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Resumo

A Unido Europeia navega pelo século XXI com uma grave crise climdtica, sendo forcada a in-
troduzir mudancas para aliviar as consequéncias e, simultaneamente, reduzir a pegada carbénica
dos seus estados membros. Uma das medidas amplamente adotada € a aposta do transporte fer-
rovidrio, considerado por muitos o0 modo de transporte mais ecolégico, devido ao seu baixo atrito
de rolamento, economias de escala e eletrificagdo simplificada. Muitos operadores de comboios
europeus tém vindo a recorrer a renovacao das suas frotas de modo a aumentar a vida ttil e mel-
horar os seus desempenhos. E neste contexto que foi proposto ao mestrando, por parte da Nomad
Tech, o desenvolvimento de uma atualizacdo da Unidade de Controlo de Tra¢do (UCT) da série
2300/2400 da Siemens, cujas unidades tipicamente circulam numa das linhas mais ocupadas de
Portugal, a linha de Sintra, onde a pontualidade e fiabilidade dos comboios € de grande relevo.

Os objetivos principais da dissertacdo sdo a identificacdo, modelacdo e simulacdo de uma
UCT, bem como as suas leis de controlo. De seguida, a implementacdo das mesmas num mi-
crocontrolador, adaptado ao uso em ambiente ferrovidrio, permite a validacdo experimental do
esquema de controlo desenvolvido. As atuais medicdes e ferramentas de atuagido/interfaces tém
de ser mantidas, de modo a garantir a retro compatibilidade do sistema. Como resultado do tra-
balho desenvolvido, o comboio deve melhorar a sua eficiéncia energética, empregando um CPU
moderno com novas leis de controlo implementadas.

Através do estudo tedrico de simulagdo da cadeia de tracdo com as novas leis de controlo,
foi alcangado um controlo de bindrio adequado ao ambiente ferrovidrio. Para tal, foi necessario
ajustar o controlo de corrente da maquina de inducio, cujos resultados sdo considerados sélidos.
As estimagdes de fluxo e bindrio foram também fulcrais para o alcancar dos objetivos delineados.
O passo seguinte da dissertacdo, a validagdo experimental, permitiu demonstrar o emprego do
esquema de controlo num ambiente fisico, através do controlo de corrente com sucesso numa
carga passiva.

Em suma, pela realizacdo da dissertacdo, foi delineado um caminho claro e sustentado para a
ultrapassagem do problema da obsolescéncia, através da arquitetura de controlo realizada e vali-
dada, tanto em simula¢des como em ambiente pratico.
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Abstract

As the European Union drives through the 21st century with a grave climate change issue, it is
forced to take measures to alleviate its consequences, as well as to drastically reduce its member
states’ carbon footprint. One of the measures being widely adopted is the return of the railway,
considered by many the most ecological way of transportation, due to its low rolling friction,
economies of scale and easy electrification. Many train operators in the EU have been resorting
to refurbishment of their trains in order to obtain longer lifespans and performance gains. It is in
this context that the student was asked, by Nomad Tech, to develop a Traction Control Unit (TCU)
overhaul for the Siemens Series 2300/2400, whose usual running area is one of the busiest lines in
Portugal, Sintra line, where punctuality and reliability of trains is of the upmost importance.

The main objectives of the dissertation are the modeling, identification and simulation of a
TCU, together with its control laws. Nextly the portability of these to a microcontroller, adapted
to railway usage, allows the experimental validation of the control scheme developed. It should
be noted that the present measuring and actuating tools/interfaces must be kept, with the objective
of maintaining the retro compatibility of the system. As a result of the work developed, the train
should improve its energy efficiency and passenger comfort, whilst having a modern CPU with
the new control laws implemented.

Through the theoretical simulation studies of the traction chain with the new control laws, a
torque control scheme adequate to the railway environment was achieved. To accomplish this, it
was necessary to adjust the current control of the induction machine, whose results are considered
solid. The flux and torque estimations were also essential to the realisation of the objectives. The
next step in the dissertation, the experimental validation, allowed to demonstrate the employment
of the control scheme onto a physical environment, through the successful current control in a
passive load.

Concluding, through the development of the dissertation, a clear and demonstrated path was
laid on to overcome the obsolescence issue, as a result of the successfully developed and validated
control architecture, in simulations and physical evaluations.
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Chapter 1

Introduction

1.1 Context of the Dissertation

In a context of increased railway utilisation in both people and goods transportation, and consid-
ering the recent technological evolutions made in power electronics, signal processing and micro-
processors, it is only reasonable to assume that the railway sector must be keeping up with the
industry. Several key upgrades include, but are not limited to, semiconductor design process mat-
uration and increased processing capability in mobile and industrial CPUs. Furthermore, it is of
the utmost importance to lower the running costs of the trains (by reducing energy consumption
and decreasing the costs related to maintenance) for a strong and healthy competition between
road and air transportation modes, the latter considered to be highly inefficient and polluting.

In the case being studied, trains from CP Series 2300/2400 are being due to a "half-life" revi-
sion, where a large number of components are replaced, namely the traction motors and converters.
It was found that the TCUs of the trains are antiquated, and no longer sold on the market. There-
fore, there is a necessity to replace these components with newer technologies, to avoid shortening

the life-span of the trains.

1.2 Main goals of the project

Introduced by Nomad Tech jointly with FEUP, the topic of the dissertation includes a few main

objectives with the accomplishment of the project:

* Analysis of a railway Traction Control Unit (TCU) chain, and its main requirements;

* Definition of the dynamic model of the system, by the study of the traction motor, as well

as the Voltage Source Inverter and the control laws;
* Implementation and simulation of the traction chain with the new control laws developed;

» Experimental validation of the control scheme developed.



2 Introduction

1.3 Structure of the Document
The following items are discussed in this document:

* In chapter 2, a review of the State of Art related to Traction Control Units is done. In it
an overview of the different options for traction motors is presented and anti-slip control
techniques are described. Moreover, the general electrical structure of an electric train is
shown, with an emphasis on the components of which a TCU is made up of; a detailed
and comprehensive analysis is made regarding the main control laws families applied in a
railway scenario. Lastly, sensorless control and speed estimation techniques are approached,

as well as the essential modulation techniques.

* In chapter 3, a theoretical background of the concepts explored during the dissertation devel-
opment is presented. Firstly, a brief examination over the current Traction Control Unit in
the train unit to be refurbished is reported; afterwards, a study on IM modelling is presented.
The control method FOC is detailed and explained, as well as the SVPWM technique, es-
sential in these types of motor drives. At last, some mechanical considerations regarding
the traction resistive forces are exposed, and a theoretical background in regard to thermal

studies of the semiconductors is delineated.

* Chapter 4 details the simulation work developed. First of all, the subsystems used for the
simulations are specified, namely the IM simulation block. Then, the control architecture
was defined, and the basis for the thermal studies laid upon. At last, the results regarding
current and torque control of the IM are presented and discussed; in addition, the thermal

studies results are also shown.

* Chapter 5 describes the procedures for the experimental validation of the control scheme.
The test bench is detailed, as well as the microcontroller programming, including digital
filters and interrupts configuration. Afterwards, the acquisition tests are presented, together

with a SVPWM test. Lastly, the current control results are exhibited and discussed.

* The last chapter in this document, 6, summarises the works developed, and gives an insight

into future possible developments of the topics addressed.



Chapter 2

Literature Review

2.1 Railway Motors

Ever since the systemic abandonment of steam engines as the main workhorse for the railway
industry, the electric motor has been the main solution to operators worldwide, where electrified
lines are available. In the rest of cases, the diesel-electric power cars reign the rails. There are some
hybrid solutions, employing both diesel-electric and pure electric motors, that use the pantograph
to feed the main transformer where the catenary is available, and the fossil fuel engine for the other
areas. Currently, since the industry is moving in the direction of decarbonization, some solutions
for last-mile traction have been developed, such as battery electric trains, or even hydrogen ones.

Some typical performance requirements of traction motors include power under 1000 kW, at 3000
rpm, [1].

2.1.1 Direct Current Motor

From over a century, and up until the 1990s, the DC motor was the most used propulsion system,
due to its high torque from low speeds and simple control methods, [2]. A lot of research was done
on these motors in order to increase compactness and reliability, with success. However, the high
maintenance requirements due to the brushes degradation over time and the trouble to obtain a
spark-free commutation over the full speed and torque range, [3], has lead the industry to develop

Alternating Current solutions.

2.1.2 Alternating Current Motor
2.1.2.1 Induction Motor

The dominant technology in railways nowadays is the Induction Motor. Its mechanical robustness,
coupled with its good capability of overloading, low cost and mature technology, [3], forced its
widespread utilisation. Moreover, the minor, if nonexistent, maintenance demands put pressure on

the DC motor reign.



4 Literature Review

An IM is fed AC current in their stator windings, which due to their strategic placement gen-
erate a rotating magnetic field. This field interacts with the rotor conductors, and induces currents,
that in their turn generate a magnetic field which opposes the one generated by the stator. The
interaction between these two fields generates electromagnetic torque at the rotor. Additionally,
the rotor field always rotates at a different speed as of the stator field, this characteristic being
named as slip.

There is a possibility to feed two to four motors with each inverter, resulting in lower costs
and weight of the application. This can happen due to the intrinsic slip characteristics of these
machines, enabling them to compensate different wheel speeds due to defective wheel diameters
(as a result of degradation, for example). A characteristic system designers must be aware of is the
material of the rotor cage. It can either be made of copper or aluminium; the copper counterpart
exhibits less Ohmic losses, thus needing less ventilation. However, its higher cost may force
some systems to use aluminium. If the motor has a fully or semi-closed design, with lower self-
ventilation properties, then the lower power losses of the copper are necessary. For example, light
rail vehicles are usually of a low-floor topology, forcing the motors to be closer to the ground, and
more exposed to the environment characteristics. As a result, a closed or semi-closed motor is

desirable, therefore forcing the lower rotor losses with the copper conductors, [1].

2.1.2.2 Permanent Magnet Synchronous Motor

While the gross of the market is keen on IMs, some solutions have been developed with Permanent
Magnet Synchronous Motors (PMSM), namely in High-Speed Rail (HSR) and also Light Rail.
This type of synchronous motor offers higher torque density, higher efficiency, and better power
factor. but has a few drawbacks comparing it to the IM, such as the cost of the rare-earth materials
used for the permanent magnet rotor, or the possibility of demagnetization by high currents and/or
temperature, [1].

PMSMs do not need rotor external excitation since the use of the permanent magnets ensures
the creation of the flux, as opposed to the IM. Since there are no induced currents in the rotor,
Ohm losses are eliminated. Neodymium magnets are usual in railway applications, but their price
uncertainty has led the industry to move away from these motors. Moreover, the inability to couple
one or two pairs of motors to a single inverter increases costs, once again. However, requirements
of great performance at all speed ranges in HSR trains still create some demand for PMSMs,
[3]. An example of a High-Speed train using this type of motor is Italo’s AGV, manufactured by
Alstom, [4]. Some Light Rail vehicles in Japan also employ the PMSM.

2.1.2.3 Synchronous Reluctance Motors

The Synchronous Reluctance Motor (SYNRM) is one of the great advancements in recent motor
technology. It replaces the rotor losses present in the rotor of the IM, and the rare-earth magnets
in the PMSM for a complex rotor design, shown in figure 2.1. However, even if rotor losses are

removed, the SYNRM needs more current to fulfil the same torque as an equivalent IM, [5], thus
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increasing stator windings losses. Moreover, the control methods for this motor are more sophis-
ticated compared to other motors mentioned. Nonetheless, SYNRM with permanent magnets is
an emerging technology that can tackle some issues like efficiency and torque density, [6]. Nowa-
days, this motor is not employed in any railway application, but it is foreseeable that in the near

future some solutions may appear.

Figure 2.1: Profile view of a SYNRM structure. Extracted from [7].

2.1.3 Motor regions of operation

Typically, an electric motor presents three operation regions: one that corresponds to constant
torque, one to constant power, and the last named as natural region. In figure 2.2, up until the end
of the first region, which is delimited by the base speed, the motor delivers its rated torque, while
running at its rated flux and current, since torque is proportional to those variables; its voltage
must increase with a rise in speed, due to the increase of the back-emf, which must be countered.
In the following region, the constant power region (which begins right after the base speed), the
flux and torque must be diminished with an increase in speed. Torque decreases inversely with
the rotor speed. This region is obtained in motors through the field-weakening operation. The last
region, usually named natural region, or in the case of IMs, constant slip, sees a steeper reduction

in torque and current, [8], [9].

A @Constant Torque, @Constant @ Constant Slip
Region Power Regioni Region
Torque
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Figure 2.2: Typical torque-speed curve associated with an IM. Extracted from [9].
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2.2 Anti-Slip Control

In order to maintain an adequate level of performance in breaking and traction, as well as avoiding
damages to the wheels and rails, slip at the wheel-rail interface must be avoided at all costs.
Historically, locomotives were equipped with sandboxes, which contained dry sand to be injected
with compressed air at the wheel-rail junction in order to increase the grip of the wheel, [10].
Lately, modern electric locomotives incorporate more sophisticated methods of anti-slip detection
and control, by the use of electronic circuitry and microprocessor control, whilst maintaining the

sandboxes.

Firstly, a few theoretical concepts must be defined. Wheel slip velocity (vy) is calculated using

equation 2.1:

Vs = Iy @y — V¢ (2.1)

Where r,, is the radius of the wheel, ®,, the angular velocity, and v; the speed of the vehicle.
Furthermore, the tangential force (f},) is defined in figure 2.3.

vehicle speed v,

primary gear
secondary gear
traction
. Iiggz?iron wheel (radius :r)
motor) '

tangential force f,

Figure 2.3: Scheme of the tangential force. Extracted from [11].

The same force can be obtained using equation 2.2:

fu = Mg -mg (2.2)

Where u is the adhesion coefficient, m is the mass of the vehicle, and g the gravitical acceler-
ation. The best region for operation would be in the stable region, whilst maintaining the optimal
slip velocity, corresponding to the maximum adhesion coefficient for the best tractive effort, [12].
Figure 2.4 plots a generic adhesion coefficient over different slip velocities, graphically showing

the concepts regarded.
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Figure 2.4: Plot showing correlation between wheel slip velocity and adhesion coefficient. Ex-
tracted from [12].

However, the correlation between speed and the coefficient is highly variable due to the ex-
ternal uncertainties of the environment of the track. For example, a wet rail presents a different
optimal slip velocity. Also, the condition of the track and of the wheels will also impact this ratio.
Thus, the optimal operating point cannot be calculated beforehand, and the only variable that is
possible to be controlled is the slip velocity, which is controlled by the torque produced by the

motor. Figure 2.5 displays different adhesion coefficients for different track conditions.

Dry sand
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i/ I e S Wt rail
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Figure 2.5: Different behaviours of the adhesion coefficient with different conditions. Extracted
from [13].

In order to obtain the information if the train is suffering from slip, it is very important to
obtain the exact speed of the train. The most obvious way to gather this value is through the
measured angular speed, using an encoder, at a non-driven shaft, and to multiply it by the radius of
the wheel being driven. However, most modern trains do not possess a "free" shaft, thus proving

that this method is unpractical, [14]. To overcome this, the most used solution is to measure the
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speed of all of the driving axles of the train, or locomotive, and set the speed reference, vy, as the
lowest value measured, yyREADHESIONCONTROLRAILWAY, [14], [15]. To obtain the slip

velocity in a given wheel, equation 2.3 is used:

Vs = OF — Vyef 2.3)

It is usual to set a threshold to determine when slip is happening. One of the most common
ones is 0.1 km/h, however it can go up to 2 km/h, [15].
As a study for the state of art of anti-slip control methods, the following list will be presented:

» Control of the Slip Velocity to a constant value

It is mostly still used in older DC motor locomotives, and is considered to be an obsolete
method. The main operating characteristic is a fixed slip velocity, because it assumes that
the maximum value of the slip coefficient happens at the same velocity, regardless of track
condition or environmental status. Therefore, it is an unreliable method for slip control in
modern railway applications, since the optimal slip speed chosen is not appropriate for all

possible physical scenarios.

 Search of the maximum value of the adhesion coefficient

This method is based on the search of the inflexion point of the slip velocity-adhesion co-
efficient graph. In order to obtain this, the tangential force is derivated; if the value of the
derivation is positive, then the point analysed is in the stable region; if it is negative, then it
can be concluded that the point is in the unstable region; lastly, if the derivative is zero, then
the point is at the peak of the coefficient. However, this method may fail if the characteristic
curve has a big plateau: in this case, the optimal point detected has higher than desired slip
velocity, thus causing instability. Consequently, this method is usually used together with
other methods, [13].

Other methods currently used by the industry involve the use of speed controllers to keep the
slip speed at a certain value, thus controlling it at any desired range of the adhesion coefficient. An-
other approach is based on the determination of the adhesion-slip characteristic slope. To combine
all of those mentioned into a well integrated system, it is frequent to use a hybrid method, that arbi-
trates the most suitable method based on the current slip level yuyREADHESIONCONTROLRAILWAY,
[13]. The method is illustrated at figure 2.6.
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Figure 2.6: Block diagram of a hybrid anti-slip control method. Extracted from [13].

2.3 General Structure of the Train Electrical Scheme

Under this section, different electrical structures present in different train schemes will be pre-
sented and compared. It is relevant to have an idea of how the voltage passes from the catenary
wire, through the pantograph and into the power converters. Additionally, a deeper overview will
be made on the typical traction converter configuration, essential for the work to be developed, as

well as its control unit. Finally, a remark on semiconductors is also presented.

2.3.1 Electric Locomotives

Typically, heavy-rail electric locomotives employ the scheme shown in figure 2.7a. The main high
voltage is transformed to a lower voltage for the traction converter, through the main transformer.
There are also a number of auxiliary converters used to feed secondary loads, such as battery

chargers or air-conditioning units.

2.3.2 Electric Multiple Units

A prominent and rising in popularity solution in railways is the use of Electric Multiple Units
(EMU). In opposition with the famous locomotive in conjunction with many carriages, the traction
motors are distributed throughout the composition. This allows for more usable space inside the
train, and lower reverse times, since there is a cabin at each end of the train.

Essentially, these trains are composed by a variable number of cars, namely motor coaches and
trailling coaches. The high-voltage equipment is placed in a specific enclosure in motor coaches,
and it is connected to the motors directly in the bogies. The axles on the remaining non-motor
coaches are non-powered, [16].

One main difference between this topology and the locomotive is that the four-quadrant con-
verter feeds a DC-to-DC converter, aside from feeding the traction inverter, that can also provide
power to auxiliary loads, as can be observed in figure 2.7b. The traction converter ultimately feeds

two motors, one per axle of the bogie, [16].
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(a) Block diagram of a typical electric locomotive (b) Block diagram of a typical electric multiple unit
power structure. Extracted from [16]. power structure. Extracted from [16].

Figure 2.7: Block diagrams of electric locomotives and EMUs.

2.3.3 Traction Converter Topology

The traction converter usually employs the following stages in the design consideration:

* First phase: The main transformer converts the high-voltage obtained at the overhead lines
by the pantograph;

* Second phase: The lower voltage is rectified; usually there is a DC link capacitor and a
series resonant filter;

* Third phase: Three-phase inverter, used to drive traction motors;

The current is fed into a four-quadrant converter, that allows the rectification of the AC current,
but also allows bidirectional power flow (for regenerative braking); then it is filtered through a
series resonant circuit and a DC link capacitor; lastly, fed into a typically three-phase inverter,
[16]. This traction circuit can then feed multiple IMs. The traction control unit controls the
three-phase VSI, in order to obtain a certain speed or torque desired. It can also control the four-
quadrant converter, with the objective of outputting the same DC voltage under pantograph voltage
variations. In the scope of the dissertation, only the control of the VSI will be discussed. Figure

2.8 shows a typical block diagram of the said configuration.

Different manufacturers, such as ABB, Siemens or Alstom, apply diverse techniques in this
end, such as different medium-frequency transformer operating frequencies or the use of modular
multilevel converters in favour of cascaded H-bridges, [16].
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Figure 2.8: Block diagram of a typical traction converter topology. Adapted from [16].

2.3.4 Inverters and Semiconductors

In the field of semiconductors, the use of Gate Turn Off (GTO) thyristors was exceedingly common
in railway applications. Aside from removing the constant maintenance issue that the DC motor’s
brushes brought, in the case of AC motors, the inverters using this technology, coupled with Pulse-
Width Modulation (PWM) control of microcontrollers, increased the power factor of the feeding
circuit, putting it close to 1.0, thus increasing the amount of active power delivered to the motors,
[17].

Whilst proving to be a revolution in the Power Electronics field, GTO semiconductors did
have a few disadvantages such as low switching frequency (typically up to 500Hz), complex gate
driving circuits and a low reliability record, [16]. In the 2000’s, Insulated Gate Bipolar Transistor
(IGBT) based semiconductors proved themselves to be a second revolution in the field. They
offered higher switching frequencies (up to 2kHz), lower switching losses, package footprint and

simpler gate electronics, [16], [17].

The current trend in the field is to increase the power density and efficiency of the converters
even further. IGBT based power devices face the issue of poor performance at higher temper-
atures, thus requiring more sophisticated cooling solutions. This has led the industry to follow
the development of Silicon Carbide (SiC) as a wide-bandgap material. Semiconductors using
this technology are able to work with a higher breakdown voltage, thus enabling the reduction in
thickness of the body diode, resulting, in theory, lower running resistance on them, [18]. These

advantages can be seen in figures 2.9 and 2.10.

Currently, the use of SiC-based anti-parallel body diode in conjunction with IGBT semicon-
ductors, usually named as a hybrid solution, poses a serious alternative to pure IGBT configura-
tions, due to their lower switching losses as compared to a pure IGBT solution. However, SiC
semiconductors devices in a standalone configuration cannot be employed, since they are still in
their infancy stage of development, and their maximum voltages do not yet reach the standards

needed for rail technology. It could be said, however, that due to the promising results shown,
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Figure 2.9: Image depicting the evolution from GTO to IGBT. Extracted from [16].
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Figure 2.10: Illustration of the advantages of SiC based solutions. Extracted from [18].

after the voltage restrictions are overpast, a big portion of the market can be shifted towards this

kind of semiconductor technology.

2.3.5 Traction Control Unit

Usual motor drive applications utilise cascaded control loops in order to obtain the different de-
sired performance set-points given by the user, in this case the train driver. In figure 2.11, a direct
torque reference is sent to the control module, which will ensure the motor will develop it. How-
ever, a speed controller can be used, where a speed command is received and compared against its
current value, and a torque command is generated by it. The slip controller can also influence the

torque reference sent.
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The Flux Selection block creates a flux command based on different techniques that can be
applied, such as Maximum Torque per Ampere (MTPA). Operation in high speed leads to a much
higher back-electromotive force, which in itself requires running the motor at a reduced torque.
Flux weakening, for example, could be processed in this control stage. The inner control loops
transform the torque and flux commands, together with the measurements needed from the motor,

into voltage commands, that will be modulated for semiconductor switching in the VSI, [8].

The drive must comply with different requirements set by the manufacturer. In terms of per-
formance, torque-speed characteristic, maximum speed and torque can be imposed; some require-
ments like the efficiency of the inverter and motor, operating temperatures and others may influ-
ence the performance of the electric drive; lastly, the fulfilment of the imposed norms with regard
to electromagnetic interference of even acoustic noise levels, [8], must be considered in the design
phase of the drive. However, many of these requirements can induce conflicts, such as the case of
the operating temperature. VSI losses can be reduced by a reduction of the switching frequency;
this can also lead to higher current ripples and subsequent torque ripples, that can produce un-
desired electromagnetic interference and even reduced passenger comfort, [8]. As a result, many
compromises between requirements must be made, and systems designers must take a careful look

into how to manage all of the trade-offs.
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Figure 2.11: Generic cascaded control loops for a traction motor drive. Extracted from [8].

2.4 Traction Motor Control

The evolution of Electric Drives has been deeply influenced by the state-of-art of semiconductor
and microprocessing technologies. In the early days of motor control, the most used solutions
were DC motors coupled with analogical voltage regulation circuits for easy rotor speed variation.
However, the DC motor suffers from degrading performance in harsh environments, and constant
maintenance requirements due to its inherent build with the brushes deteriorating constantly during
operation, [19]. As such, there was demand from industry and scientific community to develop
AC motor drives. The advancements in semiconductor technology led to more complex solutions,
ranging from simple voltage over frequency variations to methods applying Artificial Intelligence
or meta-heuristic algorithms. In this section, a brief overview of the most used control methods

will be done, along with their advantages and disadvantages.
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2.4.1 Scalar Control

The first method to be approached is also one of the oldest in motor control theory. They first
arrived when microcontrollers available did not possess high frequency operation; consequently, it
is relatively simple and computationally light, as an adaptation for the environment where it would
perform. Scalar Control based methods rely on the motor steady-state equivalent circuit, and they

work properly when dynamic changes to the operating conditions are slow, [8].

2.4.1.1 V/F control

Firstly, this method was applied with an open-loop concept. Essentially, it varies the voltage and
frequency of the supply of the stator, but maintains a constant ratio between those two, resulting
in a constant flux. However, some drawbacks to this method include poor speed control precision
due to slip (in the case of IMs), and in the case of any parameter variation, such as a DC voltage
change or even a higher torque demand can modify the operating point of the motor, thus being
too unreliable, [8].

A more reliable method, widely used in many simple motor control solutions, uses V/F method-

ology, but closes the loop by adding a speed controller, as shown in figure 2.12.
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Figure 2.12: General topology for closed-loop V/F control. Extracted from [8].

2.4.2 Field Oriented Control

In the field of motor Vector Control, Field Oriented Control (FOC) is one of the most used meth-
ods. It is based on the principle that the electromagnetic torque and flux can be controlled indepen-
dently, thus resembling the simple control of a DC motor. However, in the DC motor the brushes
are assembled in a way that makes them permanently orthogonal to the magnetic field created by

the permanent magnet, leading to the following torque equation 2.4.
T, = Ky, 2.4)

By observing it, it is clear that the electromagnetic torque generated by the motor is directly
proportional to the armature current, i,, since the flux, v, is constant. To get a mathematically
similar behaviour in an AC motor, a rotating reference must be applied. This method is compu-

tationally heavy, since a few complex mathematical operations must be performed thousands of
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times in a single second. The most essential operation is regarded as Park and Clarke transform,

graphically illustrated in fig. 2.13. The mathematical equivalence is depicted in 2.5.
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Figure 2.13: Visualisation of a Park-Clarke transform. Extracted from [20]

Commanded by the above equation, this methodology enables the transformation of a three-
phase system (such as the currents in a stator of a three-phase motor) into a two-component system,
of fixed quantities. The aforementioned components are named direct and quadrature. There
are a few variations of the FOC method regarding its reference frame. In order to keep the d-g
components of the current read from the stator windings as a scalar value, a rotating reference
frame must be defined, since these values do not actually exist, but are a product of the Park-
Clarke transformation. In essence, in an IM, there are three alternatives for this purpose: rotor
flux, stator flux and air-gap flux, [21]. The most common method is the one using the rotor flux
due to its simplicity, [22]. In this case, the d-g axis must be rotating at the speed of the rotor
flux linkage, and the d-axis will be aligned with the position of the rotor flux linkage vector, [21].
Additionally, it is the most well documented and researched variation.

In figure 2.14, the general topology of this method exemplifies the usual strategy used in this
type of application. Stator currents are measured and transformed to the rotating reference frame;
the direct and quadrature currents are controlled, commonly using PI controllers, according to
their commands. After this, they are transformed once more to a three-phase system from the d-g

frame, where they control the gating signals for the PWM inverter that feeds the motor.
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Figure 2.14: General topology of a Rotor Field Oriented Control (RFOC) method. Edited from
[21].

As can also be seen at figure 2.14, the direct and quadrature stator current components control
the flux linkage and the electromagnetic torque produced by the motor, respectively. One usual
application for torque is the employment of cascaded control, with an outer speed controller com-
paring actual and reference speeds, and generating a torque command for the quadrature current
controller.

In equation 2.5, it can be noted that the theta angle is of the utmost importance to the attainment
of an accurate reference transformation, with obvious performance degradation in case of poor

angle attainment. There are multiple ways to obtain this parameter.

According to the method of speed/position obtainment, FOC can be classified in different
approaches. Direct FOC (DFOC) obtains the rotor position directly by means of a flux sensor
(for example, a Hall effect sensor or optical rotor position), or by estimation means. However,
in practical terms, the employment of a sensor is not practical due to the device requiring space,
thus increasing the overall system size, and its reliability issues, [21], [23]. Due to the naming
complexity presented in different sources, as well as a lack of standardisation in industry, figure
2.15 is presented to establish the different FOC variants.

Indirect FOC (IFOC) uses the mechanical rotor and slip angular speeds to obtain the flux angle.
By summing these two terms, and integrating them over time, one can obtain the angle. To obtain
the slip, a feed-forward of the stator d-q currents is necessary; additionally, the rotor time constant

is also used:
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The obtainment of the speed can be done by an encoder or resolver placed on the motor shaft.
This sensor, as the case with DFOC, is costly, somewhat unreliable and increases the cost and
complexity of the system. To counter this, recent approaches to obtain the angular speed using
estimation techniques have been gaining traction, usually named as sensorless techniques. This
will be explored in section 2.5.

A frequent criticism of IFOC is due to the inherent characteristic that the model depends on
the machine equivalent resistances and inductances. More specifically, the estimated rotor flux
angle depends on the rotor time constant, that is due to variation by a natural temperature increase
of the conductors. As such, if there is not an online parameter estimation adaptation, the method
can suffer from significant angle deviation, resulting in poor speed and torque precision, [21].

DFOC and IFOC can be compared regarding their performance. Whilst IFOC can draw better
speed performance at low speeds, DFOC is more suited for base speed operation, [23]. With
regards to the use of sensors or estimation, [24] has found that sensorless operation can be adequate
for a railway usage. However, it was also found that sensored operation saved a significantly
higher amount of energy as compared with the speed estimation variant used, particularly in the
regenerative braking quadrant.

FOC is very common in different train traction applications, namely in HSR, in the speed
region under the base speed, due to its issues in high-speed operation, such as the lack of voltage

margin in the inverter, and distortions in the currents as a result of overmodulation, [21].

2.4.3 Direct Torque Control

It is possible to write the electromagnetic torque of an IM as equation 2.8.
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And, if the stator resistance is neglected, the stator flux is equal to the stator voltage integrated
over time, [8]. As such, it can be seen that the torque can be controlled by the stator flux magnitude,
as well as the angle 8, which represents the angle between stator current and rotor flux, as seen in
figure 2.16.

BA

v

Figure 2.16: Reference frame of an IM in & — 8 coordinate system. Extracted from [22].

Essentially, this control methods works by comparing torque and stator flux magnitude ref-
erences to their estimated values. To obtain the last two, estimators are used. The output of the
torque and flux comparisons are fed into hysteresis controllers, whose outputs, combined by the
sector detection, by means of o — 3 stator flux estimations, determine the switching state desired.
These switching states are stored in a vector selection table, which are pre-defined voltage vectors,

corresponding to different possible inverter states, [22].

Figure 2.17 illustrates a block diagram of a typical DTC method. As a result of the operation
described, the control method does not have a fixed operating frequency, and overmodulation mode
is complex; this leads to it not being suitable for high power drives, namely in railway applications,
[8].

Some improvements have been investigated to the simple DTC, such as the employment of
Space-Vector Modulation (SVM), usually regarded as DTC-SVM, in replacement of the simple
look-up table. With this strategy, the DTC can work with a fixed switching frequency; during a
sampling period, the desired voltage vector is calculated, and then synthesised at the SVM block.
Additionally, the hysteresis controllers are eliminated in favour of PI controllers, that sets the
torque angle to control the motor torque. This implementation retains the high dynamics of reg-
ulation as the regular DTC, whilst operating at a fixed frequency, but keeps its overmodulation

issues, [8].
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Figure 2.17: Generic DTC control schematics. Extracted from [22].

2.4.4 Model Predictive Control

Considered to be a good alternative to DTC, Model Predictive Torque Control, as is usually named
when applied to motor drives, employs a cost function with regards to torque and flux errors, and
selects the appropriate voltage vector that minimises it, as opposed to a deterministic approach
made by the DTC.

The reference torque (in the case of figure 2.18, it is obtained by a speed controller) and flux are
obtained and compared against the estimated and predicted torque and flux of the electric motor.
To obtain these, it is necessary to employ a state observer, that uses a gain matrix for further tuning
of the model. The cost function also uses a weighting factor for the flux difference, which can be
very difficult to obtain and tune, [25].

MPTC suffers from model tuning high sensitivity and weak operation during faults. However,
while comparing it to DTC, it was concluded that it followed the torque and flux references with
higher precision; with regards to FOC, it was also concluded that, while it kept a similar steady-

state performance, the settling time was faster, [25].
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Figure 2.18: Schematic for a generic MPTC implementation. Extracted from [25].

2.5 Sensorless control and speed estimation techniques

A trend in the current electric drives field investigation is the use of sensorless control. This is
justified by the fact that, usually, for the employment of speed or torque control techniques in
electric motors, a measurement of speed and/or position is necessary, specially in the case of
FOC. The mentioned measurement can be done by different devices, such as a resolver or a rotary
encoder, [21], and by further signal processing. However, these sensors are very prone to electro-
magnetic interference by other power lines, and in a railway scenario, with many systems working
simultaneously (communication, signaling, power delivery through the catenary), the performance
derived from these can be impacted. Moreover, the addition of the measuring equipment increases
the overall system complexity and cost, whilst not forgetting the higher maintenance needs, [21].

Sensorless control techniques are usually divided in two main classes: the first is characterised
by signal injection and later signal processing; the other one uses the electric motor steady state
equivalent circuit equations, and a combination of prediction techniques. A generic characterisa-
tion tree diagram can be seen in figure 2.19.

In this work, a review of three Machine Model-Based Methods will be done in the current

section.

2.5.1 Direct Calculation Method (DCM)

The technique used is based on the flux estimation through the voltage equations. The speed is
obtained by a direct manipulation of the equations of the stator voltages. While it can be char-
acterised by being a relatively simple to implement technique, and of fast calculation, [26], [27],
it also suffers from deviation errors, expressly in low speed operation due to the reliance on the
stator resistance, and its inherent variation due to temperature; the use of an ideal integral can also
be a difficulty in implementation works, whilst the measurement of the stator voltage can impose
challenges due to the PWM switching characteristics delivering a waveform unsuitable for proper

processing, [26].
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Figure 2.19: Figure showing the main speed estimation techniques. Adapted from [26].

2.5.2 Model Reference Adaptive System (MRAS)

MRAS-based approaches to speed estimation include three main parts: a reference model, an
adjustable model and an adaptation mechanism. They are interconnected in the way shown in
figure 2.20.

i Reference model X
™ &
v » Actual motor || A
dgs
! i Adjustable model —
dgs X

Adaptive mechanism

Figure 2.20: Implementation schematic of a MRAS-based implementation. Extracted from [26].

The reference model uses the stator voltages and currents to calculate the state variable, x, in
a similar way to how it is done in the Direct Calculation Method. Furthermore, the adjustable
model relies on the estimated speed to calculate its own output. The outputs of the two models are
compared, and the difference is sent into the adaptation mechanism, which fulfils the function of
outputting the estimated speed, to then be used in the adjustable model, thus closing the loop on
the feedback system. The adaptation mechanism should be designed in a way that ensures system
stability as well as a high adaptation rate, [28]. Based on the state variable being calculated and es-
timated, the MRAS type changes. The most common ones are rotor flux, back electromotive force
(EMF) and stator current based MRAS, with different implementations, as well as advantages and
disadvantages for each one, [26].

Whilst keeping the small computational load of the DCM, the MRAS adds robustness and
accuracy in low-speed regions depending on the type chosen. However, it is still sensitive to

model inaccuracies and noise, and the adaptation mechanism design can be difficult to tune, [26].
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2.5.3 Extended Kalman Filter (EKF)

The strength of the EKF approach lies in its noise and modelling error or inaccuracy rejection. The
implementation is usually done by having a prediction model which is an observer of the actual
physical process, and comparing the estimation to the actual output. The error of the observer and
its estimated state variable are fed into a Kalman Filter Correction, delivering the estimated speed.
A typical implementation diagram is present in figure 2.21.

State & Parameter
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Physical Plant | A2 Output

Inputs
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Figure 2.21: Implementation schematic of a EKF-based implementation. Extracted from [26].

While it can be said that the EKF is the most robust methodology in Machine Model-Based
Methods, it also carries a high computational load, and with it, a high processing time, demanding

great performance from the CPU in order to fulfil real-time operation constraints, [26].

2.6 Modulation Techniques

Due to the switching frequencies limitations present in railway traction drives (usually under 1000
Hz in IGBT drives, even lower in GTO drives) to reduce switching losses, some issues appear:
high current ripples, which translate into high torque ripples. These ripples can cause high stress
on the mechanical system, reduced passenger comfort and even difficulty in standard compliance
(as a result of the harmonic production), [8]. As such, high torque ripples must be traded off with
high switching losses. A solution commonly used to reduce these problems is to dynamically
change the modulation techniques, switching frequency and even control strategies over different
speed ranges. In figure 2.22, the pulse mode of the 700 series Sinkansen High-Speed train, [29],
is presented, where it can be observed how the traction control unit trades different modulation

techniques depending on the train’s speed.

2.6.1 Asynchronous PWM

In the case of the Asynchronous PWM, the modulation index, defined as the ratio between the
frequencies of the carrier and modulation waves, is not an integer. The most used PWM technique
is the Sinusoidal, where the carrier wave is a sine wave, and the modulation wave a triangular

one. The PWM signal is obtained by the comparison of the two waves. Other techniques, such
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Figure 2.22: Different modulation techniques over a speed range in the Sinkansen train. Extracted
from [8].

as the Third Harmonic injection, change the carrier wave to a sine wave with a third harmonic
component, leading to higher output amplitude and a better DC bus utilisation, [30].
Space-Vector Modulation is another widely used technique. The inverter is seen as a state
space machine, with eight different combinations of switches turned on or off. Six of these cor-
respond to active, since each of them produces a different voltage, and two of them as zero, since
both of them produce zero voltage output. Each state is modelled by the output voltage it produces,
regarding what semiconductors are conducting or blocking the current. When the voltage output

is zero, the current flows in the freewheeling diodes.

If all state vectors are drawn in a o — 3 reference frame, figure 2.23 is obtained:

?

V3(0.1.0) V2(1.1.0)

Vi(0,1,1) Vi(1.0.0)

V0(0.0.0)
_’ a

@ ©

V5(0.0.1) Ve(1,0,1)

Figure 2.23: Different space vectors plotted in the a — 8 plane. Extracted from [31].

Since the o — 3 plane is used, the Clarke transformation is therefore used for this method. It
can be observed that the zero and seven vectors are the zero vectors mentioned, and the other ones
the active vectors. Between each active vector there is a 60 ° angle, corresponding to a sector; in
total, six sectors compose the plane. When a voltage command is obtained at the modulation level,
it can be mapped inside one of the sectors. The SVPWM method ensures the calculation, over a

modulation period, of the duty cycles of the two active vectors and the zero vector closest to where
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the command vector is located in the plane, which corresponds to looking at the sector defined by
these three. After having determined these values, the last step in the algorithm is to choose an
appropriate sequence of applied voltages. Since the objective is to obtain, over a modulation
period, an average voltage equal to the command voltage, then the order of appearance of each
voltage vector is transparent to this requirement. There are various methods in this chapter, that
can improve EMI or efficiency, by reducing the number of commutations. Comparing this method
to conventional PWM, the SVPWM increases the DC bus utilisation, lowers the THD and can be
more efficient, [22], [31].

2.6.2 Synchronous PWM-Selective Harmonic Elimination (SHE)

This operation regime controls the number of commutations performed per quarter of the fun-
damental cycle, in order to reduce the switching losses of the semiconductors. The angles at
which they occur are pre-calculated using a Fourier analysis, optimised for reducing lower order
harmonics at the output. In the example illustrated in figure 2.22, three angles are calculated in
medium-high speed ranges, while at higher speed ranges the modulation changes to one angle cal-

culation; this results in lower switching losses since fewer commutations per cycle are executed,

[8].



Chapter 3

Theoretical Background

As mentioned in the introduction, the work developed focuses on the refurbishment of the Siemens
series 2300/2400 TCU. The units 2414 and 2413 are shown in figure 3.1.

Figure 3.1: Photograph of two EMU 2400 units. Taken from [32].

After some research done in conjunction with Nomad Tech, the characteristics obtained are

presented in section 3.1.

25
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3.1 Present Power Structure

The current power structure is very similar to the one presented in 2.8, where the main transformer
feeds a four-quadrant converter, which through a DC link capacitor transfers the power to a VSI,
driving two motors in parallel, as can be seen in figure 3.2. Additionally, there are a few protection
measures, such as a thyristor shorting the VSI terminals when the DC voltage is too high, avoiding

further damages.

Figure 3.2: Power structure driving the IMs in the 2300/2400 EMU.

It should be noted, however, that even though the train still uses GTO for the semiconductors,
the dissertation will not focus on them since the fleet will be modernised (and is currently being)
to IGBT switches. The dissertation will focus on the control of the inverter, where the control
laws for the motor will be applied and tested. The motors used in this train unit are IMs, and the

acquired motor characteristics are shown in section 3.1.1.

3.1.1 Motor characteristics
The following motor characteristics were provided by CP:

Table 3.1: Traction Motor (Induction) Characteristics

Parameters Value
Nominal voltage (V) 1638
Nominal current (A) 190

Nominal frequency (Hz) 97
Nominal speed (rpm) 1920
Power factor 0.77
Nominal power (kW) 3903
Maximum speed (rpm) 4000

Unfortunately, the equivalent circuit parameters were not provided. As such, in the future,
static tests could be performed on the motor to obtain these.

The IM has a squirrel-cage construction, which means the rotor is made up of several metallic
bars (usually copper or aluminium) in a diagonal disposition. These bars are then electrically
connected in their terminals using short circuit rings. A diagram illustrating these aspects can be

seen in figure 3.3.
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Short circuit rings

Figure 3.3: Lateral and diagonal views of the squirrel-cage rotor. Taken from [22].

3.1.2 Sensorization

Currently, the sensorization offer is ample, since there is a number more than sufficient of measure-
ments taken. The TCU has access to the DC link voltage, that can vary by some pre-established
boundaries. Additionally, there are current measurements in the three phases of the inverter out-
puts, that correspond to the motors’ stator windings inputs. These measurements are essential to
the control logic applied. There are also temperature readings from the inverter and motors, that
can be used to determine possible current/power limitations due to safety concerns (i.e., it may
be established that the IGBT switches cannot exceed a certain temperature, and a limit on output

power must be made in case the current temperature reaches the imposed limit).

3.1.3 Control Method

According to the research made, the control unit currently divides itself in three operating regimes,
according to speed. In the first one, from standstill to low speeds, the motor is actuated by use of
V/f control, that varies the voltage and frequency in a fixed ratio to vary the speed. The following
stage is comprised of vector control. After the train reaches a high speed, "block" control is
implemented, essentially to reduce the number of commutations performed in the GTO based
inverter, and lower its heat emission. This strategy is used since the current flowing through them
is very high at this stage due to the motors’ high power demand, leading to high conduction losses.
By decreasing switching losses, it is possible to control the temperature of the devices.

The switching frequency is set at 300Hz. One of the purpose of the dissertation is to introduce
a higher frequency, that enables tighter control. Unfortunately, current GTO offer cannot support
these values. Fortunately, it is known beforehand that the these semiconductors will be replaced

by modern IGBT devices, thus overcoming this problem up to a certain level

3.2 Induction Motor Modelling

In order to understand the behaviour of the IM, a T model of the machine is presented in figure 3.4.

This circuit models the electrical behaviour of the IM in a steady-state scenario. Due to the
inherent squirrel-cage construction, the rotor current and voltage readings are inaccessible. As
such, these can be indirectly determined with the help of the circuit presented. It should be noted

that the rotoric parameters are modelled after their effect on the stator.
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Figure 3.4: Steady-state equivalent circuit of an Induction Machine, where s indicates the slip.

The slip can be defined as:

§— Nsync — Nrotor G.1)
Nsync
Where 7,4, 1s the rotor speed. The synchronous speed, 7y, is determined by the stator
frequency (f;), and pole pairs (p) by 3.2.

0% (32)

Nsyne =

Furthermore, the electrical frequency of the rotor (f,) and stator (f;) are related by means of

the slip, s:

fo=st, (33)

Regarding the power considerations, the supply power, P can be written as a function of the

stator voltage, current and the phase difference between these; Vi, I; and ¢, respectively:

P, =3V I cosgy (3.4)

However, the power transferred () to the rotor can only be a part of this value due to the Joule

losses (Pjs) in the stator windings and in the iron core, Py,

P =P, —P;— Py, (3.5)

Where the stator Joule losses are dependent on the stator resistance, R, and current, I, and
the iron core losses dependent on the stator EMF (E;) and the iron resistance, R;,.
E2
Pjs = 3R}, Pre = 3= (3.6)

r
It can be stated that the values attributed to these parameters deeply influence the simulation
of the motor, as well as possible control methods applied to it and their performance. As such,

there are empirical methods dedicated to determine these.
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3.2.1 Parameter Determination

Dedicated to sole purpose of parameter determination in three-phase rotor squirrel cage IM, the

method described is divided into three main steps:

* Measurement of the DC resistance of the stator windings: the measurements should be done
in each phase-to-phase terminals (UV, VW, WU). The stator resistance, R;, is obtained by

summing the three values obtained, and diving them by six.

* No-load test: Applying the rated stator voltage, and letting the rotor spin, the nominal speed
is quickly obtained. In this scenario, the slip is very small. Thus, the circuit presented in 3.4

can be simplified to 3.5:

1
s~0=

R, ~ oo 3.7)

R, L,

Lo :{> Ly,

Figure 3.5: IM equivalent circuit under no-load test.

With the measurement of the voltages and currents at the stator windings, at different current
points, and with further processing, the parameters for the stator can be obtained, as well as
the magnetizing inductance. The no-load impedance can be determined with equations 3.8
and 3.9. The resistive and inductive components can be found with 3.10, with the use of the

angle between voltage and current, ¢.

Zy =Rs+ jo(Ls+Ly) (3.8)
Zn = an/Inl (3.9
Ry =Ry =Zycos¢ , Xy = Z,8ind (3.10)

* Blocked rotor test: this test is done by assuring the rotor speed is zero, by blocking it, and

feeding it with a fixed frequency and variable voltage. This equates to the slip being one. It
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can be electrically compared to the short circuit test on a transformer. The start-up torque

can also be obtained. The equivalent IM circuit is simplified to 3.6:

1—
s=1= il

R, =0 @3.11)
S

Figure 3.6: IM equivalent circuit under blocked rotor test.

The equivalent impedance seen from the stator, Z,, is the stator impedance in series with the
rotor impedance summed in parallel with the magnetizing inductance, as written in equation
3.12.

Zpr =Ry + jX; + [iXu||(Rr + jX;)]
2
- R_y +Rr

+j X+X’"
AT TR Y (X, 1 X,)?

—_m
R} + (X + X,

By assuming X,, >> R, (which holds true for the majority of IM), equation 3.12 can be
simplified to:

X 2 X,
Zp ~ Ry +R, 7 i Xy + X, ——— 3.13
br s+ <Xm+Xr> +.1< s+ Xr+Xm> ( )

The resistance and reactance at rated frequency under the blocked-rotor tests can then be
assigned as the real (Rj,) and imaginary (X,,) part, respectively, of the equation 3.13. The

rotor resistance and reactance are found in 3.14.

e ()

X +Xs—Xp
Xm+X’ o (3.14)
Ry = (Ry —R)) (’")
m

From equation 3.8, it can be seen that the no-load reactance is equal to the sum of the stator

reactance and the magnetizing reactance. Replacing it in equation 3.14 yields:

(3.15)

Xy —X
Xr - (Xbr*Xs) <nls>

Xt — Xpr
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The rotor reactance can be found using the data extracted from the two tests, and with the
stator reactance. However, this parameter is still unknown. The IEEE Standard 112 dictates
that the relationship between the stator and rotor reactances vary according to the motor
class [33]. Commonly, assuming the motor class is not known, these values are set to equal.
From this assumption, equation 3.15 can be solved to obtain the rotor reactance, followed
by the magnetizing inductance. After these calculations, the rotor resistance can then be
computed through 3.14.

Through the employment of the described method, the parameters of the tested IM are obtained
in an empirical and tested approach. The tests can increase their accuracy if temperature readings
are done throughout the experiments, and resistance values are adjusted according to equation
3.16:

Ri—1 = Ries[1+ 0(T — Toy)] (3.16)

Where « indicates the temperature coefficient of resistance, that varies according to the mate-
rial of the conductor used.

A typical test setup for conducting the referred assays can be found in 3.7:

1 &

N

(M

N

Figure 3.7: Variac, three-phase IM and measuring instruments diagram.

The voltmeter measures the phase-to-phase voltage, while the ammeter obtains the line current.

The wattmeters ensure the measurement of the power.

3.2.2 Torque-Speed Characteristic Determination

In order to fully understand the expected behaviour of the motor being studied, it is common
to draw the torque-speed curve, where several conclusions can be extracted, such as the peak
torque and the slip that it occurs at. It is usual to determine the Thevenin equivalent of the stator

impedance and magnetizing reactance. These values can be obtained with equations 3.17,3.18:

Vi -
= N . J
T R+ jX) + jXn "

V. 3.17)
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R, + jX,) jX,
P L\ AT (3.18)
(Rs + ]Xs) + jXm
After the simplifications, the equivalent circuit can be drawn as figure 3.8.
Req Leq Rr Lr
1—s
‘/eq Rf,' §
S
Figure 3.8: Thevenin equivalent circuit of the IM.
The electromagnetic torque can be calculated using 3.19:
R
T, =322 r/s (3.19)

s (Reg+ (Re/5))? + (Xeg + X,)?
By computing the torque at different slip points, the desired torque-speed curve is obtained.

As an example, figure 3.9 draws a typical curve for an IM.

T

Peak torque
Starting torque

Figure 3.9: Typical torque-speed curve of an IM. Extracted from [22].

3.3 Field-Oriented Control

To improve the current performance of the trains, a refurbishment of the control laws is essential.
As such, it is proposed to use vector control, more specifically Field-Oriented Control. Addition-
ally, it is necessary to define which variation of FOC should be used. It was decided to choose the

IFOC implementation, due to its simplicity and high performance in all speed ranges.
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Some considerations must also be made regarding the switching frequency. Whilst increasing
the current value (around 300 Hz) will most definitely improve the dynamic performance of the
train and lower the torque ripples, consequently increasing passenger comfort and decreasing the
wear and tear of the traction chain, it is extremely relevant to take into account the increased
semiconductor losses, even though the new topology used supports the use of higher switching
frequencies. It is then proposed to conduct a thermal study of the test bench, as an initial validation
of the traction control method refurbishment. Additionally, conflicts between the electromagnetic
interference (EMI) generated by the PWM switching can deteriorate or even disrupt the normal
functioning of other systems essential to train circulation, such as the signaling or Convel system,
which monitors and controls the trains speeds. It was then proposed by Nomad Tech to study a

switching frequency multiple of the actual value (1200 Hz).

For an effective Field-Oriented Control theoretical background, the IM’s equivalent circuit
under the d-q frame must be introduced. In figure 3.10, a graphical representation of the mentioned
concept is presented. It should be reminded that, in order to obtain this reference frame, the Park-

Clarke transformation is needed.

R, WAds L, R, L, (w - wT))\qT
J\/\/\/\/_‘”O' YN Y
- VVVYV O+
Iqs Iqr
Vqs Lm § ‘/qr
/\ S - Wr A T
R, = R, g, @
J\/\/\/\/_'O" YN WA
- VVVYV O+
- > €
Ids Idr
Vds Lm § Vdr

Figure 3.10: IM equivalent circuit in ¢ (top) and d (bottom) frame.

o refers to the reference frame angular velocity, while A indicates the corresponding flux
component, depending on its index (for example, A, refers to the stator flux’s ¢ frame component),

the same way the currents and voltages are described.

Furthermore, the steady-state equivalent voltage and flux equations are presented in 3.20.
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. dAgs
Vqs = Rslqs + th + wlds

L iy
Vias = Rslas + d;l - wlqs
, dAg,
Var = Rylgr + =35 + (0 — 0,) Agr
dldr

Vir = Ryiar + G — (0 — @) Ay (3.20)
lds = Lsids + Lmidr
Ags = Lyigs + Linigr

)Ldr = Lyigr + Linigs

| Agr = Lrigr + Liigs

One important characteristic in the voltage equations is the cross-coupling effect of the flux
linkages, where the opposite axis’ flux times the speed influences the voltage of the said axis.
Additionally, since in a squirrel-cage IM the rotor bars are all connected through the short circuit

rings in their ends, their voltages equal to zero.

The electromagnetic torque produced by the machine can be expressed by 3.21.

e = ;12”;; (Adrigs — Agrids) (3.21)

As previously stated in 2.4.2, the main goal of FOC is to apply a similar torque behaviour
of a DC motor to an IM, through the decoupling control of flux and torque. As can be noted in
the torque equation of a DC motor, 2.4, it is directly proportional to the armature current applied
since, in steady-state, the flux is constant. Additionally, due to the construction of the motor, the
magnetomotive force is constantly 90 electrical degrees apart from the flux, thus always maximis-
ing the torque output, [21]. By the instantaneous control of the armature current, the torque is

consequently instantaneously controlled.

However, in the case of the IM, these requirements are not always met. Due to the nature of
its three-phase current supply, the torque and flux producing currents are not always 90 electrical
degrees apart, nor can they be controlled independently. Through the application of the Park-
Clarke transformation, the abc currents are transformed into a d-g frame, inherently 90 degrees
apart from each other. Commonly, the d axis is designated to be the flux producing one, while the g
axis is assigned to the torque producing one, as can be seen in 3.11. To ensure a correct application,
the d axis must be coincident with the flux vector. This way, the currents are simultaneously kept
90 degrees apart and can be independently controlled, due to no cross-coupling effects. iy controls
the torque, whilst iys controls the magnitude of the flux vector. To assure the instantaneous control

of the torque producing current, it is common to apply a PI controller to it.

Due to the alignment of the d-axis, the g flux component becomes null, while the d component
absorbs the totality of the flux vector. This has deep influences in the torque control. Revisiting
equation 3.19, a definitive parallel between this equation and the DC motor torque equation can

be drawn.
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q — azxis
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tds A

Figure 3.11: Reference d-q frame rotating at @ speed, with the current and flux vectors.

T = 33 2 s = i) = 5 5 2o Al (3.22)

As mentioned in 2.4.2, the obtainment of the theta angle can be done through different ways.
The choice of the method used will thoroughly impact the performance of the control method,
since it is of the utmost importance to keep the d-axis aligned with the flux vector. The slightest
deviation in this step will result in significant control degradation. With these steps in mind,
it is possible to setup current regulators for the desired performance of the motor. A typical

implementation block diagram of this application can be found in 2.14.

3.3.1 Flux and Torque estimation

To employ an accurate and responsive control for the IM, an estimator for flux is a regular option
in many control systems. The methods used for the estimation use the measured current, voltages
and speed in order to compute the estimated value.

There are two main approaches to the flux estimation in an IM:

* Voltage model

This model uses the stator voltage equations to derive the stator flux linkages, which in turn
are used to obtain the rotor flux linkages. Essentially, the method uses the integration of the

back-emf of the motor:

Asocﬁ = /(Vsaﬁ _IsaﬁRS)dt (3.23)
The flux angle is calculated as:
As
0 =tan ' = (3.24)
Asp
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And finally, the torque can be estimated with 3.25:

3P
T = Ea(lsalsg — Asplsar) (3.25)
Alternatively, in the d-g frame, the equation in 3.26 can also be used.

est _ 3P Lm

e ) Lr ldrlqs (326)

This method suffers from a problem due to the pure integrator. When there is an offset error
in the measurement of the back-EMF, the integrator saturates and produces an unacceptable
DC offset in its output. Additionally, when implemented digitally, the integrator adds a
drift. This is usually fixed by using a High-pass filter at the output of the integrator, or by
replacing it with a Low-pass filter. It can be observed in 3.27 the equality between these
two alternatives. However, this approach adds a phase and gain error, so the design process
of the cutoff frequency should be careful. Since back-emf increases with speed, and at low
speeds it is low, this method suffers from some inaccuracy in the lower speed regions [21],
[34].

(3.27)

Current model

Looking at the voltage equations present on 3.20, it is possible to obtain the flux linkages
through the substitution of the rotor currents by the rotor flux linkages as shown in 3.28 and
3.29:

dA,
d;ir = —Ryig+ (a) — a)r)qu (3.28)
Adr — Lini
lgr = erimldv <~ ldr = Lyigr + Linigs (3.29)
r

The g-axis flux linkage can be obtained through a similar manner. However, there is still
the effect of the cross-coupling between the d-g axes. Therefore, in order to null this effect,
if the rotor reference frame is chosen, then these terms will be null. This results in the
differential equation shown in 3.30. The last variables to be computed are the stator currents
in the rotor reference frame, that can be obtained though the transformation mentioned in
3.31:

d)Ldr
dt

R, R, .
= _7[ r 7[ N .
] Adar+ ] Lig (3.30)
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iy = ly€Os6r + iy sin0; (331
lgs = —igeSin®, +iy,cos6;,

Where the rotor angle is obtained simply by the integration of the rotor speed. After the

solving equation 3.30, the last step to be taken involves the inverse transformation of the

rotor fluxes into the original stator reference frame, as shown in 3.32:

A5 = Al cosO, — Al sinb,
dr dr q (332)
Agr = Aj,sin6, + Ag,.cos0,

Whilst the knowledge of the rotor resistance is essential to this method, and that this pa-
rameter can change substantially in different motor regimes due to higher temperatures, it
behaves better in low-speed regions than the voltage model, [21]. It also requires the knowl-

edge of the speed, thus further increasing the complexity of it.

3.4 Space-Vector Modulation

As previously stated in 2.6.1, the Space-Vector Modulation inserts the desired voltage vector inside
its & — B reference frame, whilst determining the sector where it fits. From this point, the model
calculates the times corresponding to the three vectors that define the sector where the voltage
vector is inserted. Considering that the sum of the three times obtained must equal to a switching

period, then the average voltage over a period can be written as equation 3.33:

1
Vi = T(tlvl +6Va+1Vo) (3.33)

m
Where 7, is the switching period, equal to the sum of the three times. The times for each
vector can be computed using the equations found on 3.34, which were obtained resorting to

trigonometric relations, [22].

= 732’{’/L‘:5‘cos(9 —6)

t = 3T‘,/,,‘1\(\1y\ sin(\ﬂgek) (3.34)

to=T,—t1 — 1>

Where 0 is the angle between the o axis and the reference voltage vector, and 6; the angle
between the o axis and the vector k.

The last step to take in the SVPWM model is to select the switching sequence that will de-
termine the sequence of voltage outputs at the VSI. One common technique takes advantage of
center-weighted PWM to achieve the desired voltage at the output. Each sector has a pre-defined
pattern for each of the three SVPWM signals, that operate according to the times previously com-

puted. As can be seen in figure 3.12, for the case of the sector 1, the sequence of the voltage
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vectors 0, 1, 2 and 7 (it should be noted that both the vector O and 7 produce a 0 V output, thus

being identical in this view) is coded, only varying the duty cycles of each individual vector.

T Ts
T, i e W T, T, T, | T
e »le e > >t
a [ ]
(upper) 4 |
switches
c |_|_|
U — 1
(lower) b
I
c I I

Y oW W W W, % N

Figure 3.12: Switching sequence of sector 1. Taken from [35].

To deeply analyse the concepts regarded previously, a simple PSIM software was built with a
three-phase VSI feeding a RL load, whilst being commanded with SVPWM. The DC link voltage
was set to 100 V, and the switching frequency at 10 kHz.

Firstly, the output voltage waveform of one of the phases can be seen in figure 3.13. The
maximum voltage observed corresponds to %Vdc, which in this case is equivalent to around 66.7
V.

In figure 3.14, the switching commands for the three upper semiconductors can be observed.
It should be noted that the lower switches are commanded with the inverse signals, as can be stated
from figure 3.12.

In terms of harmonic content, in figure 3.15 a Fast Fourier Transform of the output voltage is
presented.

It can be extracted that the switching harmonics appear at integer multiple values of the switch-
ing frequency (in this case, 10 kHz). Furthermore, the center harmonic is not present, thus reduc-
ing its Total Harmonic Distortion as compared to other traditional methods, such as Sine-Triangle
PWM. The bottom two graphs highlight the two first harmonics (excluding the fundamental com-
ponent at 50 Hz), that exemplify this concept. Moreover, it can be stated that the second switching
harmonic has a higher amplitude than the first one. This can lead to easier filter design due to

lower need of a low cut-off frequency.
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Figure 3.13: Voltage output of a three-phase VSI under SVPWM.
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Figure 3.14: Switching waveforms for the three upper switches.
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Figure 3.15: Harmonic content of the output voltages of the VSI under SVPWM.
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3.5 Train Mechanical Considerations

To understand clearly the traction mechanical efforts a train faces, a few aspects will be discussed
in this section, namely the load a generic train is subject to while on a normal ride.

In terms of traction, the speed attained by the train can be obtained with 3.35.

J—=T,—T, 3.35
7 ) (3.35)

Where J is the moment of inertia, in Kg.m?, @ the motor speed, 7, the electromagnetic torque
produced by the motors and 7; the load torque (i.e., the resistive forces the train is subject to). It can
be noted that, with higher J, the train has a higher difficulty in changing speed (i.e., accelerating
or decelerating), but this variable is not controlled by the train driver. The only controllable aspect
by the driver is the electromagnetic torque, which is used to control the vehicle speed.

Under driving, a train experiences multiple resistive forces. The total resistance can be decom-
posed as the sum of running resistance, F;, curving resistance, F;, and gravitational components,

F,, which is shown in equation 3.36.

Fy=F+F.+F, (3.36)

3.5.1 Running Resistance

Running resistance is composed of rolling resistance and air resistance. Due to the high difficulty
in modelling these parameters, the work developed by William Davis resulted in the Davis equa-
tion, which approximates these components in a simple yet effective way. It has been used as an
industry standard for a prolonged period, with several variation occurring for different railway op-
erators [36]. The equation presented in 3.37 illustrates the concepts approached. In it, the running
resistance, in N, is dependent on the regression coefficients A (N), B (N s/m) and C (N 52 / m?).
A refers to the total train mass and the number of axles, whilst B models the flanging friction. C
refers to the air resistance, thus its weight in the total resistance is dependent on the square of the

speed, referred to in SI units, m/s. The equation in 3.37 is expressed as Newtons per tonne mass.

F.=A+Bv+C? (3.37)

3.5.2 Gravitational component

The component referring to the gravitational effect on the vehicle is obtained by using trigonomet-
ric relations regarding the vehicle on a non-levelled track, as shown in figure 3.16.
The component is described in 3.38 can be either positive or negative whether the vehicle is

climbing or descending, respectively.

F, = mg sinB (3.38)
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Q

mg sin 0 mg cos 0

Figure 3.16: Gravitational force on a vehicle.

3.5.3 Curving Resistance

It can be difficult to measure and analyse the curving resistance due to uncertainties such as wheel
and rail condition, lubrication and curve radius. However, in order to simplify this parameter,
equation 3.39 is used [36], where the force is given Newtons per tonne of mass, and the curve

radius, r, in meters.

6116
N r

F.

(3.39)

3.5.4 Plotting of the Resistance

To grasp a better understanding of the concepts described in section 3.5, a simple Matlab script
was drawn in order to plot the resistive force against the speed. Since the topic of obtaining
the coefficients of the running resistance is a complex one, with different doctorate thesis on
mathematical models to compute them, such as Piotr Lukaszewicz’s in 2001 [37], it was decided to
obtain the parameters for a similar train as the one in study. It should be noted, however, that many
different factors, such as the train weight, length, drag coefficients and even temporary conditions,
namely rail and wheel conditions, can deeply alter the parameters. As such, the following study
should be considered as an approximation of reality.

The coefficients used are from the EMU 3400 series from CP, which are commuter trains
similar to series 2300/2400 [38]. They are presented in table 3.2.

In order to scale these values to the simulation and validation scale, the following approxima-
tions were made. Firstly, since each train has eight motors, the total resistive force was divided by
this same number. This assumes that all motors are subject to the same force, which can be false
in certain scenarios, such as when there is slip in one or more of the wheels. Secondly, a ratio
between the train’s motors power (393 kW) and the power of the motor to be used for validation
purposes (66 kW) allows to have a scaled resistance. It was also assumed that the train wheels had
the UIC standard 920 mm diameter [36]. Thus, the linear train speed can be obtained resorting to

the rotational speed and wheel radius using 3.40.
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Vm/s = r@nrl’m

Table 3.2: Coefficients used for Plotting

Coefficient | Value
A 12.8
B 0.56
C 0.0558

The obtained plot can be observed in figure 3.17.

Evolution of the Resistive Force with Speed
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Figure 3.17: Resistive force plotted over the train’s speed range.

Whilst in lower speed regions coefficient A dominates the total resistive force, the coefficient

C gradually takes over the majority of the force exerted on the train, together with the coefficient

B.

3.6 Thermal considerations

When designing a power converter, it is essential to account for the power losses of the semicon-

ductors, which can amount to high quantities. The losses are dependent on a few operating factors,

such as switching frequency or collector current.
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Essentially, the power losses for an IGBT and diode group (which is the case in the study in
question) can be drawn in equation 3.41. P,.,,; and P, stand for conduction and switching losses,

respectively, while P, stand for leakage losses, usually neglected in this type of studies.

I')l:Pcond+Psw+Ph (341)

3.6.1 Conduction Losses

In order to model the conduction losses in the IGBT/diode pair, a DC voltage source, modelling
the on-state collector-emitter voltage (V,.), and a resistance in series, which models the on-state
collector resistance, were used. To obtain these parameters, it is recommended to calculate a
linear approximation of the collector current / collector-emitter voltage graph, under the designated
gate-emitter voltage. Figure 3.18 visually demonstrates this usual method, where the collector
resistance is obtained by the inverse of the slope of the curve, and the u.. as the voltage value at

zero current. The instantaneous power loss at the IGBT and diode is drawn in 3.42.

Pt (t) = ttee(t) - ic(t) = ttceo - ic(t) + e - if(t)

(3.42)
Pea(t) = ua(t) -ia(t) = ao - if(t) +ra-ig(1)

The average power losses can be computed with the integral of the instantaneous power loss.

This is shown in equation 3.43.

1 7")"1'
P, (l) = Ti /0 Pet (t)dt = Ueen Leav + rclgrms
sw

. (3.43)

1 2
Fea(t) = 7= | Pea(t)dt = uao - Liav + Talirms
sw /0
Where the currents with the suffixes av and rms are the average and root mean square of the
signals, respectively. To attain the diode parameters, an analogous method should be used with the

forward current / forward voltage graph.

3.6.2 Switching Losses

The switching losses happen at semiconductors devices due to their turning on and off intervals
being a finite amount. As such, when both current and voltage are higher than zero, instantaneous
power losses occur. It should be noted that these losses occur twice under each switching cycle
(i.e., per cycle there are one turning on and one turning off power losses), and since the applications
where the IGBTs are employed require high switching frequencies, it can be concluded that this
parcel of power losses can amount to very high total losses.

In figure 3.19, simplified switching waveforms for a generic IGBT device are drawn. In the
case of diodes, a very similar behaviour is to be expected. The filled areas, in blue, are the energy
losses, which are the integral of the multiplication of voltage and current.

As such, the switching power losses can be calculated resorting to equations in 3.44.
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Figure 3.18: Method to obtain the on-state resistance and voltage. Edited from a Dynex IGBT
datasheet [39].
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Figure 3.19: Simplified IGBT turn-on and off voltage and current waveforms. Edited from [40].

Psz == (EonT +E0ffT) 'fsw

(3.44)
Pst == (EonD +EoffD) : f:vw ~ EonD . fsw

Where the switching-off losses in the diode are usually ignored.

Usually, the manufacturer indicates the turning on and off loss energies associated with the
IGBT and the diode. These values should be obtained from the graphs that plot these variables
against operating conditions, most notably the collector current and the junction temperature,
whilst keeping in mind the conditions that the device will be subject to. In figure 3.20, a typi-
cal switching energy versus collector current plot is shown, with emphasis on the fact that these
values change significantly depending on the junction temperature. It can be observed that the

switching energy is higher at a higher temperature in most of the current range. As such, it can be
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concluded that keeping the device cool will increase its efficiency.
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Figure 3.20: Switching energy of an IGBT plotted against the collector current and junction tem-
perature. Taken from a Dynex IGBT datasheet [39].

3.6.3 Thermal Dissipation

After obtaining the total losses for the device using equation 3.41, one must proceed with the
calculation of the thermal resistance needed to keep the device at an adequate temperature.

The usual procedure for this type of calculations is defining the thermal network of the setup.
In the case of this study, a Foster [41] type of thermal network is used. This type simulates the flow
of heat through the device using a series of RC circuits. Since there is not any data to determine
the equivalent capacitors in the network, it was decided to omit these in the analysis done. In
figure 3.21, a typical setup of IGBT and diode coupled with the case, heatsink and thermal paste
is presented. The most important temperatures are also pointed at, namely junction temperature

(Tjune), case temperature (7;.) and heatsink temperature (7},).

IGBT chip  Diode chip
- Solder
T/mw II—% &l é Metal
\\ Ceramic
T. vV\ Metal
Solder
Base plate
Thermal paste
“" Heat sink

Figure 3.21: IGBT/diode module with thermal dissipation setup. Taken from [41].
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The network to be studied is presented in 3.22. In it, the power dissipated by the IGBT/diode
is represented by a current source. It flows from the devices to the case, and onward to the heatsink
through the thermal paste. The thermal resistances of each part are represented by the equivalent
electrical impedance. By solving the equations associated with this circuit, it is possible to obtain
the desired temperatures at each point in the setup. It should also be noted that each device is a
half-bridge, with two IGBT/diode pairs in it. For a three-phase inverter, three of these devices are
required. Moreover, since they share the same heatsink, the case temperature is common to the

devices.
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Figure 3.22: IGBT/diode modules coupled with the heatsink. Taken from [41].

The junction temperatures of the IGBT and diode can be obtained by solving the equations in
3.45.

Tj7T = (Psz + Pct) : (ZIGBT + ZPaste + ZSink) + Ta
Tip = (Pawp +Pep) - (Z16BT + ZPaste + Zsink) + Tu

(3.45)

3.7 Final Remarks

In this chapter, a deeper theoretical analysis to different aspects relevant to the dissertation de-
velopment was made. This study enabled a further understanding of the said topics, and to lay a

foundation for the following chapter, where the control scheme is simulated.
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Chapter 4

Software modelling and simulation

In this chapter, the software used to simulate and validate the control scheme for an Induction
Motor is presented. A focus on the motor model and the power stage, an explanation of the
control scheme developed and a discussion on the thermal simulation studies are done. Then, the
results obtained are presented and explained, with a brief discussion regarding these.

It should be duly noted, however, that due to limitations in regards to the knowledge of the
model of the actual motor equipping the series 2300/2400 train, it was decided to focus the dis-
sertation on a scaled model. This way, in PSIM, the whole power and traction chain could be
simulated and its control tuned to obtain the desired performance parameters; moreover, it is pos-

sible to emulate the expected behaviour when translating into an also scaled physical setup.

4.1 Subsystems

This section will be dedicated to the explanation of the subsystems used for simulating the system,
namely the IM used and its testing. The power stage of the simulation model is also approached.

The software used for the simulations was the Power Electronics simulation software, PSIM.

4.1.1 Induction Motor Model

To model the functioning of the Induction Motor, the "3-phase symmetrical squirrel-cage induction
machine" block was used. It simulates the motor, using the equations shown in 3.20.

In order to validate the motor drive, it was decided to replicate a typical motor plus inverter
setup at a scale, physically. With this in mind, it was deemed necessary to simulate the behaviour
of the IM under the FOC schema. The motor available for the development of the dissertation
works is a 66 kW 3-phase IM. Due to difficulties in accessing the motor, it was not possible to
conduct the economic testing with the objective of obtaining the motor parameters. As such, a
motor model with close electrical characteristics was chosen to be simulated, as a way to validate

the control scheme. The parameters of the motor studied are presented in table 4.1.

49
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Table 4.1: Induction Motor Parameters

Parameter Value
Rs () 0.03552
Ls (mH) 0.335
Lm (mH) 15.1
Rr () 0.02092
Lr (mH) 0.335
Poles 4
Nominal Frequency (Hz) 50
Nominal speed (rpm) 1480

The torque-speed curve for the motor in study was obtained resorting to a Matlab script, where

equations 3.17, 3.18, 3.19 were used. By plotting the torque computed at different slip points, the

curve at figure 4.1 was obtained.

Torque-speed characteristic curve

Torque
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500

0 500 1000 1500
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Figure 4.1: Torque-speed curve of the designed Induction Motor.

As can be observed in figure 4.1, the start-up torque of the motor sits at around 450 Nm, whilst

the maximum torque is around 2000 Nm.

4.1.1.1 Testing the IM

With the objective of validating the IM model to be used during the theoretical studies, a simu-
lation was done, feeding the motor with a three-phase sinusoidal source at the rated voltage and
frequency (400 V phase-to-phase, 50 Hz). It is expected to observe the motor’s nominal speed at
the steady state. The results are presented in figure 4.2.

After a transient period, the rotor’s speed quickly stabilises to the nominal speed, at around

1480 rpm, whilst the torque produced by the motor never exceeds its theoretical maximum.
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Figure 4.2: Speed and Torque of the IM with a three-phase, 400V AC source.

Another important test addresses the nominal d-axis stator current, which will be essential to
determine its reference in the full operating range. In figure 4.3, the results of the same test applied
in figure 4.2 are shown, with Park-Clarke transformation of the stator currents.

As can be noted, the g-axis current quickly stabilises to zero, whilst the d-axis current stabilises
to around 62.5 A. This can be explained with the fact that the motor has no load, and after reaching
its nominal speed, it no longer produces torque. Therefore, the g-axis current, responsible for the
torque production, goes to zero, and the d-axis current, responsible for flux production, stabilises
at the value which produces the nominal flux.

After these validations, it is possible to continue with the development of the control scheme.
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Figure 4.3: Nominal rotor flux and stator currents in the d-¢g frame.

4.1.2 Three-phase Voltage Source Inverter and Mechanical Load

A three-phase inverter, together with its gates controls and DC voltage source, was used. The
outputs of this block are then connected to the stator of the Induction Motor model block. The
motor’s shaft is coupled to a mechanical load. Between these two blocks there are speed and

torque measuring blocks. The setup can be consulted in figure 4.4.
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Figure 4.4: Power section of the simulation diagram.
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4.2 Control of the Motor

In this section, a detailed overview of the control structure developed for the IM will be presented,

together with thorough explanations of the design decisions made during the development process.

4.2.1 Reference Angle Estimation

As a consequence of IFOC, the estimation of the rotor flux angle is required for an accurate stator
current control. The angle can be obtained through the integration of the rotor speed plus the slip
speed. While the rotor speed is gathered with use of an encoder or resolver device, the slip must
be calculated indirectly.

Since the rotor flux is aligned with the d-axis, its g-axis component is null, as shown in section

3.3. Thus, from equation 3.20, the rotor g-axis voltage can be written as eq. 4.1:

dAgr
Vqr = Rriqr + 7;1 + ((D — a)r))tdr = Rriqr + ((D — (J),»);Ldr =0 “4.1)

Thus, the slip frequency can be obtained in eq. 4.2.

R
(0—0) =0y =— }Z’q’ (4.2)
dr
Where the rotor g-axis current can be written as eq. 4.3.
. Ly, .
igr = _f,qs (4.3)

The rotor g-axis flux can also be written as eq. 4.4, where p denotes the differential operator

L
idS7 1, = s (44)

A
dr R,

__m
1+Tp
Finally, the slip frequency is obtained by eq. 4.5.

1 Igs
o = (o +p)§ (4.5)

If the rotor flux linkage is kept constant, then equation 4.5 can be simplified to eq. 4.6.

1 iy

— % 4.6
Tr ids ( )

Wy

The rotor flux angle is estimated by the integration of the summation of the rotor angular speed
and the slip frequency, as seen in eq. 4.7.

0= /(a)sz + o,)dt 4.7

The obtainment of the reference angle is essential to the referential transformations applied in

the control scheme.
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4.2.2 Flux and Torque Estimation

As described in section 3.3.1, a flux and torque estimation technique is essential to the control
scheme. For its simplicity and robust behaviour in mid to high speed regions, the back-emf in-
tegration method was chosen. In figure 4.5, the PSIM schematic for the flux estimation can be

found.
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Figure 4.5: Flux estimation schematic in PSIM.

It should be duly noted that, even though a high-pass filter was used to compensate the inte-
gration drift and measuring offsets errors, it is also possible to use a low-pass filter in replacement
of the setup, as shown in equation 3.27. The latter option is more suitable for a digital implemen-
tation.

With regards to the torque estimation, equation 3.26 was used to estimate it. The calculation
also employed a compensation factor which fixes the attenuation of the high-pass filter present in
the flux estimation scheme.

The biggest drawback of the back-emf estimation method is the low-speed region, where the
method suffers from estimation errors due to low levels of back-emf. In figure 4.6, the issue is re-
ported, where the flux estimation is inadequate in speeds under 50 rpm. This effect, in its turn, dis-
torts the torque estimation, which leads to poor control performance in the aforementioned speed
region. To fix this problem, the torque estimation used to control the motor switches depending
on the speed at which the rotor is spinning. Under a certain rpm level, the torque estimation uses
the nominal flux. After this level, the flux estimation is used. This prevents the described issue,

whilst also avoiding high-speed deviation errors, which will be discussed in section 4.5.
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Figure 4.6: d-axis rotor flux simulation, together with the current rotor speed.

4.2.3 Discretization, Sampling and Switching Frequencies

With the objective of turning the simulation closer to the physical experiments setup, the control
scheme was discretized based on a few principles. Firstly, since the switching frequency is limited
to 1200 Hz, it was chosen to run the PI controllers at a frequency of at least 2400 Hz. This way, it is
ensured that the SVPWM block is always updated with new voltage reference values, as opposed
to getting the same references twice. Furthermore, the stator currents and speed must be sampled
at a rate higher than twice of the rate of the control loop, to ensure a stable operation, obeying the
Nyquist theorem.

The stator currents are filtered before being sampled. For this purpose, it was necessary to
employ a 1st order Low-Pass filter, with a cut-off frequency set at 120Hz, equivalent to a decade
before the switching frequency. This assures that the switching noise present at the currents is
effectively eliminated. The Bode plot of the filters is presented in fig. 4.7. It can be noted that the
filter applies a small phase shift (of 22.7 degree) to its inputs in the ranges of frequencies of the
stator currents (around 50 Hz), considered to be adequate.

The control and acquisition loops were implemented in C code, in order to facilitate the tran-

sition from simulation to microcontroller implementation.
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Figure 4.7: Bode plot of the Low-Pass filters used in the simulations.

4.2.3.1 PI Controller Discretization

A typical continous parallel controller structure is presented in figure 4.8.

5

setpoint e(t) u(t) y(t)

i -/ Plant
—= f

Figure 4.8: Typical parallel PI controller structure.

To discretize the PI controller, a trapezoidal error approximation was used. In figure 4.9, a
graphical representation of the discretization process is presented, where the error between sam-
pling periods is determined to be the area of the trapezoid marked between consecutive samples,
demonstrated in equation 4.8, assuming the sampling time is constant (which is the case in the

control routine employed).
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The expression for the output of the PI controller is obtained through the bilinear transforma-

(4.8)

tion of the continuous time domain expression, as shown in equations 4.9 and 4.10.
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When the controller’s output absolute value is higher than the beforehand set limit, it gets
limited to it, and the integral part will continue to grow, leading to poor performance under this
scenario. This is called integrator windup, and can be solved with anti-windup schemes. In the
case used, the anti-windup implemented eliminates the proportional and integral outputs of the
PI controller. This means that the output of the PI controller is equivalent to its previous output,

whenever the anti-windup scheme is activated.

4.2.4 Current and Torque Control

In figure 4.10, it is possible to observe a simplified schematic of the controller developed for the
IM. Most notably, the torque and current controllers follow a cascaded control logic. In order

to be able to maintain a good control over these variables, it is necessary to take caution with
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the bandwidth of the controllers. The outer controller must be significantly slower than the inner
controllers, for the cascaded loop to be effective. In fact, while tuning the proportional and integral

gains for them, this aspect was fundamental.
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Figure 4.10: Field-Oriented Control schematic used.

It should be duly noted that the accuracy of the torque estimation is essential to the overall
system behaviour. Typically, a control system reads a physical variable and calculates the error
against its reference. In this case, since a torque sensor is not readily available nor is it present in

the train, it was necessary to develop a torque estimation scheme.

4.2.5 Train Control

In figure 4.11 the FSM for controlling the movement of the train is presented, where the inputs
from the train driver are transformed into torque and current references. It is known that the driver
controls the torque produced by the motors by actuating a lever, which is represented in the FSM
as a floating point value between -1 and 1, where -1 indicates maximum braking torque and 1
maximum accelerating torque. The value 0 is interpreted to lead to coasting the train, thus leading
to a null torque command.

Each state has the following outputs:

* State 0 : State used to model the stopped train. Torque reference is set to zero, and direct

current reference (Id,. ), the flux setting component, set to its nominal value.
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* State 1 : State used to model the train under acceleration. Torque reference is set to the
nominal torque times the command value, limited to the nominal torque, Id,.; set to its

nominal value.

 State 2 : State used to model train acceleration at flux weakening region. Therefore, torque
is limited to the constant power region (see figure 2.2, region 2); its value is dependant on the
train current speed, and maximum power. Id,.s follows a descendant trajectory depending

on the ratio of the current speed and nominal speed (Id,.r = —— - Iduom).

Nrated
* State 3 : State used to model the train coasting. Torque reference is set to zero, whilst Id,, ¢

18 set to its nominal value.

» State 4 : State used to model braking mode. Torque reference is set to maximum torque

times the command received, and the Id,. at its nominal value.

command > 0 && rpm <=nom

command =1
speed =0
command < -1

speed =0
P command =1

command =0

command =0

command = -1 command =0

rpm >= max

command >0
&&
rpm >= nom

command <0

Figure 4.11: Finite state machine used to model different train states.
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4.3 Thermal Study

In order to obtain the IGBT model very close to reality, the graphs plotting different variables
should be used, such as the examples in figures 3.18 and 3.19. For this purpose, the PSIM soft-
ware provides tools to replicate these curves into the software, in case the semiconductors to be
simulated are not included in the default libraries. This assures the maximum accuracy in replicat-

ing the actual devices.

4.3.1 Setup for the Three-Phase Inverter

In the scope of the dissertation, a three-phase inverter was built following the 3D render presented
in fig. 4.12.

Figure 4.12: 3D render of the built three-phase inverter.

The half-bridge IGBT/diode modules used were Dynex’s TG 450HF17M1-S300 [39]. The DC
link capacitance was set to 1800 uF, with three 600 pF capacitors in parallel. It is indicated that
the maximum junction temperature of the package is 150°C. The values of the thermal resistances
are presented, defined as the amount of heat contained in the said material when a unit of energy
flows through it, in table 4.2.

Table 4.2: Thermal Resistances of the Devices used

Resistance (°C/kW) | Diode | IGBT
Junction-Case 95 55
Case-Heatsink 48 28

Heatsink-air 35
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4.3.2 Semiconductor and Thermal Network Model

The first step done to obtain the simulation results was to use the "thermal module" block, that
simulates the IGBT, and joining them in a "H-bridge" configuration, as shown in figure 4.13. The
heatsink thermal resistance was also added, with the ambient temperature represented as a DC
voltage source, set to 40°C. The starting IGBT junction temperature was set to the same value.
The six IGBT, in the field of thermal dissipation, are seen as six devices in parallel producing
thermal power transfered to the heatsink. It should be noted that the thermal resistances of the
junction-case and case-heatsink of each device are represented internally in the IGBT models. All

thermal resistance values were set according to table 4.2.
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Figure 4.13: Three-phase H-bridge with the thermal modules, together with the heatsink thermal
circuit.

4.4 Current Control Results

In figures 4.14 and 4.15, the simulations of the current controllers can be observed. They con-
sist of setting the d-axis current reference to its nominal value (62.5 A) at the beginning of the
simulation, and a g-axis current reference of 100 A at 1 s. This way, the response of each indi-
vidual controller can be analyzed, as well as the cross-coupling effects. The controllers developed
achieve their purpose of a stable operation, whilst having a quick settling time (at around 20 ms),
and an acceptable overshoot (of around 25 %). Another result is the cross-coupling effect of the
g-axis current in the d-axis one. When the g-axis current overshoots, this effect is noted in the

opposite current, even though it is a very small effect.
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Figure 4.15: Detail of the transient response of the current controller.
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4.5 Torque Control Results

To ensure a smooth operation in all speed regions, the following torque estimation strategy was
developed. Since the flux estimation, under the back-EMF scheme, is poor at low speeds, it was
decided to replace the torque estimation using this flux estimation with a constant flux, kept at
its nominal value. This way, the torque behaviour is much more stable at lower speeds. It was
also found that, at high speeds, the latter estimation was also not adequate, since the rotor flux
value increases with higher speeds. These concepts can be seen in figure 4.16, where the pink
line indicates the moment when the torque estimations are switched (i.e., when the flux estimation

used for the torque estimation switches).
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Figure 4.16: Different torque estimation techniques and their behaviour over time.

To test the torque control scheme, a command step to the nominal torque was applied at 0.5 s.
The value for the torque was obtained resorting to equations 4.11 and 4.12, where the nominal
motor power, Prgeq, Was set to 66 kW, and the nominal speed, 7,,ominas, to 1480 rpm. The mechan-
ical load used was of a constant torque type, of 100 Nm, and had a moment of inertia value of
50 kgm?.

2n
Pruted = @nnominulT (4 1 1)

2
66-10° = 6—7(:1480-T & T = 425.85 (4.12)
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The results of the torque control are presented in figure 4.17. Firstly, the average value of the
torque follows the reference in its entirety. The settling time was projected to be a maximum of
5 s, and the control fulfills it by achieving a settling time of 3 s. It can also be noted that the
current controllers, whose result is in figure 4.14, are over a decade faster, resulting in a smooth
cascaded control. Figure 4.18 shows the speed and electrical power produced by the motor during
the simulation. When the rotor speed achieves the motor’s rated speed, the field weakening region

begins, where the power produced by the motor stays constant. In this region, the torque produced
is commanded by equation 4.13.
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Figure 4.17: Torque produced by the the motor during a torque control simulation. Detail to the
shape of the torque ripples.

The torque produced also presents a high amount of ripple, that generally increases with the
increase in speed. At its worst, there is a peak-to-peak ripple of 200 Nm. This can be explained by
the fact that the switching frequency is set to a relatively low value (1200 Hz), but also because the
parameters of the motor do not enable a lower amount of torque at the current operating conditions.

To demonstrate this supposition, two arguments are presented. Firstly, a simulation with a
higher switching frequency (2400 Hz, double the original frequency) is shown in figure 4.19. In

it, there is a 105 Nm peak-to-peak torque ripple, which is approximately half of the ripple in the
simulation with the lower frequency.
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Figure 4.18: Speed and power of the motor during a torque control simulation.
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Figure 4.19: Torque control simulation with a higher switching frequency.
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The second argument presented is based on the simulation with an estimation of the parameters
of the IM intended to be used in the physical setup. By feeding only one phase of the motor, the
rotor does not spin, thus providing an approximately equal setup as of the one in figure 3.6.

By calculating the impedance and phase shift of the current versus the voltage, it is possible
to obtain the impedance phasor, which is equal to the total impedance seen in figure 3.6. It was
assumed, based on IEEE Standard 112, that the rotor and stator reactance values are equal, and that
the stator reactance is 3 % of the magnetizing reactance. The last step to obtain an approximation
of the values of the parameters was to employ an iterative algorithm, where the current assumed
parameters values were used to calculate the current value under the applied voltage, and the error
between the calculation and the actual current value was minimised through iterative sequences.

The relevant IM parameters and characteristics are presented in table 4.3.

Table 4.3: Induction Motor Estimated Parameters

Parameter Value
Nominal Voltage (V) 400
Synchronous Speed (rpm) | 1000

Nominal Frequency (Hz) 50

Rs (Q) 0.1875
Ls (H) 0.0061
Rr (Q) 0.0267
Lr (H) 0.0061
Lm (H) 0.0157

Figure 4.20 demonstrates the reduced torque ripples with the simulation obtained with the
estimated motor parameters. They are greatly reduced, whilst keeping the exact same control
scheme used for the previous motor model, and using a switching frequency of 1200 Hz.

The two arguments presented indicate that the torque ripple seen in fig. 4.17 is external to
the control scheme employed; it is suggested that it is due to the motor model, namely the stator
time constant. While comparing the motor parameters from table 4.1 to the parameters in table
4.3, it can be noted that the stator time constant of the first one is 9.43 ms, whilst the second one
is 32.53 ms. This indicates that the first model allows for faster current changes; it also indicates
that it is more sensitive to lower switching frequencies. Thus, since the current oscillates faster,
the torque will consequently oscillate faster as well.

This effect is clearly visualised in figure 4.21. In it, the torque ripples can be seen as an effect
of the IGBTs gates signals. Depending on the signals and, consequently, the voltage applied at
the IM’s stator, the torque ascends or descends. This, in turn, oscillates at the switching frequency

rate. The slope of the oscillation is a direct effect of stator time constant.



4.5 Torque Control Results 67

400
300
g
Z
~—
S 200 |
o
8
=
100
Torque
Torque reference
0 e
1 1 1 1
0.0 2.5 5.0 7.5 10.0

Time (s)

Figure 4.20: Torque produced by the the motor during a torque control simulation.
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Figure 4.21: Torque produced by the the motor plotted against the three IGBT gates signals. On
the left, the motor is the one described at table 4.3. On the right, the motor is described at table
4.1.
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4.6 Regenerative braking and Train Control Results

To demonstrate the regenerative braking and functioning of the FSM presented in fig. 4.11, figure
4.22 displays the torque and its reference; figure 4.23 exhibits the speed the rotor is spinning at,
complemented by the signal that actuates the train and the corresponding state. Lastly, in figure
4.24 the three-phase stator currents are shown, whilst figure 4.25 shows the currents at a higher

detail, together with the outputs of the currents filters.
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Figure 4.22: Torque produced by the the motor during a torque control simulation.
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Figure 4.23: Speed at which the rotor spins, the driver command and the FSM state.
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Figure 4.25: Closer look at stator currents during braking simulation. Top figure shows the unfil-
tered current, while bottom figure shows filtered currents.

The performance under regenerative braking is shown to be good, with the controllers ensuring
a fast response, whilst keeping the system stable. In figure 4.23, the FSM functioning can be
observed. After the driver command goes to -1, the FSM changes its state to number 4, which is
reponsible for the braking state. After the speed reaches zero, the state is once more switched to

the number 0, equivalent to the initial, or stopped, state.

The settling time from the zero torque command to nominal torque is the same as with the test
in fig. 4.17, while the settling time from the nominal torque to minus nominal torque is slightly
lower, at 2.3 s. The waveform of the response is also different; this can be explained by the fact
that, at the second command step, the flux is already settled, while at the first command the flux
rises and settles at the same time as the torque. Since the IM requires nominal flux to function
adequately (expect in the field weakening region), its performance is changed whenever the flux
is not at this value. Another aspect that can be noted is the torque ripples changing according
to speed. As said previously, the ripples increase with the speed; until the 12 s mark, the speed
increases and so do the torque ripples; after the torque reference is changed to a negative value,

the speed decreases, and the torque ripples decrease accordingly.

The unfiltered currents demonstrate the correct functioning of the three-phase inverter and its
control. The variation in frequency and amplitude of them follow the evolution of the speed and
torque of the IM. The filtered currents show the signals that enter the controller do not have the

switching frequency noise present in the unfiltered currents.
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4.7 Thermal Studies Results

In figure 4.26, the results of the thermal studies are presented. The total power dissipated tops at
1280 W, and each IGBT produces around 213 W when the motor is developing its nominal power.
The junction temperatures of both the transistor and diode are kept well below their safe threshold
value of 150 °C, and the case (heatsink) temperature peaks at 85 °C. The transistor’s junction

temperature goes higher than the diode’s, presumably due to higher power dissipation.
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Figure 4.26: Power dissipated by the three-phase bridge (top) and Transistor, Diode and case
temperatures (bottom).

With the power values drawn, it is possible to have remark on efficiency. If one defines it as
the ratio between the power the IM is producing and the dissipated thermal power, then equation
4.14 establishes the efficiency.

66000 — 1280

4.8 Final Remarks

In this chapter, through the detailed explanations of the control architecture assembled and the fol-
lowing results demonstration, a preliminary validation of the motor control scheme was performed.
Indeed, the first step in controlling the motor is the stator’s current control, having achieved a sta-

ble and fast control. The torque control closes the loop on the motor drive, setting also a fast
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response, but also not presenting any significant overshoot, ideal for a train application. Overall,
the results obtained are considered to be within the stipulated performance benchmarks, thus being
possible to continue with the studies; in chapter 5, an experimental validation is performed.

It can also be noted that, with the preliminary motor parameters obtained experimentally, the
torque ripples drastically reduce; therefore, it can be concluded that the control results should
improve in the future.

The thermal studies results validate the thermal management solution developed for the test
bench, ensuring safe temperatures in all devices even at higher power outputs. The high efficiency
value obtained proves once more the utility of the IGBT devices used as a serious alternative

against the older GTO semiconductors.



Chapter 5
Physical validation

This chapter will focus on the experimental work during the dissertation period. The purpose of

the developments was to physically validate the control scheme developed, detailed in chapter 4.
Firstly, a brief exposition on the hardware used is made, together with some descriptions of

them. Afterwards, there is a focus on the main points of the microcontroller programming devel-

opment. Lastly, the main results of the work developed are presented and discussed.

5.1 Test Bench

Within this section, the used experimental setup will be detailed. A few aspects will be explained,
namely the Power Electronics topology, the VSI, its DC link voltage and the devices chosen to
build it.

5.1.1 Induction Motor and Load Motor

The setup developed for the testing of the IM is presented in figure 5.1.

AC
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Figure 5.1: Setup for testing the IM.

The IM is fed through a created DC link voltage, that consists of a rectified and smoothed out
voltage. The three-phase VSI, together with the microcontroller commands, impose the desired

behaviour onto the IM.

73
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5.1.2 Voltage Source Inverter

The three-phase Voltage source inverter was built around the Dynex IGBTs TG450S300, [39],
which have a 1700 V 450 A rating. Since the motor to be used has a nominal current of 125 A

(see equation 5.1), these devices are adequate to their use.

66k
400+/3-0.87-0.88

For validating the code developed, it was decided to first use a passive load, detailed in section

(5.1

Im)m =

5.4. Moreover, to obtain lower and, consequently, safer voltage values, the setup in figure 5.2 was
used.

The DC link voltage was built around the three-phase grid voltage, whose voltage is adjusted
through a three-phase variac, and then rectified with a diode bridge. This voltage is then smoothed
out with the 3 DC link capacitors (600 uF each). The schematic used can be observed in figure
5.2.

3 — Phase 400V

L Vae

Figure 5.2: Schematic used for obtaining the DC link voltage.

5.1.3 Semiconductors Drives

The IGBT drives used were the Power Integrations SCALE-2, [42]. They were configured in a
Half-Bridge mode, where the A input is the gate signal for the IGBTs (it is negated and applied
a dead-time to it for the lower IGBT), and the B input acts as an enable, thus raising the secu-
rity levels of the application. The gate resistors were chosen based on the IGBT used and the

recommendation on the driver’s datasheet.

5.1.4 Sensorization

To measure the three-phase currents, three LEM LF 205-S sensors were used. They are 200A rms
current transducers.

To condition and acquire the signals, a PCB from a different project was adapted for this
purpose. The main purpose of the circuit is to provide a midpoint offset to the signals acquired.
Since negative currents would result in negative measurements, and the XMC4500 only accepts
voltages in the ranges of 0-3.3 V in its ADC ports, this step is crucial for the correct utilization of

the microcontroller. It was also necessary to adjust in the code the bias and gain of these signals,
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by comparing the measurement taken with an oscilloscope with the debug screen of the program.
The DC voltage was also acquired and monitored. Moreover, the PCB ensured the transmission
of the IGBT driver signals through fiber optic, simulating the setup in the train. Another PCB was

developed to transform these optic signals into electrical signals, suitable for the drivers.

5.2 Microcontroller Programming

Following the C code developed for the PSIM simulations, it was necessary to implement different
strategies to adapt to the microcontroller integrated development environment.

The main differences between the two software in question are the way filters are implemented
and routines/timing interrupts.

In this section, relevant topics will be approached regarding the development of the software.

5.2.1 ADC Filtering

Due to the level of noise contained in the ADC acquisitions, namely the switching frequency
ripple present in the VSI’s output currents, it was necessary to employ digital filtering in these
same measurements.

In order to apply filters in the digital domain, a few concepts must be tackled. The z-domain

transfer function of a typical digital filter is seen as equation 5.2.

_bo+biz ! bz i+ by N

H(z) = 5.2
@) l+aiz7 ' +axz2+...+ayz™ (52)
The order of the filter is determined by the highest value of M or N.
The equation in 5.2 can also be described by a difference equation, as shown in eq. 5.3
y[n] = box[n] + bix[n—1]+... + byx[n —M] —ayy[n—1] — ... —ayy[n — 2] (5.3)

The values by, b1, ...,by and ay, ay, ..., ay are the filter coefficients, and allow for the tuning of
the digital filters up to the desired performance, alongside the order. If at least one a coefficient is
not null, then the calculation of the present output depends on the values of the previous outputs.
This leads to the filter being an infinite-impulse-response (IIR); if all of the a coefficients are
null, then the filter is said to be a finite-impulse-response (FIR). While a IIR usually fulfils its
specifications with a lower amount of coefficients, i.e., lower order, the FIR is always stable.
Thus, for applications where memory and processing power are limited, IIR are the preferred
choice. However, FIR filters can be designed to have a linear phase response, leading to lower
signal distortion.

Since the limited processing power of the microprocessor chosen for this development is a
heavy factor in the timeliness of the process being executed, it was decided to choose a IIR filter.
The typical structure for a digital filter implementation can be found in fig. 5.3. This is called the
Direct Form I, and is a common way to implement filters. It requires the storage of the past inputs
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and outputs on a buffer. It should also be noted that, with an increase in the filter order, not only

does the size of the buffer increase, but the computational load increases as well.

x [n] > y[n]

bo

z~! z~!
M~ w
NP
b; —daj

z~1 z~1
M~ w
t O
b, —a

Figure 5.3: Direct Form I of a digital filter.

5.2.2 Filter Coefficients

To obtain the filter coefficients, two main points were considered: the filter order and the design
type.

The sampling rate was set to 5 kHz, and the cut-off frequency at 120 Hz, a decade below the
switching frequency.

Firstly, a comparison between a Butterworth and a Chebyshev type filters is shown in fig. 5.4.
The coefficients for the filters were obtained with the help of the built-in functions of MATLAB,
that return the coefficients based on the sampling and cut-off frequencies. Both filters were set to
the same order, 2.

In terms of phase response, the Butterworth filter applies a slightly lower delay in comparison
with the Chebyshev response. The main difference is in the passband, where the Butterworth
shows greater gain stability. Since the signals to be filtered are not of a fixed frequency (as can
be seen in figure 4.24), it was decided to use the Butterworth type filter, to keep the signals in the
passband frequencies with an even gain.

Lastly, to understand the impact that the order had on the frequency response of the filter, a
plot with Butterworth type filters, designed with different orders, is presented in fig. 5.5.

In the case of the magnitude, it can be noted that the attenuation slope is much greater with a
higher order. However, as stated previously, it also leads to a higher computational burden. Taking
into account the filter with order 2 achieves a -50 dB at the 1200 Hz frequency, a decade above the
cut-off frequency, it was deemed that this order would be sufficient for the application. Further-
more, the order 2 filter achieves a lower amount of phase shift at the fundamental frequencies of

the signals being filtered.
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Figure 5.4: Comparison between Butterworth and Chebyshev Low-pass filters.
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Figure 5.5: Impact of the different filter orders.
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5.2.3 Interrupt Routine Configuration

In order to organise and scale all of the sub-routines present in the code developed, it was neces-
sary to assign interrupts for each code block. At 5 kHz, there is the signal acquisition, filtering
and the Park-Clarke transformations. At 2.5 kHz, the control sub-routine triggers, where the cur-
rent control PI controllers are updated and the inverse Clarke to Park transformation is done. At
1.2 kHz, which is the switching frequency, a sub-routine tied to the event period match of the
phase U of the SVPWM output block is executed. This ensures that the SVPWM block is updated
always at the beginning of its switching frequency, instead of possibly being updated in between
switching cycles.

It should be noted that the acquisition cycle is double the frequency of the control cycle, and
the control cycle is slightly over double frequency of the SVPWM updating cycle, assuring correct
sampling, obeying to the Nyquist theorem.

The loops designed for the microcontroller can be schematically observed in figure 5.6, with

the help of three flowcharts.

Acquisiton Loop Control Loop SVPWM Loop

; Start ) ( Start ) ( Start )
Inverse
Acquire currents and DC Park-Clarke
voltgge transformations
Apply filters

Calculate
absolute

value
Current Calculate
=1?
> limit? YES—p BREAK Enable = 17 YES—p| Angle o
o ABS >= 17 N Update SVM
Calculate values
l currents

errors and A
Park-Clarke execute Pl YES
transformations controllers

T i

ABS=099 p—mF———~

Figure 5.6: Flowcharts for each code loop.

5.3 Validation testing

This subsection will present the results obtained during the process of validating the code devel-

oped for the microcontroller.
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5.3.1 PWM Test

With the help of an oscilloscope, it was possible to collect the waveforms of the outputs of the
microcontroller. These consist of the three signals for the drivers of the IGBT. The inputs of the
SVPWM block in the IDE are the amplitude and angle of the modulated signal. The amplitude was
kept constant, while the angle oscillated between zero and 27 at a set frequency. The waveforms

of a switching cycle can be observed in figure 5.7.

Voltage (V)

0 pe——— . . . s~

11 12 13 14 15 1.6
Time (ms)

Figure 5.7: Three gates signals, outputs of the SVPWM block. Waveforms extracted with the help
of an oscilloscope.

5.3.2 Acquisition Test

After connecting the three-phase inverter to a passive load, namely an RL load, the next step was
to apply the PWM signals to the IGBTs, and test the acquisitions of the microcontroller’s ADC.
The code was arranged in a similar manner to the PWM test, with the objective of obtaining a
50 Hz current at the load. In figure 5.8, the filtered and unfiltered current can be observed. At
50 Hz, the filter should introduce a 36 degree delay to the sample, which is observed in the same

figure. The waveform is also not attenuated.
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Figure 5.8: Filtered and Unfiltered currents.

5.3.3 Referential Transformations Test

Figure 5.9 shows the three-phase sinusoidal load currents and the correct Park-Clarke transforma-
tions applied to the filtered currents. These were done with the use of the same angle applied to
the SVPWM block, at 50 Hz.

In fig. 5.10, the inverse Park transform test was performed. The d-g voltages were both set
to 0.5 V, and the o — B voltages were obtained. They are phase-shifted 90 degrees, in agreement

with the theory, and equal to the current results obtained in figure 5.9.
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Figure 5.10: Inverse Park transformation test.



82 Physical validation

5.4 RL Load Current Control Results

A setup for a preliminary current control was concluded based on the diagram in fig. 5.11. In it,
the DC voltage source was provided by a three-phase variable AC transformer, rectified by a three-
phase diode bridge together with the DC link capacitors, as shown in fig. 5.2. The load consists
of a 5 mH, 50 Hz inductance, in series with a 20 Q resistor, in a three-phase configuration. The
resistors’ endpoints were connected in a star alignment. This allowed for a similar setup as an
IM’s stator, thus providing with a close validation, with a few differences which will be explained
later in this subsection. In fig. 4.10, referring to the FOC schema developed, the angle used for the
Park-Clarke transformations is estimated by use of the speed and rotor time constant. Since this
load is passive, it was decided to use an angle with a constant frequency, set at the inductance’s

recommended one.

L R
+ l Voltage @‘_
Vdc Q Source —6—
Inverter ( ) Y Y Y ANANAN

Id reference

Ic Id - Vva* Vor*
b Pl
ABC-DQ DQ-a — ,3 SVPWM
la Regulators
Iq %- Va* VB
T Iq reference T
0 6
— —

f f

Figure 5.11: RL load current control setup.

After setting the d-g current references, the results are presented in figure 5.12. Afterwards,
the next test consisted of controlling the current without the resistor in the load. Its results are in
figure 5.13.

The results in fig. 5.12 show that the controllers were tuned for a slow response, in order to
avoid any overshoot. The settling time of both currents is 2.9 s. The I, and I; currents follow
their setpoints with good precision, whilst having a small ripple: 8.8 % in the case of the I, and
19.4 % in the case of I,; these results can be attributed to two different factors: firstly, the low

switching frequency of 1200 Hz; then, the noise present in the current sensors, since they are built
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Figure 5.12: Current control in the d-g frame, in the RL load.
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Figure 5.13: Current control in the d-¢q frame, in the L load.
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for currents of 200 A rms and are measuring currents in the single digit range, gets amplified in
the d-q frame.

Controlling the current with the load without the resistors enabled a further approximation
of reality, since the resistance in the IM’s stator is usually very low, as can be seen in table 4.1.
Thus, the only resistance in the load would be resultant of the DC resistance of the inductors
and their connectors. Moreover, it was also possible to obtain higher currents with the same
DC voltage level. The controllers had to be tuned again to achieve a stable operation and good
transient responses. Again, they were tuned for a slow response, in order to avoid any overshoot.
The settling time, from zero to their first reference, is of 6 s. I, follows its references with great
precision, whilst I; presents a steady-state error in some of its references, namely the first and
third; the errors are of 13 % and 8.9 %, respectively.

Next, whilst the currents were stable, a variation was introduced in the DC link voltage to test
the controllers’ reaction to this step. Figure 5.14 shows the results. The controllers were further
tuned to decrease the settling times.

=
Id reference
Py Id
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~ — Iq WJ——-—*F\MM—\/\N\/\WW’—‘
)
5o
e — e
—
=}
O —4F
—6 E 1 1 1 1 1 1
0 2 4 6 8 10 12
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DC link voltage
60

Voltage (V)
5

0 1 1 1 1 1 1
0 2 4 6 8 10 12
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Figure 5.14: On top, the current references and their values. On the bottom, the DC link voltage
value.

As can be noted, the controllers re-set the currents to their steady-state values quickly, with a
settling time of 1.7 s, after a voltage change from 30 V to 50 V (which is equivalent to a 60 %
increase). This implies that the control scheme developed is immune to voltage changes and
the controllers react quickly to keep the system stable. It should be noted, however, that the I;
current does not stabilise at its setpoint before the voltage change; however, it stabilises back to its
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previous steady-state value, after the voltage change.

5.5 Final Remarks

Through the developments detailed in this chapter, a preliminary experimental validation was
executed. A three-phase current control of a load similar to an IM’s stator was achieved, paving
way to a full validation; this validation involves a plethora of steps namely the ADC configuration,

filtering and referential transformations, all programmed in the chosen microcontroller.
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Chapter 6

Conclusion

In this chapter, a final overview of the development of the dissertation is exposed. In it, the
main results are analysed and discussed; afterwards, some suggestions for future developments

are mentioned.

6.1 Final Remarks

Through the development of the dissertation works, a deep analysis of a TCU in a railway scenario
was done. The first step was to define its requirements, taking into account the environment where
it would operate. The first major challenge in the system was the low switching frequency imposed
externally due to EMI requirements. This fact would directly impact the design of the control
system of the IM.

The control scheme developed for a torque control of an IM, using FOC, is considered to
have a good performance, taking into account the restrictions. The current control is precise and
fast, whilst the torque control was tuned to be slower than the inner loop, achieving the goals
set. The impact of the switching frequency was also shown, with great improvements in regards
to the amount of torque ripples obtained with a higher frequency. These torque ripples, while
undesirable, are a result of the motor’s stator impedance values and the low switching frequency
imposed. Additionally, since, in the end case, a train presents a high mass, and thus imposing a
large moment of inertia on its movements, these ripples are smoothed out.

The FSM developed was proven to be adequate for its purpose of controlling the torque and
current references, whilst the performance of the control scheme under regenerative braking was
shown to be good, with fast response times and stable behaviour.

Through the thermal simulations, the thermal management solution was proven to be sufficient
for the setup arranged. This tool can prove to be important in replicating the actual train setup.

Concerning the physical validations, taking into account that due to external factors out of
the student’s control (such as the global supply chains issue) a validation with a real IM was not

possible, it was adequate to test the main parts of the controller developed with a similar setup. The
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microcontroller programming was proven to be ready for a scaled test; in fact, a preliminary study

on current control in a three-phase RL load was achieved, with results considered to be positive.

6.2 Future Works

The main point where the dissertation could continue in the future is in the physical validation
of the controller developed. This would not only make available the platform for testing the
microcontroller programming, but also to able to demonstrate the control of the IM in different
scenarios (such as acceleration at the nominal torque, coasting and braking).

The obtaining of the motor’s parameters in agreement with the IEEE standards would be es-
sential in revisiting the software modelling and simulation; it was shown that, with the preliminary
torque control results, the ripples would decrease dramatically, thus it is expected that with the full
model the results can further improve. Additionally, as can be seen in equation 4.6, the rotor flux
angle estimation is deeply dependant on the rotor time constant. This, in its turn, can significantly
deviate from its value due to a temperature rise in the machine. Therefore, the angle can suffer
from precision errors in some operating conditions; it is suggested to develop a parameter esti-
mation scheme, whose functionality can predict the IM’s resistances value based on temperature
readings.

Regarding the thermal studies, it would be interesting to develop a few key points: firstly,
instead of the PSIM software, it could prove to be important to use a 3D modelling software with
thermal validation capabilities, such as Altium. This can enable a deeper study in finding hotspots,
determining an ideal heatsink size and/or shape and even validate different cooling options such as
a water-loop with external radiators. Then, it can be relevant to, in the test bench, take temperature

readings and compare these to the simulation results.
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Figure B.1: Picture of the three-phase VSI, notably showing the current sensors, the IGBTs and
their respective drives, and the PCB for handling the fiber optics communications.



Physical Setup 93

Figure B.2: Another angle of the three-phase VSI, showing the PCB where the acquisition pro-
cessing is done, with the XMC 4500 microcontroller. The DC link capacitors can also be seen.
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Figure B.3: Inductors used to test current control scheme.
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