher, Radschlupfregelung zur maximalen Kraftschlussausnutzung

bei elektrischen Traktionsantrieben. Verlag Shaker, 1995.

311



BIBLIOGRAPHY

[164] A. F. Abouzeid, J. M. Guerrero, I. Vicente-Makazaga, I. Muniategui-

Aspiazu, A. Endemaño-Isasi, and F. Briz, “Torsional vibration suppres-

sion in railway traction drives,” IEEE Access, vol. 10, pp. 32855–32869,

2022.

[165] C.-C. Lee, “Fuzzy logic in control systems: fuzzy logic controller. i,”

IEEE Transactions on systems, man, and cybernetics, vol. 20, no. 2,

pp. 404–418, 1990.

[166] C.-Y. Su and Y. Stepanenko, “Adaptive control of a class of nonlinear

systems with fuzzy logic,” IEEE Transactions on Fuzzy Systems, vol. 2,

no. 4, pp. 285–294, 1994.

[167] C.-M. Lin and C.-F. Hsu, “Self-learning fuzzy sliding-mode control for

antilock braking systems,” IEEE Transactions on Control Systems Tech-

nology, vol. 11, no. 2, pp. 273–278, 2003.

[168] A. Mirzaei, M. Moallem, B. Mirzaeian, and B. Fahimi, “Design of an

optimal fuzzy controller for antilock braking systems,” in 2005 IEEE

Vehicle Power and Propulsion Conference, pp. 823–828, IEEE, 2005.

[169] L. B. Jordan Jr, “Locomotive traction control system using fuzzy logic,”

June 13 1995. US Patent 5,424,948.

[170] M. Garcia-Rivera, R. Sanz, and J. A. Perez-Rodriguez, “An antislipping

fuzzy logic controller for a railway traction system,” in Proceedings of

6th International Fuzzy Systems Conference, vol. 1, pp. 119–124, IEEE,

1997.

[171] P. Khatun, C. Bingham, and P. Mellor, “Comparison of control methods

for electric vehicle antilock braking/traction control systems,” tech. rep.,

SAE Technical Paper, 2001.

[172] B. Moaveni, F. Rashidi Fathabadi, and A. Molavi, “Fuzzy control system

design for wheel slip prevention and tracking of desired speed profile in

electric trains,” Asian Journal of Control, vol. 24, no. 1, pp. 388–400,

2022.

[173] Y. Shi and R. C. Eberhart, “Empirical study of particle swarm optimiza-

tion,” in Proceedings of the 1999 congress on evolutionary computation-

CEC99 (Cat. No. 99TH8406), vol. 3, pp. 1945–1950, IEEE, 1999.

312



Appendix B. BIBLIOGRAPHY

[174] F. Herrera, M. Lozano, and J. L. Verdegay, “Tuning fuzzy logic con-

trollers by genetic algorithms,” International Journal of Approximate

Reasoning, vol. 12, no. 3-4, pp. 299–315, 1995.

[175] Y. Shi and M. Mizumoto, “A new approach of neuro-fuzzy learning al-

gorithm for tuning fuzzy rules,” Fuzzy sets and systems, vol. 112, no. 1,

pp. 99–116, 2000.

[176] O. Guenounou, B. Dahhou, and F. Chabour, “Adaptive fuzzy controller

based mppt for photovoltaic systems,” Energy Conversion and Manage-

ment, vol. 78, pp. 843–850, 2014.

[177] N. Patcharaprakiti, S. Premrudeepreechacharn, and Y. Sriuthaisiriwong,

“Maximum power point tracking using adaptive fuzzy logic control for

grid-connected photovoltaic system,” Renewable Energy, vol. 30, no. 11,

pp. 1771–1788, 2005.

[178] J. Kennedy and R. Eberhart, “Particle swarm optimization,” in Pro-

ceedings of ICNN’95-international conference on neural networks, vol. 4,

pp. 1942–1948, IEEE, 1995.

[179] R. Poli, J. Kennedy, and T. Blackwell, “Particle swarm optimization,”

Swarm intelligence, vol. 1, no. 1, pp. 33–57, 2007.

[180] D. Wang, D. Tan, and L. Liu, “Particle swarm optimization algorithm:

an overview,” Soft computing, vol. 22, no. 2, pp. 387–408, 2018.

[181] Y. Shi et al., “Particle swarm optimization: developments, applications

and resources,” in Proceedings of the 2001 congress on evolutionary com-

putation (IEEE Cat. No. 01TH8546), vol. 1, pp. 81–86, IEEE, 2001.

[182] Y.-H. Liu, S.-C. Huang, J.-W. Huang, and W.-C. Liang, “A particle

swarm optimization-based maximum power point tracking algorithm for

pv systems operating under partially shaded conditions,” IEEE Trans-

actions on Energy Conversion, vol. 27, no. 4, pp. 1027–1035, 2012.

[183] K. Ishaque, Z. Salam, M. Amjad, and S. Mekhilef, “An improved particle

swarm optimization (PSO)–based mppt for pv with reduced steady-state

oscillation,” IEEE Transactions on Power Electronics, vol. 27, no. 8,

pp. 3627–3638, 2012.
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