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ABSTRACT

Nowadays, several types of electric motors are utilized in industrial applications, namely
induction motors (IMs), permanent magnet synchronous motors (PMSMs) and synchronous
reluctance motors (SynRMs). Owing to the high cost of PMSMs and due to the rotor losses
of IMs, SynRMs can be considered an ideal choice for some applications. These motors have
a simple structure, are robust, and have a low cost due to the absence of permanent magnets

or windings in the rotor.

To exploit the advantages of SynRM drives, an adequate control strategy is essential.
In recent times, due to the development of fast and cheap microprocessors and FPGAs, the
category of control strategies known as finite control set model predictive control (FCS-MPC)
has attracted significant attention in both academia and industry. FCS-MPC has as main
advantages, an intuitive and simple implementation, very fast dynamic response and the
ability to tackle several constraints in a straightforward manner. Due to these advantages,
it can be considered an ideal alternative to field-oriented control (FOC) and direct torque
control (DTC) in high performance motor drives. In spite of its advantages, FCS-MPC has
been barely proposed for the control of SynRM drives, especially if we consider that some

applications require the drive system to operate in the full speed range.

This thesis proposes three different FCS-MPC control strategies for high-performance
SynRM drives. The first two control strategies combine the concepts of active flux and
torque control in order to operate the SynRM in the constant torque region. The first
control strategy, baptized as predictive active flux and torque control (PAFTC), regulates
the active flux and the electromagnetic torque of the SynRM in an independent manner. It
follows the standard implementation steps of FCS-MPC, namely by predicting the values
of the state variables for all possible switching states of the inverter, and by using a cost
function with a weighting factor which needs to be tuned. A second control approach,
known as simplified PAFTC (S-PAFTC), is a simplified version of the PAFTC in the sense
that the predictions of the state variables are replaced by the calculation of an equivalent
reference voltage, performed only once in a sampling period. This procedure leads to a

smaller computational time, when the control strategy is implemented in a digital control
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platform, and to the use of a cost function without any weighting factor, overcoming one
of the challenging tasks in classical FCS-MPC strategies which is the choice of the optimal
value(s) for the weighting factor(s). The simulation and experimental results obtained with
these control strategies demonstrate the very good steady-state and dynamic response of the

SynRM drive in the constant torque region.

With the aim to safely operate the SynRM drive in the full speed range, while ensuring
at the same time the exploitation of all its potentialities and limits, including its operation

with optimal efficiency, a third control strategy, known as predictive load angle and stator

flux control (PLASFC), is proposed for SynRM drives.

The PLASFC, implemented in a stator flux reference frame, regulates the stator flux and
the load angle of the SynRM in an independent manner. While the stator flux regulation
is straightforward, the torque is regulated indirectly by controlling the load angle, bringing
benefits in terms of a smooth transition between the different motor operating regions.
Similarly to the S-PAFTC strategy, an equivalent reference voltage is calculated instead of
predicting the values of the motor state variables for all possible switching states of the

inverter, and the cost function does not include any weighting factor.

In the PLASFC strategy, the SynRM is easily operated in the full speed range: constant
torque region (including zero speed), constant power region and constant load angle region,
the last two being part of what is usually known as field-weakening (FW) region. With this
control strategy, the voltage, current and load angle limits are easily exploited by simple
mathematical relations and saturation blocks. In addition, a loss minimization algorithm
is developed and incorporated in this control strategy thus allowing to operate the SynRM
with minimum copper losses for a given load torque. Furthermore, to improve the perfor-
mance of the control system, some parameters namely the motor apparent inductances, are
estimated online. Several simulation and experimental results presented demonstrate the
excellent steady-state and dynamic performance of the SynRM drive when operating with
the PLASFC strategy, thus clearly demonstrating the benefits of using FCS-MPC strategies

in the field of electric drives in general and SynRM drives in particular.

Keywords: Field-weakening, Finite control set, Full speed range, Model Pre-

dictive Control, Synchronous reluctance motor.
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RESUMO

Atualmente, diversos tipos de motores elétricos sao utilizados em aplicagoes industriais,
nomeadamente os motores de indugao (IMs), os motores sincronos de imanes permanentes
(PMSMs) e os motores sincronos de relutancia (SynRMs). Devido ao elevado custo dos
PMSMs e as perdas no rotor dos motores de inducao, os SynRMs podem ser considerados
a escolha ideal para algumas aplicagoes. Estes motores possuem uma estrutura simples,
sao robustos e tém um baixo custo de fabrico devido a auséncia de imanes permanentes ou

enrolamentos no rotor.

De modo a explorar toda as vantagens dos acionamentos baseados em SynRMs, é essen-
cial uma estratégia de controlo adequada. Recentemente, em virtude do desenvolvimento de
microprocessadores e FPGAs mais rapidos e econémicos, a categoria de controlo conhecida
como controlo preditivo baseado em modelos de estados finitos (FCS-MPC) tem despertado
um especial interesse no mundo académico e na industria. O FCS-MPC tem varias vanta-
gens, tais como uma implementacao simples e intuitiva, uma rapida resposta dinamica e a
possibilidade de considerar varias restrigoes de uma forma direta. Devido a estas vantagens,
o FCS-MPC pode ser considerado uma alternativa ideal ao controlo por orientacao de campo
(FOC) e ao controlo direto de binario (DTC) em acionamentos de alto desempenho. Apesar
das suas vantagens, o FCS-MPC ainda tem sido pouco utilizado no controlo de acionamentos
baseados em SynRMs, especialmente se considerar que algumas aplicagoes necessitam que o

acionamento opere em toda a gama de velocidades.

Esta dissertacao propoe trés estratégias de controlo FCS-MPC para acionamentos de alto
desempenho baseados num SynRM. As duas primeiras estratégias de controlo combinam os
conceitos do fluxo ativo e do controlo de binéario, de modo a operar o SynRM na regiao de
binario constante. A primeira estratégia, denominada controlo preditivo do fluxo ativo e
de binario (PAFTC), regula o fluxo ativo e o binario eletromagnético do SynRM de forma
independente. A estratégia PAFTC segue a estrutura padrao do FCS-MPC, uma vez que
prevé os valores futuros das variaveis de estado para todos os estados de comutacao possiveis
do inversor, e utiliza uma funcao de custo com um peso que necessita de ser sintonizado.

Uma segunda abordagem de controlo, denominada PAFTC simplificado (S-PAFTC), é uma



versao simplificada do PAFTC uma vez que o cédlculo das predi¢oes das variaveis de estado é
substituido pelo calculo das tensoes de referéncia equivalentes, realizado apenas uma vez num
periodo de amostragem. Esta estratégia de controlo possui um tempo de execugdo menor,
quando implementada numa plataforma de controlo digital e, faz uso de uma func¢ao custo
sem qualquer peso, ultrapassando um grande desafio das estratégias FCS-MPC classicas,
que ¢é a escolha do(s) valor(es) 6timo(s) para o(s) peso(s). Os resultados de simulagdo e
experimentais obtidos com estas estratégias de controlo mostram excelente desempenho do
acionamento baseado no SynRM na regidao de binario constante, tanto em regime permanente

como em regime dinamico.

Com o objetivo de operar o acionamento baseado no SynRM de forma segura em toda a
gama de velocidades, e a0 mesmo tempo assegurar que todas as suas potencialidades e limites
sao explorados, incluindo uma operacao com eficiéncia 6tima, uma terceira estratégia de
controlo, conhecida como controlo preditivo do angulo de carga e fluxo estatérico (PLASFC),

é proposta para acionamentos baseados em SynRMs.

A estratégia de controlo PLASFC, implementada no referencial do fluxo estatoérico, con-
trola o fluxo estatérico e o angulo de carga do SynRM de forma independente. Enquanto
que a regulagao do fluxo estatorico é direta, a regulagao do binario é realizado de forma
indireta através do controlo do angulo de carga, o que conduz a uma transi¢do suave entre
as diferentes regioes de operacao do motor. Tal como na estratégia S-PAFTC, as tensoes de
referéncia equivalentes sao calculadas ao invés de prever os valores futuros das variaveis de
estado do motor para todas os estados de comutacao do inversor possiveis, e a fungao custo

nao inclui qualquer peso.

Na estratégia PLASFC, o SynRM ¢ facilmente operado em toda a gama de velocidades:
regiao de bindrio constante (incluindo a velocidade zero), regidao de poténcia constante e
regiao de angulo de carga constante, sendo que as tltimas duas regioes pertencem a regiao
normalmente designada por regidao de campo enfraquecido (FW). Com esta estratégia de
controlo, os limites de tensao, corrente e angulo de carga sdo facilmente explorados através
de relagoes matematicas simples e blocos de saturagdo. Adicionalmente, um algoritmo de
minimizac¢ao de perdas é desenvolvido e incorporado nesta estratégia de controlo, permitindo
que o SynRM opere com perdas no cobre minimas para um dado binario de carga. Além

disso, para melhorar o desempenho do sistema de controlo, alguns parametros tais como as
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indutancias aparentes do motor sdo estimadas em tempo real. Por fim, sdo apresentados ml-
tiplos resultados de simulagao e experimentais que demonstram um excelente desempenho
do acionamento baseado no SynRM quando operado através da estratégia PLASFC tanto
em regime permanente quanto em regime dindmico, demonstrando claramente os beneficios
da utilizacao das estratégias FCS-MPC no campo dos acionamentos elétricos em geral e,

particularmente, nos acionamentos baseados em SynRMs.

Palavras-chave: Campo enfraquecido, Controlo de estados finitos, Gama de
velocidades completa, Controlo preditivo baseado em modelos, Motor sincrono

de relutancia.
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INTRODUCTION

1.1 RESEARCH BACKGROUND

In order to achieve a relatively lower cost, high accuracy and high operational effici-
ency, without using permanent magnets or rotor windings, synchronous reluctance motors
(SynRMs) have recently received more attention as a competitive solution in the market of
industrial motor drives. The SynRM is one of the oldest types of electric motors and it has,
from time to time, attracted the attention of a considerable number of researchers [1]. The
first theoretical introduction of the SynRM with reluctance torque production and sinusoidal
magnetomotive force was initiated by Kostko in 1923 [2]. In that motor, a rotor cage was
used because a pure reluctance machine does not have the self-starting capability. Up to the
1980’s, SynRMs were almost neglected by researchers owing to their complex rotor design,
poor power factor and low efficiency compared to induction motors (IMs) [3]. With the
significant improvements in the rotor design of SynRMs, in conjunction with the advances
in the field of power electronics and control of electric drives, the performance of SynRMs
have been dramatically improved. Furthermore, by controlling the inverter which feeds the

SynRM, there is no longer the need of using a cage in the SynRM rotor [4].

The SynRM geometry consists of two main parts: the stator and the rotor. The stator
structure is analogous to the stator of an IM, which normally has several slots with distribu-
ted windings. The rotor geometry of the SynRM has different shapes [3,5]. The first rotor
geometry was introduced by Kostko in 1923 with segmental iron pieces and flux-barriers as
shown in Fig. 1.1(a). In the 1930’s, the anisotropic rotor structure was obtained by a typical

rotor punching identical to IMs but by cutting out a few teeth as shown in Fig. 1.1(b) [6].
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These motors generally have a low power factor and efficiency due to the small value of the
saliency ratio, which represents the ratio between the inductances along the d- and g-axis,

being defined as
¢ = Lq/Lq. (1.1)

(a) Kostko rotor [2] (b) IM with a few removed teeth [6]

Fig. 1.1. First generation of SynRM rotors.

A second generation of SynRM rotors was introduced in the 1960’s. It utilizes a segmental
rotor construction as depicted in Fig. 1.2 [7]. The startup of the SynRM using this rotor
type was achieved via a soft starter without adopting a cage in the rotor. In addition, the
saliency ratio of this machine was much higher than the use of the first rotor generation.
However, the poor efficiency and the low power factor have hindered the widespread use of

such machine.

Fig. 1.2. Isolated segmented rotor [3].

In the 1970’s, a modern rotor geometry was constructed, as shown in Fig. 1.3(a) [8]. The
rotor was made of several axially-laminated steel sheets of “u” or “v” shape. These sheets
are then stacked in the radial direction as shown in Fig. 1.3(a). With this rotor design, a
saliency ratio as high as 16 is achievable [9]. Thus, the overall performance of the SynRM has

been improved significantly in terms of efficiency and power factor. Despite the advantages
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of the axially-laminated rotor, its structure is complicated and the cost of manufacturing is

high. In addition, it is not mechanically strong and cannot operate at very high speeds [10].

Around the year 1990, the transverse-laminated rotor for SynRMs has been introduced
[11]. This type of rotor has several flux barriers as seen in Fig. 1.3(b). The lamination of
this rotor is similar to that of IMs by traditional punching, meaning that it is cheap and
casy to manufacture [12]. Furthermore, it generates relatively low iron losses [13], being the

most promising type of rotor for large-scale production in industrial applications.

(a) Axially-laminated rotor [3] (b) Transverse-laminated rotor [14]

Fig. 1.3. Modern SynRM rotor construction.

Due to the aforementioned advances in the rotor design of SynRMs, they have become
recently an attractive alternative for permanent magnet synchronous motors (PMSMs) and

IMs, due to subsequent main features [15-20]:

e There are no windings, magnets or cages in the rotor. Accordingly, the rotor of SynRMs
is cheaper and lighter than the rotor of IMs or PMSMs with the same size.

e The rotor temperature is very low. Consequently, the torque per ampere is acceptable
and independent of the rotor temperature unlike PMSMs and IMs.

e The stator of SynRMs is identical to that of IMs and PMSMs.

e The control methods for SynRMs are similar to those of IMs and PMSMs. The speed
control without encoder (sensorless control) is much easier due to the magnetic aniso-
tropy of the rotor [21,22].

e The efficiency of SynRMs can be higher than that of IMs but is less than that of
PMSMs of the same power rating. However, the use of rare-earth elements such as
neodymium and dysprosium has certain drawbacks. The magnet materials are costly

and can be subjected to price variations. Therefore, the use of rare-earth permanent
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magnet motors in drive systems may not be economic in the future [23]. In addition,
SynRMs have a wider speed range in comparison with PMSMs (the limitation for
the maximum speed is purely mechanical), being particularly suitable to be used, for
instance, in traction applications where the operation of the traction motors in the
field-weakening (FW) region is a major requirements [24,25]. Moreover, problems such
as the permanent magnets demagnetization and the performance variation with rising

temperature do not exist [26].

The main disadvantage of SynRMs is its relatively low power factor. However, the power
factor can be improved by adding a small quantity of low-cost permanent magnet material
(ferrite) to the rotor core, being that motor called a permanent magnet assisted synchronous

reluctance motor (PMa-SynRM) [27].

With the recent improvements in the rotor design of SynRMs, the SynRM fed by an inver-
ter became a suitable drive system for industrial use. The first mass produced 1E4 SynRM,
which was marketed for common industrial loads such as fans, pumps and compressors, was
presented by ABB in 2011 [28]. Two different types of ABB drive packages exist, firstly
the IE4 super premium efficiency motor and an IE3 high output motor, both coupled with
advanced ABB electric drive systems utilizing a direct torque control (DTC) scheme [29].
DTC drives combined with any of the SynRMs offer great energy savings potential for a
large number of variable-speed pump and fan applications, in comparison with IMs [30]. Tt
is worth mentioning that the German companies KSB and Siemens have also manufactured

an efficient SynRM for pump, fan and compressor applications [31].

High performance, fast transient response and an appropriate control flexibility of electric
drives is an essential requirement for various industrial applications [32]. The two most
widespread control techniques that have been widely investigated and reported for SynRM
drives are field-oriented control (FOC) and DTC [33-36]. In spite of FOC providing a great
dynamic torque and flux response, its structure is complex due to the use of PI controllers and
a space-vector pulse width modulation (SVPWM) block. Moreover, it requires some tuning
effort to achieve a good performance. In contrast to FOC, DTC has a simpler structure
as it does not have any axis transformation or modulation blocks. This control strategy

directly selects an optimal voltage vector from a predefined switching table according to
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the position of the stator flux vector and error signals provided by torque and stator flux
hysteresis controllers. In spite of the fast dynamic response achieved by DTC, its performance
degrades especially at low speeds and suffers from high torque and flux ripple, and variable
switching frequency in a traditional implementation. Furthermore, a high sampling frequency
is required for digital implementation of torque and flux hysteresis bands [37]. Moreover,

DTC is also not flexible in the incorporation of some control constraints.

A different control approach, called model predictive control (MPC), has recently attrac-
ted widespread attention in both industry and academic communities [38-42]. MPC uses the
system model to predict the future system states in discrete time. The outcomes of predic-
tion are evaluated by a cost function, which is responsible for the optimal state prediction,
according to the specified operating criteria and constraints. MPC offers several advantages,
for instance, it has an intuitive design methodology, and it is capable of incorporating cons-
traints and non-linearities in a straightforward way, as well as the ability of multivariable
control. Therefore, MPC is considered a powerful alternative to both FOC and DTC in high
performance electric motor drives [43]. Compared to FOC, MPC avoids the use of PI current
and flux controllers and modulation blocks, hence leading to a very fast dynamic response.
Compared to DTC, MPC uses a cost function rather than a switching table to select the
best voltage vector to be applied, meaning that a better steady-state performance can be
obtained. Despite the above mentioned advantages, MPC also presents two drawbacks such
as a high computational burden, and the need to adjust weighting factors very often used in
the cost function, being these topics for future research [44,45]. Of course, if these drawbacks

are solved, this can lead to a wider acceptance of MPC in industrial applications.

Using any of the aforementioned control strategies for SynRMs, the speed of the motor
is increased up to the base speed. To fully utilize the wide speed range capabilities of the
SynRM, a FW algorithm is required to comply with the voltage limit needed by the inverter.
In electric drives for traction applications, such as in electric vehicles, the electric motors need
to have a very high starting torque and a wide speed range of operation [46,47]. The power
requirement of these electric motors varies over time according to the driving schedules and
road conditions, thus demonstrating the importance of expanding their speed range. During

the vehicle acceleration, the electric motor drive in traction applications requires a high
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torque to achieve fast acceleration. At cruising, the electric motor needs to run in a wide

speed range, guaranteeing the production of an acceptable torque in a wide speed range.

SynRM electric drives can operate in a wide speed range. This speed range is typically

divided into three regions as shown in Fig. 1.4 [48-50]:

e Constant torque region (Region I), which starts at zero speed and ends at motor base
speed.

e Constant power region (Region II), comprised between the base speed and the speed
where the load angle of the SynRM reaches its stability limit (typically 45°).

e Maximum torque per voltage (MTPV) region (Region III), also known as constant load
angle region. In this region, the SynRM operates at very high speeds with a constant

load angle in order to extend the torque control capability.

Region 1 : Region 11 Region III
Constant Torque Region L Constant Power Region Constant Load Angle or
MTPV Region

Torque T’
€

N

Stator current 7

Flux ¥/

FW region |

A 4

]
1
1
1
1
]
]
Load angle § |
[}
[}
1
1
1
L ¢
1

o, (base speed)
0

Fig. 1.4. Regions and limits of operation of a SynRM drive.

To fully exploit the torque and power potential of the SynRM drive and ensure a smooth
transition between the regions mentioned above, the adopted control strategy must comply
effectively with the inverter limits (current and voltage) as well as the load angle limitation
[48]. In literature, the majority of the research work that propose control algorithms able to
operate the SynRM in the FW region are based on FOC and DTC [50-53]. In the case of
FOC, the FW operation is obtained by generating the optimal reference currents for Regions
IT and IIT with the aid of a motor model [52-54]. However, the effectiveness of this approach

is highly reliant on the accurate identification of the motor model [54]. Furthermore, an

6
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additional voltage control loop, which is cascaded with the current vector control loops, is
required to correct the calculated current reference values in the MTPV region [53], thus
increasing the complexity of the control scheme. In contrast to FOC, DTC regulates directly
the stator flux and torque, thus the FW algorithm is implemented in a different way. In
this control strategy, the voltage-limited operation is easy to be realized due to the direct
regulation of the stator flux. On the contrary, the implementation of the MTPV limitation
is not straightforward and it always requires some analytical work [50,51]. In [51], the
FW algorithm continuously monitors the duty ratio of the DTC in order to perform the
transition between the different motor operating regions. In [50], the expressions of the FW
and MTPV trajectories were written in a reference frame synchronized with the stator flux
and used to calculate the references of flux and torque in order to respect the current and
voltage limits. One can conclude that both in FOC and DTC, the FW algorithm cannot
be directly implemented without further modifications to the respective standard control
schemes. In view of this, a simple and robust FW algorithm for SynRM drives is highly

desirable and preferable in a real-time implementation of a comprehensive control scheme.

1.2 MAIN OBJECTIVES AND CONTRIBUTIONS

MPC is an emerging alternative in the control of electric drives. In particular, finite
control set MPC (FCS-MPC) seems to be a very promising category of control strategies
in this field. FCS-MPC allows a flexible control scheme with very fast dynamics. However,
it still suffers from two major drawbacks such as a relatively high calculation effort and
difficulties in the proper selection of the weighting factors present in the cost function. These
two issues demonstrate that FCS-MPC has to be improved until it can compete successfully

with other control strategies.

On the other hand, the inclusion of a simple and robust FW algorithm with the traditional
FCS-MPC algorithm, in order to exploit the full speed range of the SynRM drive, is an
interesting research subject and will present a practical application. Unfortunately, the
performance of FCS-MPC proposed for SynRM drives has not yet been explored in the full
speed range. The main reason for this is the difficulty in controlling the SynRM along the
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MTPV trajectory.

Taking into account all the limitations mentioned above, the main objective of this work
is the development of a new FCS-MPC strategy which avoids the use of weighting factors
and runs safely and efficiently the SynRM drive in the full speed range, in a relatively small

calculation time.

This thesis presents three new FCS-MPC strategies for SynRM drives. The first two
control strategies are developed in the rotor reference frame and use the active flux concept.
They are called predictive active flux and torque control (PAFTC), and simplified predictive
active flux and torque control (S-PAFTC), respectively. PAFTC follows the traditional
implementation steps of FCS-MPC, thus it requires some effort to adjust the weighting
factor used in the cost function. On the contrary, the S-PAFTC approach corresponds to
a simplification of the PAFTC. By allowing a reduction of the calculation time required for
the prediction process, and at the same time avoiding the use of weighting factors in the
cost function. These two control strategies are evaluated through several simulation and
experimental tests, both in steady-state and transient conditions, demonstrating the good

performance of the SynRM drive thus obtained for speeds up to the rated one.

The third control strategy proposed in this work is developed in the stator flux reference
frame, being named as predictive load angle and stator flux control (PLASFC). According
to this control strategy, a simple cost function is evaluated and the prediction process is
simplified in the same manner as in the S-PAFTC strategy. Moreover, due to the selection
of the load angle and the stator flux as controlled variables, PLASFC is suitable and capable
of exploiting effectively the torque and power potential of the SynRM drive in the full speed
range. The literature shows that the incorporation of a loss optimization algorithm in FCS-
MPC algorithms has been little investigated. Therefore, a loss minimization algorithm is
developed and implemented in the PLASFC, in order to reduce the copper losses of the

motor in Region I.

Finally, it is worth mentioning that in the three proposed control strategies, the magnetic
saturation and cross-magnetic saturation characteristics of the SynRM have been taken into

account. This means that the motor model includes self- and cross-incremental inductances,
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as well as apparent inductances, where all of them depend on the currents components along

the dg-axes.

1.3 THESIS STRUCTURE

The present thesis is organized into five chapters, including this one which introduces the

research background, motivation and contributions.

Chapter 2 provides the literature survey for all control strategies in the domain of SynRM
drives, with special focus on FCS-MPC strategies. The advantages and limitations of FCS-

MPC strategies in comparison with the existing classical control schemes are pointed out.

Chapter 3 presents the mathematical model of the SynRM considering its non-linear mag-
netic characteristics. In addition, a brief description of the adopted method to identify the
SynRM parameters is included. Furthermore, two new FCS-MPC strategies for SynRM dri-
ves using the active flux concept are presented and validated by simulation and experimental

results obtained in both steady-state and transient conditions.

Chapter 4 starts with a general overview of the control strategies for SynRM drives
in the FW region in order to supply the reader with the necessary theoretical background.
Then, a predictive load angle and stator flux control strategy is presented. It gives a detailed
description of each control block, such as the prediction model, FW algorithm, and stator flux
and load angle observer. The robustness of the proposed control strategy against parameter
uncertainties has also been described and supported with simulation results. In addition,
the loss minimization algorithm, which is intended to increase the SynRM efficiency in the
constant torque region, is also explained. Finally, simulation and experimental results are
presented and discussed to verify the effectiveness of the proposed control strategy in the

full speed range.

At the end, chapter 5 presents the main conclusions of this work and provides proposals

for future work in this field of research.






STATE-OF-THE-ART OF CONTROL

STRATEGIES FOR SYNRMS

In this chapter, the main control strategies applied to SynRM drives are briefly reviewed
and analysed. The presentation of these strategies is grouped into three main categories:

Field-Oriented Control; Direct Torque Control; Model Predictive Control.

2.1 CLARKE AND PARK TRANSFORMATIONS

Clarke and Park transformations are used in vector control systems, thus a brief expla-

nation of these transformations is presented first.

Clarke transformation: This transformation is used to transform three phase quantities
into a stationary two-axis orthogonal reference frame as shown in Fig. 2.1 [55,56]. The Clarke
transformation is also known as the af transformation and when applied to the current

signals is given by

—
|

la

N
N

(2.1)

Wl N

e[S
e[S

%
le

where ,, % and 4. are the three-phase currents, and i, and iz are the current components

in an orthogonal reference frame.

Park transformation: This transformation is used to transform the stationary reference
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Fig. 2.1. The Clarke transformation applied to a system of three currents.

frame quantities into a rotating reference frame quantities as shown in Fig. 2.2. The Park
transformation, which is also known as the dg transformation [57, 58], when applied to the

currents is given by the following equations:

iq cos (0) sin (0) Qo
= : (2.2)

iq —sin (A) cos (0) i

where 74 and 7, are the two current components in the rotating reference frame and 6 is the

angle between the a-axis and the d-axis.

B -aris

q-aTis

s » -1

Fig. 2.2. The Park transformation.

In this section, a rotor reference frame is used as it is more suitable for the control
of synchronous machines than the abc reference frame [55,57-61]. The transformation to
the rotor reference frame eliminates the time-varying inductances in the machine equations
[55,57-61]. The signals of the control loops are DC quantities in steady-state, making it
easier to design the control system. The transformations above are not only used with the

stator current, but also apply in general to other variables like voltages and flux linkages.

12
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It is also handy to be able to transform currents, voltages or flux linkages from the af
(stationary) to the dg (rotor) reference frame and vice-versa. The transformation from the dg
reference frame to the af reference frame is usually called as the inverse Park transformation
and is given by

io cos (f) —sin () iq
= : : (2.3)

i sin ()  cos (6) iq

2.2 MODEL OF THE SYNRM

The voltage and flux equations of a SynRM in the rotor reference reference can be des-

cribed as [61-64]:

S d
ug = Ryig+ 24 — w, ),

(2.4)
ug = Rgig + % + wWrhy
Ya = Latg (25)
¢q = Lqiq

where ug, u, are the stator currents along the d- and g¢-axis, ¥4, ¥, are the stator flux
linkage along d- and g-axis, Lq, L, are the inductances along the d- and g-axis, R, is the

stator resistance, and w, is the angular electrical rotor speed.

The torque produced by the SynRM can be described in the rotor reference frame as

follows:
3 ) .
T, = ip (wdlq - qud) (2.6)
3 .
T, = ip (La — Lyg) taiq, (2.7)

where p is the number of pole-pairs.

It is worth noting here that the electrical model of the SynRM is described here without
taking into account the magnetic and cross-magnetic saturation effects. This phenomenon

will be presented in more detailed in the following chapter.

13



Chapter 2 - State-of-the-Art of Control Strategies for SynRMs

2.3 FIELD-ORIENTED CONTROL

The main principle of FOC is to decouple the stator currents into their flux and torque
producing components, iq and 44, respectively. Thus, this method ensures an independent
control of the flux and torque of the machine. In a SynRM, the electromagnetic torque is
proportional to the product of the current components ¢4 and 7, in a rotor reference frame,
and thus there is a degree of freedom in the choice of these currents since only the product is
imposed for a given electromagnetic torque value [65]. Therefore, the fundamental question
is how to generate the reference values of ¢4 and 44, in the rotor reference frame, for a given

reference torque.

Fig. 2.3 shows the general block diagram of a possible vector control system for a SynRM
drive. As can be seen, the FOC method has three control loops. The outer control loop is
aimed at controlling the rotor speed and generates the reference torque 7). The two inner
control loops regulate i4 and 7, in order to control the torque and flux of the machine. The
reference and the measured d- and g¢-axis stator current components feed the two current
loops which, with the aid of PI controllers, generate the reference voltages uy and uj. These
voltages are then transformed from the rotor reference frame into a stationary reference
frame, and feed the modulator which will generate the gate signals of the inverter power

switches.

From Fig. 2.3, the decoupling terms are used in both current control loops in order to
control the ¢4 and 7, independently. The decoupling terms, w, L4tq and w,Lyi,, are depicted

from the two voltage equations of the SynRM (2.8)-(2.9).

i

g = Ryig + Ldf — w, Lyi, (2.8)
L di, |

ug = Ryig + Lq% + wyLgig (2.9)

The two voltage equations are coupled by the decoupling terms, w, Lqiq and w, Lyt,. By
subtracting/adding these terms in the current control loops, the two currents iy and i, can

be controlled independently. This also simplifies the transfer function of the SynRM in the
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Stator flux and
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0,
7] 0,

dt | - =
encoder

Fig. 2.3. Block diagram of a FOC system for a SynRM drive [65].

AAAAA

two current control loops.

After some mathematical manipulations, the following transfer function of the SynRM

for the d- and ¢-current loops are obtained:

1 1
G = = 2.10
) = R T B (Tut D) (2.10)
1 1
G = = 2.11
) = LR T R (5T 1) (2.11)
where T,y = LR—C: and Ty, = é—‘i are the electrical time constants along the d- and g-axis,

respectively, and s is the Laplace variable.

The closed-loop systems of the current control along the d- and ¢-axis are shown in Fig.
2.4 and Fig. 2.5, respectively. The inverter is usually included in the design procedure of

these closed-loop systems as a delay equal to [66]

Ty== (2.12)

where T is the sampling time.
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In the s plane, the delay introduced by the inverter can be approximated by a first order
lag system as [66]
* 1 *
ugg () = e~ ug, (s) (s) (2.13)

, 1 by

1+sT, Rs (SILd +1) >
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L
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Fig. 2.4. Closed-loop system of the d-axis current control [66].
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Fig. 2.5. Closed-loop system of the g-axis current control [66].

The design of the PI parameters of the current controllers can be usually carried out

using the Amplitude optimum method or the pole placement method [67,68].

The control strategies for the SynRM drive based on FOC can be divided into three
main categories: constant ig current control, current angle control (CAC) and active flux
control [65,69-74]. In the following sections, these categories of control strategies will be

presented and analysed.

2.3.1 CONSTANT i; CURRENT CONTROL

According to this simple control method, the goal is to assign a constant value to i4 so that
the electromagnetic torque is controlled directly by 7,. This control strategy is analogous
to the operation principle of a DC motor with separate excitation, where the d-axis current
corresponds to the excitation current and the g-axis current to the armature current [69,70].

Thus, an independent control of torque and flux is achieved.

Using this control strategy, and at speeds below the base speed (wy), the value of i4 should
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be maintained at
i = —mar 2.14
d \/5 Ld ( )

where ¥ represents the maximum value of the stator flux reference and L, represents

smax

the inductance along the d-axis.

The maximum value of the stator flux reference is set to

4|T%| Lyl
Gomas = 1| o Zél Ll (2.15)
3p (La — Ly)

In the FW region, i decreases with the increase of the speed according to

v Vinae Wo
iy = At , 2.16
= VoL (210
where w, is the electric rotor angular speed of the machine.
The reference value #; for the g-axis current component is given by
2T
i = £ : (2.17)

“ 3p(La— Lq) iy

Due to the variation of Ly with ig (which varies in the FW region due to magnetic
saturation), the torque will not be directly proportional to the g-axis current component
iq- Therefore, other alternative methods such as self-tuning and model reference adaptive
controllers should be adopted to generate the current reference ;. Consequently, this type
of vector control is only suitable for applications requiring speed control below the machine

base speed w; [65].

2.3.2 CURRENT ANGLE CONTROL

By definition, the current angle 6; represents the angle between the d-axis and the stator
current vector i,, as shown in Fig. 2.6. There are three different strategies of the current

angle control:
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e Fast torque response control [74].
e Maximum power factor control (MPFC) [72].

e Maximum torque per ampere control (MTPA).

All the above control strategies depend on the tangent of the current angle 6;. The d-axis
and g-axis reference currents are generated from the reference value of the torque utilizing

the values of tangent of the current angle, tan(;).

A q-azis

Fig. 2.6. Stator current components in the dq rotor reference frame.

Fast torque response control: To achieve a quick torque response in this control
strategy, the current angle between the stator current vector and the d-axis should be equal

to

L
0; = arctan <Ld> . (2.18)

q

Taking (2.18) into consideration, the reference currents along the d- and g-axis can be

2|T
i :J o (2.19)

determined as follows:

3p (Lq — L,) tan (6;)

. _ g sgn (T7)

iy = a0 (2.20)

Maximum power factor control: The objective of MPFC is to maximize the power
factor (PF), which is one of the fundamental quantities on any electric machine. To maintain

the PF at its maximum value, the current angle #; must be set as

L
0; = arctan,/—d (2.21)
Lq
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The maximum power factor is therefore given by

La 1
PFmaX = Lq (222)
Lig]

The reference stator current components can be obtained here using (2.19) and (2.20)

with the current angle value determined by (2.21).

Maximum torque per ampere control: The role of the MTPA control strategy, as
its name implies, is to maximize the electromagnetic torque for a given value of the motor
supply current. This is equivalent to the minimization of the motor copper losses for each

torque value, thus obtaining a high efficiency in the drive system [34,52,72].

To use this control strategy, it is necessary to develop a torque expression as a function of
the supply current i,. From the vector diagram shown in Fig. 2.6, the two current components

along d- and ¢-axis can be written as

iq = 1scos (0;) (229

iy = i,sin (6;)
The electromagnetic torque of the SynRM in the dq rotor reference frame is given by
T, = — (La— L) idiq. (2.24)
Replacing (2.23) into (2.24) gives the torque expression as a function of the supply current:

T. == (Lg— L,)isin (26;). (2.25)

From (2.25), it is obvious that for a given electromagnetic torque value, there is a certain

current angle, 65", that minimises the amplitude of the supply current i,.

Many authors, for simplicity in the implementation of the MTPA strategy, neglected the
effects of saturation and cross-magnetic saturation [34,52,72,75,76]. Under these conditions,

the current angle which ensures a maximum torque as a function of i, is obtained when the
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term sin(26;) in (2.25) is maximum, which is equivalent to establish the following equation

sin (20,") = 1. (2.26)

According to (2.26), under ideal conditions, the maximum torque per ampere is obtained
when the current angle 67" = 45°, that is when iq = iq- On the other hand, the effects of
magnetic saturation and cross-magnetic saturation should be taken into account as SynRMs
generally operate at a high level of saturation. This phenomenon causes a deviation of the
optimal current angle from the value that it would have under ideal conditions. Accordingly,
it has been proposed several ways to maximize the torque/ampere ratio considering this
phenomenon [33,77,78]. In [33], both magnetic saturation and cross-magnetic saturation
effects were considered to reach the MTPA operation. The optimal current angle required

in each control iteration was modelled as a function of the torque T, by
07" = piT? + poT7 + ps, (2.27)

where pi, po and p3 are coefficients of the interpolation polynomial.

With the optimal current angle given by (2.27) and the reference current 4; generated at

the output of the speed controller, the reference current along the d-axis is determined by

-k

o ?
iy = —— (qg oy (2.28)

In [77], only the magnetic saturation effect was considered to operate the machine along
the MTPA trajectory. In other words, the variation of Ly with iy was experimentally evalu-
ated, whereas L, was set with a constant value. Thus, under this situation, the calculated
optimal current angle will not be the one leading to the true MTPA trajectory as L, is

always affected by the motor operating conditions.

In [78], the authors clarified the importance of including the effect of magnetic saturation
and cross-magnetic saturation to yield a satisfactory performance under MTPA operation.

It was found that the current angle " is higher than 45° in most operating points. Further-
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more, the reference current along the d-axis, is also not constant and depends on the required
load torque. Thus, its values were obtained using finite element method (FEM) and stored

in a lookup table (LUT) to satisfy the MTPA condition.

Finally, it is noteworthy that the SynRM drive can also be driven by a current controlled
PWM inverter, without being combined with the voltage control loop, as in [52]. However,
the control scheme, that combines the current and voltage control loops is more desirable
especially due to voltage saturation constraints required at high speeds when the motor

operates in the FW region [74].

2.3.3 AcTivE FLux CONTROL

By definition, the active flux 1, of an AC machine is the flux that multiplied by i, gives
the torque developed by the motor [71]:

Te - 32pwaiq- (229)

The active flux ¢, in a SynRM is given by
Yo = (La — Lyg) iq. (2.30)

The active flux control is a combined current-voltage vector control strategy and its
configuration is identical to the one presented in Fig. 2.3. The only difference is that the d-

and g-axis reference currents are determined based on the active flux concept [71].

The reference current 4; is determined using the reference torque T, which is generated

by the speed controller, and (2.29), being given by

L 2T
= s
T 3p an

(2.31)

where 1), is the rated active flux value of the machine.

The reference current ¢ is provided by the active flux control loop, which employs a PI
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controller that has as input the error between the rated and estimated active flux values.
It is worth mentioning here that the active flux can be estimated with the aid of the stator

flux observer.

In view of the aforementioned features, the active flux control allows an independent
control of the active flux and electromagnetic torque of the SynRM. Furthermore, due to the
fact that the active flux vector is always aligned with the d-axis, it can be used to estimate

the rotor position at medium and high speeds with accuracy [79].

2.4 DIRECT TORQUE CONTROL

DTC is a control method that regulates directly the developed torque and stator flux. The
DTC scheme was initially proposed for IMs by Takahashi [80,81] and leads to an excellent
torque response using a less parameter sensitive model than FOC. Since its inception, it has
been widely investigated and employed commercially by ABB due to its simplicity and very
fast torque response and flux tracking capability even under load disturbances. Additionally,
the computational effort of the DTC scheme is smaller than that of the FOC as reference

frame transformations are not needed.

Fig. 2.7 shows the block diagram of a standard DTC scheme for SynRMs. It includes
stator flux and torque observer, stator flux and torque hysteresis controllers and a switching
table. Usually to implemented this control strategy, a measured DC-link voltage and the
two currents are needed for the stator flux and torque estimation. In this control strategy,
torque and stator flux are controlled directly and there is no need for the use of current
control loops as in the case of FOC. This means the whole controller can be implemented
in stator coordinates and no further coordinate transformations are required. The stator
flux observer and torque estimator provides both the estimated stator flux 2,@5 and torque 1.
The torque reference T is generated with a speed controller, while the reference value of the
stator flux magnitude, ¢, can be either a constant or a changeable value if FW operation
is aimed at. The basic principle of DTC is to bound the torque error and the flux error
to small hysteresis bands by choosing appropriate switching states of the inverter. This is

achieved by using a switching table having as inputs the outputs of the torque hysteresis
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controllers (Hr), the stator flux hysteresis controller (Hy) and the sector S; in which the

stator flux vector is located.
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Fig. 2.7. Standard DTC scheme for SynRMs [82].

For the operation of the standard DTC two hysteresis bands have to be set up: one for
the torque and another one for the stator flux magnitude. For the torque, a three-level

hysteresis is used, whose outputs are as follows:

e 1: the torque must be increased.
e 0: the torque has to be kept constant.
e -1: the torque should be decreased.

For the stator flux magnitude, a two-level hysteresis controller is used with two possible

output values as follows:
e 1: the stator flux magnitude must be increased.
e (: the stator flux magnitude has to be decreased.

A two-level classical voltage inverter can generate seven different voltage vectors, corres-
ponding to the eight switching states of the inverter. There are six voltage vectors of equal

magnitude and arranged 60° apart in the complex plane, and two null vectors, as shown in
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Fig. 2.8.
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Fig. 2.8. Different voltage space vectors produced by a 2L-VSI [83].

The selection of the appropriate voltage vector is based on a functional block labeled
switching table given by Table 2.1 that generates binary signals applied to the states of the
inverter power switches. The input quantities are the stator flux sector and the outputs of

the two hysteresis controllers, while the outputs are the voltage vectors.

Table 2.1: Switching table of the standard DTC [83].

Hy, Hr Sector I Sector IT Sector III Sector IV Sector V Sector VI
1 Uy Us Uy Uy Ug )
| ! | v Yo Yy Lo Uy Ug Uy
-1 Ug Uy Ug Usg Uy 4y
1 Ug Uy U, Ug Uy Uy
| 0 | v U7 Yo Y Ug Uy U
| | -1 Uy Ug Uy Uy Ug Uy

The stator flux of the motor is estimated in the stationary reference frame according to

Vo = [ (g — Ryiy) dt
; (2.32)

Vs = [ (ug — Ryig) dt

where @/A)a, 1@3, i, and ig are the a8 components of the stator flux and the motor stator
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currents, respectively. The amplitude and angle of the stator flux vector are given by

ﬁs:\/wi‘ﬂ/}%

é¢s = tan™! (%)

(2.33)

In the DTC, the electromagnetic torque is also estimated in the stationary reference frame

using the following expression:
.3 . .
1. = P (Vais — Ypia) . (2.34)

In [84] a DTC scheme with modified integrator is proposed for SynRMs in order to solve
the practical issues associated with pure integrator by replacing it with a low-pass filter
and a compensation term. In [85], the impact of magnetic saturation and cross-coupling
phenomena in an encoderless DTC for SynRMs running at very low speeds is presented based
on voltage signal injection method. In [82], an adaptive backstepping control and model
reference adaptive control system is proposed to improve the performance of a sensorless DTC
for SynRMs. The online procedure for the automatic search of the MTPA operating region
is presented in [86]. This algorithm was applied in DTC SynRM drives based on a signal
injection method with a random-based perturbation. In [50], a DTC strategy is applied to
the SynRM drive with the combination of MTPA control, maximum torque per flux (MTPF)
control, FW control, and torque limitation. In [36,51] an improved FW algorithm for DTC
SynRM drives is presented. The proposed algorithm proved its effectiveness and capability
in different operating regions (MTPA and FW region).

The DTC strategy is easily implemented in DSPs, and it shows very good dynamic
performance in torque and flux regulation. The two control loops of torque and flux can
compensate the imperfection of FOC caused by parameter variations. Furthermore, there
is no need to measure the rotor position as in the case of FOC, although these days, rotor

position can be estimated.

The standard DTC method shown in Fig. 2.7 has some disadvantages such as high-

frequency torque ripple, which may lead to a low performance of the drive system. To
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reduce the torque and flux ripples that standard DTC involves, the space vector modulation
(SVM) based DTC was applied to SynRM drives in [87,88]. However, in the DTC-SVM
method, the reference voltage components are obtained from the outputs of two PI con-
trollers, which means that two extra controllers in addition to the speed PI controller are
needed. One can conclude that the DTC-SVM is a useful solution to attenuate the flux and

torque ripples but at the cost of increasing the complexity of the standard DTC scheme.

2.5 MobDEL PREDICTIVE CONTROL

In recent years, a very promising alternative to traditional controllers in the field of
electric drives is model predictive control (MPC). The basic principle of MPC is to use a
system model to predict its future behaviour. This information is then used to obtain the

optimal control input according to a predefined optimization criterion [89,90].

There is a wide range of predictive controllers available for power converters and electric
drives. The basic idea of these predictive controllers is common, but there are differences
regarding for instance the switching frequency (fixed or variable) and the necessity of using
an additional modulator for generating the optimal switching states of the inverter. The
available predictive control methods can be broadly classified based on the decision of selec-
ting the optimization criterion into four main groups (see Fig. 2.9) [91]: deadbeat control,

hysteresis control, trajectory-based control and model predictive control.

The optimization criterion in the hysteresis-based predictive control is to keep the con-
trolled variables within the boundaries of a hysteresis area, while in the trajectory based,
the variables are forced to follow a predefined trajectory. In deadbeat control, the optimal
control input is the one that makes the error equal to zero in the next sampling instant. A

more flexible criterion is used in MPC, expressed as a cost function to be minimized.

The difference between these groups of controllers is that deadbeat control and MPC with
continuous control set use a modulator, in order to generate the required voltage. This leads
to a fixed switching frequency. The other controllers directly generate the switching signals

for the converter, do not need a modulator, and present a variable switching frequency.
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Fig. 2.9. Classification of predictive control methods [91,92].

MPC for electrical drive systems has become more popular in the research community
in the last few years, due to its simple concept, intuitive features, easy inclusion of non-
linearities, multivariable optimization and ease of practical implementation [93]. Besides,
MPC meets the requirements of modern control systems, such as using the system model

and digital control platforms, and allows to consider the system constraints and restrictions.

The generic working principle of MPC is illustrated in Fig. 2.10. For the simplicity, the
reference control variable z* is set constant to simplify the analysis. The MPC is formulated
in discrete-time, thus it allows the variables to change their values only at discrete sampling
instants. The MPC has a capability to consider the past, present, and the future values of the
variable. In other words, the MPC predicts future errors and takes preventive control actions
such that the system will not be subjected to huge error, thereby making the overall system

robust. The principle of MPC consists of three main parts as demonstrated below [92,94]:

e Prediction: In this step, the discrete-time model of the system is used for prediction.

This model can be expressed as a state space according to:

z(k+1)=dz(k+1)+Tu(k) (2.35)
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Fig. 2.10. Operating principle of MPC (N=prediction horizon) [94].

y (k) = Cz (k) + Du (k) (2.36)

The vector z(k) is the state variable at instant k, the vector z(k + 1) is the state
variable at instant k + 1, the vector u(k) represents the input vector of the controller
at instant k, the vector y(k) represents the output vector. The matrices ®, I', C, and D
stand for the matrix of the state system, input, output and feed-forward, respectively.
As there is no connection between the input vector u(k) and the output vector y(k) in
the control of the electric drive, the feed-forward matrix D can be set to zero (D=0).
The future values of state variable x and the control input sequence u can be predicted
for a prediction horizon N by using the system model and the measurements at instant
k.

Optimization: The predictions of the state variable z(k + 1) at instant k£ + 1 are
evaluated by a cost function which defines the desired behaviour and control objectives
of the system. A general form of the cost function is defined considering the references,

future states, and future control inputs as follows:

J(k) = f(a* (k) (k+ NY 2z (k) ,w (k) , ooy (k+ N)) (2.37)
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The input control sequence that minimizes J (k) is selected as an optimal control input:

u (k) = arg min J (k) (2.38)

u

e Receding Horizon Strategy: In this step, the controller will apply to the system
the first element of the optimal input sequence w (k) = u’" (k). As a consequence, the
state variable x moves towards the reference trajectory z*. The process of measuring
new data, predicting new system behaviour, and optimizing cost is repeated during

each sampling interval. This procedure is called a receding horizon strategy.

When applied to electric drives, MPC can be divided into two main categories: continuous
control set MPC (CCS-MPC) and FCS-MPC [43,95]. In CCS-MPC, the controller generates
a continuous output for a modulator, and the modulator generates the switching states for the
inverter to generate the required voltage. Due to the presence of the modulator, the controller
yields a constant switching frequency. Conversely, in FCS-MPC, the finite number of the
inverter switching states is evaluated against the desired control objectives. The outputs
of the controller are discrete, and are directly used to control the power switches of the
inverter. The controller, in general, yields a variable switching frequency due to the absence
of a modulator [96,97]. In light of the easiness of inclusion of nonlinearities and constraints
in the control system, compared to CCS-MPC, FCS-MPC has more overall advantages [43].
Thus, in later sections, only FCS-MPC is discussed and analysed.

2.5.1 INTRODUCTION TO FCS-MPC

The general scheme of FCS-MPC applied to power converters and electric drives is pre-
sented in Fig. 2.11. The power converter can be of any topology (two or three-level inverter,
matrix converter, etc). This converter is used to feed a generic load and presents n different
switching states. The generic load shown in Fig. 2.11 can represent an electric machine (IM,

PMSM or SynRM), the grid or any other type of load.

The control objective pursuits that variable & (k 4 1) has to follow the reference * (k + 1).

The implementation of FCS-MPC strategies can be divided into three main steps: estima-
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tion or measurement, prediction, and optimization. In the first step, the controlled variables
are measured or can be estimated such as flux in the case of electric machines. In the se-
cond step, the measured variables « (k) are used in the discrete-time model of the system
to calculate predictions a? (k + 1) of the controlled variables for each one of the n possible

switching states of the inverter. In the third step, the predicted variables x? (k + 1) are

x (k + 1)
e
. h
Cost Function o |
Minimization d
Measurements
Converter
Pk +1 2k
( , ) Prediction P ( )
/n Model =

Fig. 2.11. General block diagram of the FCS-MPC strategies [95].

compared with their future reference values &* (k + 1) in order to minimize their difference

using a cost function ¢ as follows:

g=lz*(k+1)—x"(k+1)|. (2.39)

It is important to mention that, as the inverter switching state is taken into consideration
in the controller design of standard FCS-MPC strategies, the cost function is evaluated for
each possible inverter switching state. The optimal switching state S that minimizes the

cost function is chosen and then applied to the inverter at the next sampling instant.

One of the crucial points in FCS-MPC is reference tracking. The switching state that
minimizes the reference tracking error at instant k + 1 is selected and applied directly to
the inverter. When sampling time 7 is small compared to the dynamic behaviour of the
drive system, no extrapolation is needed. This is the case when the sampling frequency
is much higher than the fundamental frequency of the controlled variables and thus the
reference values can be considered constant over T,. In other words, the future reference

values * (k + 1) which appear in the cost function, can be replaced with the actual values
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x* (k). Nevertheless, the future reference values * (k + 1) can be estimated via extrapolation

methods if a high dynamic system is being considered [98,99].

The 2L-VSI is one of the most widespread converter topologies found in most drive
applications. Moreover, it features a generic structure and operating principle that can be
easily extended to other converter topologies. Therefore, this topology has been chosen here

for explaining the basic principle of FCS-MPC in power electronic applications.

A block diagram of the FCS-MPC strategy applied for the current control of a 2L-VSI is
shown in Fig. 2.12. The current control is performed in the following steps [40, 100]:

e The value of the reference current i* (k) is obtained (from an outer control loop), and
the load current i (k) is measured.

e The system model is used to predict the value of the load current in the next sampling
interval i (k 4 1) for each of the different voltage vectors.

e In this case, the cost function g evaluates the error between the reference and the
predicted currents at the next sampling interval. The voltage vector that minimizes

the current error is selected and applied to the load.

i (k)
E——
X S
Cost Function .
Minimization -
Measurements
2L-VSI
if (k+1 )

( ) ) Prediction P i(k) Y
/7 Model - /3

Fig. 2.12. FCS-MPC block diagram for current control in a 2L-VSI [100].

The power circuit of the 2L-VSI is shown in Fig. 2.13. The output voltage space vector

generated by this inverter is defined as

(ttar + aupy + a*uey ) (2.40)

[GVIN )

Q:

where a = €?™/3 and ugn, wn and uey are the phase-to-neutral voltages of the inverter.
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Then, the load voltage vector u can be related to the switching state vector S by

u="UsS, (2.41)

where Uy, is the DC-link voltage.

I d
—>

W33 G e

t a

— b YA —— 77
U, Uy
o ‘—l_/wvx_fvw_ﬁ)_

- U,y

S S 5,
5 5, 3
M _| R} A J —I Q _|

U,y
N

Fig. 2.13. Voltage source inverter power circuit [40,100].

By evaluating each of the switching states in (2.39), eight voltage vectors (ug — u7) can
be generated by the inverter resulting in only seven different voltage vectors because uy and
u; produce the same zero voltage vector, this means a 2L.-VSI can deliver only 7 different
voltage vectors, although there are 8 different switching combinations as it can be seen in

Fig. 2.14.

3
S.(010) u u, S,(110)
S,(0 11) u, w, = u. 1S (100)
< — »—» e
5,(0 0 0)
S,(111)
S5(0 0 1) u; u; Sg(1 .0 1)

Fig. 2.14. Voltage vectors generated by a 2L-VSI in complex plane.
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Taking into account the definitions of variables from the circuit shown in Fig. 2.13, the

equations for the load current dynamics for each phase can be written as

dig

oy = Lé + Rig + € + tny (2.42)
diy .

UpN = LE + Riy + ey + upn (2.43)
di. ,

UeN = L% + Ri. + €. + unn (2.44)

where R is the load resistance and L is the load inductance.

By substituting (2.42)-(2.44) into (2.40) a voltage equation for the load current dynamics

can be obtained:

w= L% (2 (ia+ aiy + a%.)) + R (2 (ia + aip + a%.)) -
2.45

+ 2 (eq + aey + a’ec) + 2 (uny + atiny + @’uny)

Considering the space vector definition for the inverter voltage given by (2.40), and the

following definitions for load current and back-emf space vectors
.2 . 2.
i= 3 (za +aip, +a zc) (2.46)

e= § (ea + aep + QQGC) : (2.47)

and assuming that the last term of (2.45) is equal to zero;

[GVIN )

(tnn + @ty + Pty ) = Unng (1+a+a*) =0, (2.48)

u=Ri+L—+e (2.49)

where u is the voltage vector generated by the inverter, i is the load current vector, and e is

the load back-emf vector.
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A discrete time form of the load current (2.49) for a sampling time T can be used to

predict the future value of load current with the voltage and measured current at instant k.

The load current derivative di/dt is replaced by a forward Euler approximation, that is

the derivative is approximated as follows:

& ~ ‘ L (2.50)

which is substituted in (2.49) to obtain an expression that allows prediction of the future
load current at time k + 1, for each one of the seven voltage vectors u (k) generated by the

inverter. This expression is

Pk = (1= 22 i) + 7wk -2 (1) (2.51)

where the term é (k) denotes the estimated back-EMF. The superscript “p” denotes the

predicted variables.

The back-EMF can be calculated from (2.49) considering measurements of the load vol-

tage and current with the following expression:

é(k—1):u(k—1)—£¢(k)—<R—£>¢(k—1) (2.52)

where é(k—1) is the estimated value of e(k—1). The present back-EMF ¢(k) can be estimated
using an extrapolation of the past values of the estimated back-EMF. Alternatively, as the
frequency of the back-EMF is much smaller when compared to the sampling frequency, it will

not change considerably in one sampling interval and thus one can assume e (k) = é(k — 1).

In the FCS-MPC algorithm, (2.51) is evaluated for each one of the possible seven voltage
vectors, giving seven different current predictions. The voltage vector whose current predic-
tion is closest to the expected current reference is applied to the load at the next sampling

instant. In other words, the selected vector will be the one that minimizes the cost function

g=l|it (k+1) =& (E+1)]+

iy (k+1) =i (k+1)] (2.53)
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where 42 (k + 1) and i (k + 1) are the real and imaginary parts of the predicted load current
vector iP(k 4+ 1), for a given voltage vector. This prediction is obtained using the load
model. The reference currents 7, (k + 1) and 75(k + 1) are the real and imaginary parts
of the reference current vector i*(k + 1). Usually, this reference current does not change

sufficiently in one sampling interval, thus one can consider i*(k + 1) = i*(k).

A flowchart of the different tasks involved in FCS-MPC to control the current in a 2L-VSI
feeding a RL load is shown in Fig. 2.15. Here, the outer loop is executed every sampling
time, and the inner loop is executed for each possible state, obtaining the optimal switching

state to be applied during the next sampling period.

Startup

P Measure: i (L)

Back-EME
estimation

predict
i(k+1)

Evaluate
Cost hunetion

Store optimal values

Wait for next
sampling instant

Apply optimal vector g(k]

Fig. 2.15. Flowchart of the FCS-MPC applied for current control of a 2L-VSI [40,92,100].
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One of the main advantages of FCS-MPC is that several control targets, variables (cur-
rent, voltage, torque and flux) and constraints such as overcurrent protection, switching
frequency, and efficiency, can be taken into consideration in the cost function [101]. In [102],
an overcurrent protection is added to the cost function to ensure that the stator current of
the IM remains within acceptable limits. In [103], the DC-link capacitor voltage balance of
a three-level neutral-point-clamped inverter (3L-NPC) is realized by adding an extra term
in the cost function. Moreover, it is always desirable to reduce the switching losses of the
power converter in inverter-fed drives. Thus, the switching losses reduction term can be

easily incorporated in the cost function as exemplified in [104].

Various types of FCS-MPC methods have been investigated in the electric drives field, na-
mely predictive current control (PCC) and predictive torque control (PTC) [43,102,105-107].
To control electric motors, the PTC method evaluates the stator flux and electromagnetic
torque in the cost function. The switching state selected for the inverter is the one that
minimizes the error between the references and the predicted values of torque and stator
flux. The PCC method considers the errors between the current references and predicted
current values. Both PTC and PCC methods are useful direct control methods that do not
require the use of a modulator. However, PTC has a faster dynamic response and less torque

ripple in comparison with PCC [108].
Based on the prediction horizon N, FCS-MPC can be divided into two groups [109-113]:

e Short prediction horizon (N = 1), where the calculation burden is small and can be
easily implemented in modern digital signal processors (DSPs).
e Long prediction horizon (N > 1), where it is possible to obtain a better control per-

formance.

With a long prediction horizon, it is expected to obtain a better performance especially in
steady-state [110]. However, the calculation time will increase significantly and the predicti-
ons for all possible switching states of the converter become difficult to be applied in a real
system. Therefore, a prediction horizon of one sample ahead (N = 1) is a better solution

and it has been successfully applied to various power electronics applications [111,112].

Delay compensation is another important issue in the implementation of FCS-MPC ap-
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plied to electric drives [114-118]. In an ideal condition, the required time for the calculations
can be ignored. Thus, the variables are measured at instant k£ and the optimal switching
state is calculated instantaneously. In other words, the delay in applying this optimal swit-
ching state is zero. On the contrary, in a real-time implementation of FCS-MPC, the control
algorithm cannot be executed in zero time because the online calculations introduce one
sampling time delay between the instant at which the variables are measured and the ins-
tant of application of the optimal switching state [117,118]. This delay, which is caused
by the DSP, is significant and must be compensated and considered in the design of the
controller otherwise its performance will be deteriorated. This problem can be solved if a
two-step ahead prediction is considered. Consequently, the cost function presented in (2.53)
should be modified for the evaluation of the predicted load current at instant k + 2 resulting
in

g=1li’ (k+2)—& (k+2)|+

iy (k+2) =i (k+2)]. (2.54)

where 42 (k + 2) and i (k + 2) are the real and imaginary parts of the predicted load current
vector iP(k + 2). This prediction is obtained with the knowledge of the measured current
i(k), voltage vector u(k) applied at instant k, and the estimated current 2(k + 1) at instant
k + 1. The reference currents i,(k + 2) and ij(k + 2) are the real and imaginary parts of
the reference current vector i*(k + 2). The future reference current vector i*(k + 2) can be
replaced with the actual reference current vector i*(k) for the same reasons stated earlier.
The optimal switching state that minimizes the cost function (2.54) at instant k+2 is selected

and applied to the converter at instant £ + 1.

The two main challenges of FCS-MPC, which confront its practical implementation, are
the selection of weighting factors and the calculation time. The literature review regarding

these two issues is provided below.

Weighting factor design : One of the key tasks in FCS-MPC is the definition and design
of the cost function [95]. If the cost function contains two or more controlled variables with
different nature (different units or different orders of magnitude), weighting factors need
to be used to handle the relation between them. The weighting factors should be chosen
correctly, otherwise a poor performance of the control system will result in the end [119]. The

tuning of these weighting factors is still one of the complex tasks in FCS-MPC. The optimal
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values of the weighting factors usually depend on the system parameters and operating point.
In electric drive applications, the most common form of the cost function is the one that

includes both square errors of the torque and stator flux of the motor:
g = (T = T7)" + A, (v = 97", (2.55)

where T? and T are the predicted and reference torque values, ¥ and v} are predicted and
reference flux values, and Ay, is a weighting factor which handles the relative importance

between the torque and flux errors.

In this case, it would be quite difficult to choose the optimal value of the weighting
factor Ay, due to the difference nature of the two terms. An alternative consists in the
normalization of the two terms by dividing each term by its rated value [101,102]. Adopting

this procedure, the cost function presented in (2.55) can be modified as follows:

where T, and 1, are the rated values of the torque and flux of the motor. The value of
the weighting factor has a direct influence on the system performance, and it is not easy
to define a suitable value to achieve the desired system behaviour. Usually the weighting
factor in the normalized cost function (2.56) is tuned following a trial and error process or by
running time-consuming computer simulations. Thus, this process requires a considerable

amount of time to obtain good results [101, 120, 121].

To avoid the use of weighting factors, a multiobjective ranking-based approach was pro-
posed in [122,123] for FCS-MPC. In this approach, the cost function was transformed or
splitted into multiple cost functions, where the controlled variables were used separately
in a individual cost functions. A fuzzy decision-making (FDM) technique was proposed
in [124,125] to alleviate the weighting factors tuning. Although the FDM and multiobjective
ranking-based approaches are effective for tuning the weighting factors, their design proce-
dures are not so intuitive and they are relatively complicated and computationally intensive.

Moreover, the tuning effort for the priority coefficients of each membership function in the
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case of FDM approach is still required. This means that the FDM technique does not truly
solve the weighting factor problem and its practical value should be evaluated. Due to these
facts, the use of a single cost function with no weighting factors, to solve the optimization
problem at each sampling time is simpler and preferable. However, its implementation in
electric drive applications is not straightforward. Normally, the great concerns in this type
of applications, as stated earlier, are the motor torque and stator flux control, thus the
weighting factors cannot be omitted in the cost function. Recently, a single cost function
was applied to an IM drive in [106,126]. The single cost function was designed by converting
the torque and stator flux reference values of the IM into an equivalent reference vector of
stator flux, hence eliminating the weighting factor associated to stator flux in the conven-
tional FCS-MPC strategy. However, designing such a cost function is not possible without

making a major modification in the prediction process of the FCS-MPC strategy.

Computational cost reduction : The calculation time is another implementation
challenge of FCS-MPC. The calculation time is more critical when the number of switching
states of the power converter increases or more objectives are considered for control. Of
course, if the calculation time can be reduced, this can lead to a wider acceptance of FCS-

MPC in drive applications.

Recently, different methods have been proposed to decrease the computational cost in
FCS-MPC [127-132]. In [127], a computationally efficient predictive DTC for medium vol-
tage drives is proposed. By adopting a branch and bound algorithm and by discarding
some optimal sequences, the number of switching sequences is reduced. The performance is
further improved with a modified sphere decoding algorithm [128]. Sector distribution on
input voltage vector is used in [129] to decrease the number of candidate voltage vectors for
prediction. A lookup table has been proposed in [130] to decrease the number of candidate
vectors for FCS-MPC of an IM fed by a 2L-VSI. In [131], interesting approaches have been
proposed to decrease the calculation time in FCS-MPC. The main idea in these studies is
similar: the optimum switching state is decided based on the desired voltage vectors, thus
eliminating the calculations of the state variables predictions for all switching states and
thus reducing the number of calculations. Another goal of this thesis is to simplify the im-

plementation of FCS-MPC in a 2L-VSI-fed SynRM. Therefore, the ideas introduced in [132]
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will be further extended for this type of drive system.

2.5.2 FCS-MPC ror SYNRMs

The PTC has been extensively applied for electrical drive systems, mainly for IMs and

PMSMs drives [126,133-137].

Only a few papers can be found in literature using FCS-MPC for SynRM drives. In [138],
a PTC strategy was presented for SynRMs taking into account the effect of both magnetic
saturation and cross-magnetic saturation. This control strategy, known as direct mean torque
control (DMTC), is a kind of DTC that calculates the switch-on time of the switches in a
way that the steady-state value of the motor torque is directly reached at the end of the
control cycle. In other words, DMTC was developed to solve the standard DTC limitations
by substituting the torque and stator flux hysteresis bands with a new switching strategy:
in a constant switching interval, a suitable voltage is applied to the SynRM for the time
required to reach the border of a calculated ripple bands. When this limit is reached, the
zero-voltage space phasor is applied and torque returns to the minimum level. For a given

steady-state operation point the torque ripple can be kept constant.

Fig. 2.16 shows a typical operation of the DMTC in steady-state. In control strategy, the
switching instants are directly placed in a way that the mean torque over the cycle is equal to
the reference value. Applying an active voltage space phase phasor (AVSP) first, the torque
increases at the beginning. Then, when the limit of a calculated virtual hysteresis width

(AM) is reached, a zero voltage space phasor (ZVSP) is applied and the torque decreases.

In steady-state, the torque M (k) at the beginning of a cycle should be equal to its value
M (k + 1) at the end (which results in a theoretical zero torque error at the end of a cycle).
Instead of simply equalizing the different hatched areas (Fig. 2.16) for the cycle k, it is also
possible to switch the AVSP to reach directly the value of M (k+1) according to steady-state,
thus

M (k+1)=M* —LhAM (2.57)
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Fig. 2.16. Typical operation of the DMTC in steady-state. [138].

The torque M (k + 1) at the end of the cycle can be expressed as:

d d
M((k+1)=M (k) + %MAVSP tavsp + %MZVSP (T —tavsp) (2.58)
By assuming a linear shape of the torque during a switching interval 7'z, in which an
AVSP is applied during the time t4,5p and a ZVSP during tzysp the “virtual hysteresis

width” in the steady state can be calculated as:

d d
AM — GMavsp. 5 Mzysp

Ty 2.59
LMavsp — EMzysp (2.59)

With (2.59) and solving equation (2.58) for tsysp leads finally to:

M* — M (k) — YoAM — L MyyspT,

d d
wMavsp — ;Mzysp

tavsp = (260)

and

tzvsp =17 —taysp (2.61)

The six possible active voltage space vectors have different influences on the torque as
well as on the flux. Therefore, sector comparators pre-select the two most favorable voltage

space phasors and the “on” time t 4 gp is calculated for them.

41



Chapter 2 - State-of-the-Art of Control Strategies for SynRMs

When the ZVSP is applied to the SynRM the torque decreases and its time derivative is

given by
d 3 er lg — Rsid . wTLdid + RSZ .
Moo — (L — 1) (“rtata = fista )_ Wridld T fslq 2.62
i Mzvsp 2p( d 7) {( L iq ( I, ’Ld> } ; (2.62)

and for an AVSP, the torque increases with the time derivative

d 3 U id udz' d
—M =—-p(Ly;— L e (q> —M . 2.
g Mavsp 22?( d ) {( I, ) + I, + g Mzvsp (2.63)

In order to decide which voltage space phasor has to be applied to the machine the flux
has to be taken into account. In the DMTC presented in [138], the flux is predicted to know
its magnitude in the next cycle to choose the optimum active voltage space phasor which
offers less flux deviation at the end of its “on” time and to keep the stator flux as close as

possible of a circular trajectory.

The components of the stator flux along the d-axis and the ¢-axis at the end of the same

cycle can be predicted using the following expressions:

wd(kJFtAVSP) = Ldid(kJFtAVSP)
(2.64)

1/}‘1(k+tAVSP) - LqZQ(k+tAVSP)

where t4(ute,y5p) AN gkt p) are the d- and g-axis predicted currents at instant &k + 1,

which are obtained with the aid of the motor voltage equations as follows:

lakttavsp) = AFE2 {Ud(k) + wr Lglq(k) — Rsid(k)} + Gak) (2.65)

lg(kttavsp) = LXQS = {Uq(k) — wr Lata) — Rsid(k)} + lq(k)

In [139], a hierarchical direct predictive control (HDPC) strategy was proposed for SynRM
drives. In this control strategy, the mathematical model of the SynRM was used considering
the cross-coupling and saturation effects to improve the prediction accuracy. The main

difference between HDPC and the conventional PTC lies in the process of obtaining the
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solution to the minimization problem, being the optimal voltage vector applied to the motor

obtained from a hierarchical selection policy.

At time step k, the optimal voltage vector to be applied at the next sampling interval
is determined through a hierarchical sequence of tests, based on the state predicted at step
k 4+ 2. By evaluating the tests sequentially, a successive refinement of the admissible voltage
vectors is carried out, finally leading to the optimal solution. In defining the sequence of
tests, the highest priority is given to the regulation of the d-axis current within a specified
error threshold, under the mandatory constraint imposed by the motor current limits. This
choice corresponds to preserve a certain magnetic flux level in the machine, regardless of
its operation, so that a faster torque response can be obtained. Among all the vectors
satisfying the current regulation condition, the next selection is operated according to the
speed regulation requirement, and then on the reduction of the g-axis current ripple. The

multi-level decisional process can be detailed as follows:

1) within the set of available voltage vectors u™ with n € Ny = {1,2,...., 13}, select only
those in V; C N producing a current vector i, at step k -+ 2 satisfying the current

limit

ins| < Iy (2.66)

where Iy is the motor nominal current. If none exists, then select the optimal voltage
vector as the one minimising the magnitude of the predicted current vector, i.e. the
one whose index is

n* = arg min ’€Z+2’ (2.67)
neNy

2) among the voltage vectors selected at point 1, consider those Mo C N that satisfy the

condition

|€d,k+2| < |€d,max| (268)

where €g 12 = 9340 — tar+2 is the predicted direct current error at step k + 2. In

addition to the vectors satisfying (2.68), the vectors that comply with the condition

ledrral < |eaniil (2.69)
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are also considered to extend the set of admissible vectors passed to the next decisional
level. In fact, operating a drastic restriction in this first step of evaluation could
jeopardise the remaining choices. If no vectors satisfying (2.68) or (2.69) exist, then
select the optimal voltage vector as in point 1 (but restricted to the set N7).

among the voltage vectors selected at point 2, choose those in N3 C N, that satisfy

the condition

|ew,k+2| S ew,max (270)

where e, p+2 = Wi 5 — Wit2 is the predicted speed error at step k + 2. If none exists,

then select those in N3 C A that decrease the speed error, i.e.

lewkr2| < lew il (2.71)

If neither (2.70) nor (2.71) can be satisfied, then the optimal voltage vector is the one

that produces the minimum increase of the speed error, i.e.

n* = argmin ‘637“2‘ - )e&kﬂ‘ (2.72)
neNs
among the voltage vectors selected at point 3, the optimal is chosen as the one mini-
mising the deviation of the predicted g-axis current from its “moving average” value,
ie.

n* = argmin |ig g o = igpk (2.73)
neNs UNg | "

where 747, is the output at step k of a 80-taps moving average filter.

A flowchart representation of the hierarchical decisional process described above is repor-

ted in Fig. 2.17.

The authors in [140] discussed the improvement of the model-free PCC for the SynRM

drives by achieving the simplicity, easy realization, and free from a modulation technique.
The principle of this control strategy is illustrated in Fig. 2.18, which shows the possible

current trajectories under different conduction modes of the 2L-VSI.

In Fig. 2.18, the (k)th sampled a-axis stator current under the conducting mode Si_1 €
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Fig. 2.17. Hierarchical decisional process for optimal input selection [139].

{S0, .-, S7} is denoted as i, [k]|g . In the same figure, & [k + 2]|g,, i [k + 2][g,, % [k + 2| ,

and 2 [k + 2| s, represent the predicted a-axis stator currents under the conducting modes

Si, Ss, S7, and Sy, € {Sy, ..., S}, respectively. Similar to i [k][g , the future currents

in [k + 1|, and 4 [k + 2][g,  under the conducting modes Sy and Syi1 € {So, ..., S7} will

be measured in the (k + 1)th and (k + 2)th sampling periods, respectively. Using an add-
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and-subtract technique, one can easily obtain th following equation

ialk+ 2, = ialklls, , + (ialk +1llg, —ialHls, ) -

+ (ialk +2l,,, —ialk+1]|5,)
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Fig. 2.18. Schematic representation of the model-free PCC [140].

For convenience, two current variations in (2.74) are defined as follows:
Aiglg, = ia [k + 1]l — ia[K]|g, | (2.75)

Nials,,, = ialk+ 25, — ialk+ 1], (2.76)

|Sk+1

In the (k)th sampling period, the two current variations Aidq[g, and Aiglg,  , cannot be
measured because of the unavailability of the future currents i, [k + 1][g, and iq [k + 2][g, |

appearing in (2.75) and (2.76), respectively. However, their previous values can be used

in this case as substitutes because any two neighboring current variations under the same
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conducting modes are close to each other, provided the sampling interval T is fixed and
sufficiently short. The two expressions that can be used to approximate (2.75) and (2.76)
are given by

Aia'gk ~ Aia,oldl|sk€{5‘0w.’57} (277)
AZ‘oc|5'k+1 ~ Aia,oldl|Sk+1€{507m7s7} (278)

where the subscript “old1” refers to previous current variations stored in the microprocessor.

Consider the left-hand-side of (2.76), its previous value will be backed up and denoted
with the subscript “old2” as follows:

AZ.oz,old2 |51€{507m,57} = Aia,oldl |Sl:Sk—1 (279)

To reduce the approximation errors in (2.77) and (2.78), the following update mechanism

is adopted to refresh the current variations
= g [l€]|sk_1 — i [k — 1]|Sk—2 (2.80)

The left-hand-side of (2.80) assumes eight different values under eight different conducting
modes. Given (2.74)-(2.80), together with Fig. 2.18, the predicted a-axis stator current under

the conducting mode S; can be calculated as follows:
in [k + 2]|sj = 1, [k”sk_l + Qg old1 s, + Aia,old1|5j (2.81)

with the superscript “p” denoting the predicted value. Following the above procedures, one

can obtain the predicted [-axis stator current as

iy [k + 2]

L =gl

J

) + Alg o1 p + Aiﬁ,oldl‘gj (2.82)

Sk— A

Because there are eight different conduction modes, there will also be eight current pre-

dictions for the a- and [$-axis, respectively. The cost function associated with the conduction
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mode S; is defined as

(2.83)

in k+2]— & [k + 2l | +

g[Kl]s, = i [k +2) — & [k +2)

S

where the superscript “*” represents the current command. The reference currents along a-

and (-axis at instant k + 2 can be calculated and approximated by
ir (k+2)=06i (k) — 8 (k—1)+3i, (k—2) (2.84)
i (k+2) = 6ij (k) — 8ijz (k — 1) + 3ij (b — 2) (2.85)

In the (k)th sampling period, (2.84) yields eight cost values. A conducting mode S, is

selected, which gives the minimum cost value, i.e.,

9kl s,.eqs0.....57y = min {g [Kllsy» - 9 K] 157} (2.86)
Model-Free PCC Scheme
C t val Inverter
‘urren :
variation backup 8’, | Minimization of H
Ai L the cost function o
- zottdlg sy 16 checking the § 1
» 2 » current —~——
V.l variations, and 6 f
Current selection of the
Variation update next conducting
mode
Al o | 16 X 5
i e+t [k+11E X
Ay s a[ ] 8 [ ] 3
¥ :
2 Current a ’
variation calculation I S —

i, [k] - [k = 1] i [ﬁi] A [ﬂ:]
[ 2 Current

I [k:l i ['!L B 1] .gr: k] . 5_; |:,§:| ——< 3 Command

Generator

____________________________________________________________________________________________________________________

Fig. 2.19. Block diagram of the SynRM drive system with the model-free PCC [140].

The block diagram of the model-free PCC control strategy is shown in Fig. 2.19, where

iy [k] and 7} [k] denote the d- and g-axis current command, and 6,. [k] represents the rotor

48



Chapter 2 - State-of-the-Art of Control Strategies for SynRMs

position. In spite of the fact that this control strategy does not require the knowledge of
the motor parameters in order to predict the future stator current, it is strongly dependent
on the accuracy of current measurements and any noise or measurement errors can lead to
instability of the system. In addition, this control strategy has a challenge due to the big
change in current references. In view of the aforementioned reasons, FCS-MPC for SynRM

drives has been barely investigated. Therefore, this work aims at filling this research gap.
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PREDICTIVE ACTIVE FLUX AND TORQUE

CONTROL OF SYNRM DRIVES

Two predictive control strategies using the active flux concept are presented in this chap-
ter. The first control strategy, PAFTC, follows the conventional implementation steps of
existing FCS-MPC strategies. Thus, it requires the predictions of the state variables for all
possible switching states generated by the inverter. On the other hand, in the second control
strategy, S-PAFTC, all the predictions are replaced by the calculation of an equivalent refe-
rence voltage, done only once in a sampling period. This results in a smaller computational

burden and a simpler design of the cost function compared to the PAFTC strategy.

This chapter is organised as follows: section 3.1 describes the mathematical model of the
system (inverter and motor). The parameters identification of the SynRM under study is
also explained in this section. Section 3.2 discusses the PAFTC strategy step-by-step. The
S-PAFTC strategy is described in detail in section 3.3. Finally, in section 3.4, simulation and
experimental results are provided to point out the merits and demerits of the two developed

predictive control strategies.

3.1 SYSTEM MATHEMATICAL MODEL

FCS-MPC strategies require an accurate system model. Furthermore, the model must be
discretized to be digitally implemented. In this thesis, the system comprises a SynRM with
an encoder mounted on the rotor shaft, the 2L-VSI and a dSPACE ds1103 control platform.
The predictive control strategies presented in this work require discrete mathematical models

of the inverter and motor which are presented in the following subsections.
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3.1.1 INVERTER MODEL

The power circuit of the 2L.-VSI is shown in Fig. 3.1. The switching states of this converter
are decided by the switching functions of the three legs: S,, S, and S, being defined as

1if Syis ON and S; is OFF

0 if S;is OFF and S; is ON

where i € {a, b, c}.

E

e

(a) (b)

Fig. 3.1. Power converter topology: (a) 2L-VSI feeding a SynRM; (b) voltage vectors generated by the 2L-VSI.

The inverter switching state can be expressed in the form of a complex vector according
to

S=2%(S.+aS,+a’S,) (3.2)

Wl N

where a = ¢727/3,

The output voltage space vector generated by the 2L.-VSI is given by
2 2
Q:g(ua—f—QUb‘f—Q uc) (3.3)

where u,, up, u. denote the phase voltages at the motor terminals.

By neglecting the IGBTs on the state voltage drop and the dead-time, the voltage vector
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u can be expressed in terms of the switching state S and the DC-link voltage, Uy, according

to

The inverter has a total of eight switching states. As there are two identical zero voltage
vectors (u, = uy), this results in only seven different voltage vectors. Therefore, in the present
work, a discrete system of the 2L.-VSI with a total of seven different states as possible outputs

is considered.

In this context, the inverter behaves as a nonlinear discrete system. Therefore, the discrete

voltage vectors shown in Table 3.1 are the only possible control actions to the SynRM drive.

Table 3.1: Voltage vectors of the 2L-VSI.

Up S = [Sa Sp Sc] U = Ua + jug

uo [000] 0

u [100] 2/3U4

us [110] 1/3Uqc + jV3/3U4c
us3 [010] —1/3Uqc + jv/3/3Uqc
m [011] —2/3U4

us [001] —1/3U4c = jv/3/3Vac
ug [101] 1/3U4c — jV3/3U4c
wy [111] 0

3.1.2 SYNRM MODEL

The SynRM drive control system usually uses a mathematical model with equations in a
rotor reference frame. Thus, the mathematical model of the SynRM is herein presented in

this reference frame.

The vector diagram of the SynRM in the dq rotor reference frame, under steady-state
conditions is illustrated in Fig. 3.2. In this figure, i, is the stator current vector, 6; is the
angle of the current space vector measured from the SynRM d-axis, ¢_ is the stator flux
vector, and u, is the stator voltage space vector. The figure also shows the phase angle ¢

between the stator voltage u, and the stator current 7., which determines the power factor
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cos, and the angle § between the stator flux vector ¢ and the d-axis, which is usually

known as the load angle of the SynRM.

q

-« »- —
u La Y, d

Fig. 3.2. Vector diagram of the SynRM, at steady-state, in the dg rotor reference frame [141,142].

Fig. 3.3 shows the equivalent circuits of the SynRM in the rotor reference frame, where
the quantities ug4, ugq, 4, %, ¥q and 9, represent the voltages, currents, and fluxes of the

SynRM along dg-axes, respectively [143]. R stands for the stator resistance and w, is the

rotor electrical angular speed.

d
u, i L,] ﬂ
dt
R 6{)/‘ Lt/ 7:<l
q
d
u . Lq l//q
dt

Fig. 3.3. Equivalent circuits of a SynRM in a rotor reference frame [143].

The equivalent circuits shown in Fig. 3.3 do not involve the iron loss resistance, R,

because the process of obtaining an accurate value for this resistance is a complex task.
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Thus, this resistance is very often neglected. Moreover, the motor used in the experimental
tests is an efficient one (rated efficiency around 90.4 %), as a consequence, the iron losses
of this motor are very small in comparison with the other losses. In view of these reasons,
and for the sake of simplicity, the iron loss resistance is not taken into account in the motor

model.

The voltage equations of the SynRM, are now described as [144].

d

wg = Ryig + ;id — Wb, (3.5)
d

u, = Ryiy, + ;iq + wWthg. (3.6)

The electromagnetic torque T, developed by the SynRM is given by

Te = zp (wdiq - ¢qid) 3 (37)

where p is the number of pole-pairs.

Due to the nonlinear magnetic properties of the SynRM and due to the non-negligible
cross-saturation between the two axes [143,145], these phenomena must be taken into consi-
deration in its mathematical model. Furthermore, an accurate representation of these phe-
nomena in the SynRM model can enhance the controller performance, allowing the SynRM
to operate with optimum torque density, efficiency, dynamic response, and FW capabi-

lity [78,146-148].

The two-dimensional relationship between the flux linkage and current components of the
SynRM are given by
Ya = Lg(i4,1q) tq + Lag (14, 14) iq (3.8)

wq = qu (id7 iq) tq + Lq (ich iq) iq- (3-9)

where Lg(i4,1,) and Ly(iq4,1,) represent the self-inductances along the d- and g¢-axis, respec-

tively, and Lg,(i4,7,) and Lgq(iq,7,) stand for the cross-saturation inductance components.
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The inductance matrix can be given by

Li(iayiq) Lag (ia,iq)

L= (3.10)

qu (id7 iq) Lq (idv Z'q)

The inductances Ly (i4,1,) and Ly (iq,%,) shown in (3.10) are commonly referred to as self-
apparent inductances while Ly, (i4,%,) and Ly (i4,1,) are referred as cross-apparent induc-
tances. Because of the non-linearity of the magnetic circuit of the SynRM, the self- and
cross-apparent inductances are not constant and they not only depend on the self-axis cur-

rent (magnetic saturation) but also on the other axis current (cross-magnetic saturation).

Considering (3.8) and (3.9) into the voltage equations (3.5) and (3.6), leads to

awd % a%z qu

= Ryi : 479y, 3.11

td ta Oig dt — 0Oiy di “rty (3:11)
. Oy dig Oy di

= R, 1-< 19 1 g 3.12

o= Rt 5, T i, @ v (3:12)

This allows to define the partial derivatives of the flux linkage components in (3.11) and

(3.12) as incremental inductances according to

g O . o
fine _ By oi _ Ly (iayiq)  Legf (iasiq) | -

5] 0 ; .. . ..

S G i (igyig) LM (ig,ig)

The self-incremental inductances Lj*(iq,iq) and Li*(iq,4,), and the cross-incremental
inductances QZC(id, iq) and ;@C(id, iq), govern the transient behaviour of the SynRM. These
incremental inductances can be graphically represented as the slope of the tangential line
at the operating point, as illustrated in Fig. 3.4. Moreover, in the same plot, the apparent
inductances are defined as the slope of the linearized characteristic of the flux linkage versus

current through the origin and the operating point. Apparent and incremental inductances

are not equal to each other (L # L) unless the machine has a linear magnetic circuit.

Considering the definition in (3.13) and neglecting the cross-apparent inductances Ly, (4, i,)
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The slop of this line s the apparent induetance
al operating point (7. ¥, ).

"'}

R e >

The slop of this line is the incremental inductance at
operating point (4,.v, ).

B T

>
el
{2

?TH A’tll

Fig. 3.4. Incremental and apparent inductances definition [149].

and Lyq(i4,1,) as their effects can be incorporated into the self-apparent inductances Lg(i4, i4)

and L,(i4,17,), (3.11) and (3.12) can be written as [141]

. Z'nc . . d,l. Z'nc . . d,l: . . .

ug = Ryiqg+ Ly (i4,14) cTtd + Ly (i, 1q) d—: — wy Ly (ia, 1) 14 (3.14)
: ine 1+ ine 1+ NN

ug = Ryig + Ly (ia,iq) d—; + Loy (4, 1q) d—: + wr Ly (ig,iq) ig- (3.15)

The torque equation, as a function of the apparent inductances, can now be written as

follows:

3 o L. .
T, = 5]) (L (igyiq) — Ly (iayiq)) ialy- (3.16)

From this point on, the dependency of apparent and incremental inductances with the
current components iy and i, will be omitted in (3.14), (3.15) and (3.16) for simplicity of

writing.

As stated earlier, the proposed control strategies rely heavily on the accuracy of the motor
model. This means that to obtain a satisfactory performance with these control strategies,
the SynRM model must be well-characterized and include the apparent, self-incremental
and cross-incremental inductances. These parameters have a direct influence not only on
the dynamic performance of the drive system but also on the prediction accuracy of the

controlled variables.
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The combination of the electric model presented above with a mechanical model creates
the complete mathematical model of the SynRM. The mechanical model of the drive is
shown in (3.17), where J,, is the inertia of the rotating parts of the drive system, B,, is
the viscous friction coefficient, €2, is the mechanical rotor speed, and 717, is the load torque.
The electrical speed is related to the mechanical speed by the number of the pole-pairs p, as

shown in (3.18).

dQ,,
Te — JmW + BQO —|—TL (317)
do
T = Q. 3.18
o =W =P (3.18)

3.1.3 SYNRM PARAMETER IDENTIFICATION

Due to the necessity of having accurate motor parameters to be used along with the
developed predictive control strategies, a simple and robust process for self-commissioning

of the SynRM is crucial.

Usually, motor manufactures do not provide the complete model data of the motor, only
the nameplate motor parameters are available, so it is important to the end users to have
the possibility to identify the parameters. In literature, the magnetic models of SynRMs and
interior permanent magnet synchronous motors (IPMSMs) have been identified in several
ways. For example in [78], these parameters are determined by finite-element method (FEM).
Experimental tests with the locked-rotor are performed to detect the variation of inductances
of an IPMSM in [150]. Another parameter identification algorithm based on the high-
frequency voltage injection is adopted in [149] to obtain the inductances information of the
IPMSM. Furthermore, recent self-commissioning techniques have been presented to identify
the flux maps of both IPMSMs and SynRMs in [151,152]. In [151], the commissioning
procedure evaluates the dg flux linkages in a very short time by including both magnetic
saturation and cross-magnetic saturation. The machine is driven by the inverter with the
shaft left free and current controlled. Thus, the two flux linkage tables are obtained as
the outputs of this procedure. In [152], a self-identification procedure is proposed using a

convenient flux saturation approximating function. The adopted technique is performed at
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standstill by injecting a proper voltage without involving the current control. As a result, a
good fitting for the flux curves on both axes is obtained. A good overview of the parameter

identification techniques for both PMSMs and SynRMs can be found in [153].

The parameter identification of the SynRM under study was processed experimentally
in [154]. The adopted identification procedure relies on the sinusoidal current signal injection
along the rotor dg-axes in order to identify the flux curves representing the magnetic model.
A predictive current control (PCC) scheme is used for the purpose of imposing the sinusoidal

current signal [154].

The frequency of the sinusoidal current signal injection is selected to be 30 Hz, since higher
frequencies lead to noise and vibrations at the motor coupling whereas lower frequencies
might be unreliable due to the small back-EMF voltage. To estimate the inductances along
the two axes, the sinusoidal current signal is injected and held constant at a value of 0.8*I,
(80 % of the motor rated current) along one axis while a DC current is injected in the
orthogonal axis. In this manner, it is possible to identify the saturation characteristics of
one axis while considering at the same time the cross-saturation effect. The test is repeated
for different values of the DC current and carried out for both axes, and then the flux surface
(flux as a function of both d- and g¢-axis current) is constructed by interpolating the flux

curves corresponding to each level of the injected DC current.

The experimental flux maps along the dg-axes, obtained by following the procedure des-
cribed above, are shown in Fig. 3.5. This figure clearly shows that the flux linkage of the
SynRM is neither constant nor linear as a function of the current components, due to the

saturation and cross-magnetic saturation.

After obtaining the flux surfaces along the d- and g-axis, shown in Fig. 3.5, the apparent,
self- and cross-incremental inductances can be extracted using a polynomial curve fitting
approach. It is good to mention that the order of the polynomial should be carefully selected
as it is highly dependent on the consistency of the data. In other words, if the polynomial
order is low, inaccuracies in curve fitting would lead to significant errors in the flux values,
while a higher polynomial order might lead to oscillations of the curves between the points,

affecting the computation of the derivative-dependent variables such as the incremental

29



Chapter 3 - Predictive Active Flux and Torque Control of SynRM Drives

g [Vs]

Fig. 3.5. Experimental flux maps along the dg-axes of the SynRM.

inductances.

With regard to this a polynomial order of 7 is chosen to fit the obtained flux and current
curves along the d-axis at each level of the current along the g-axis with a sufficient accuracy,
whereas the flux and current curves along g-axis at each value of constant d-axis current are
fitted with a polynomial order of 6 since the flux curve is saturated at lower values of i, while
it has an almost linear behaviour at higher currents. The apparent inductances Ly and L,
which are extracted by fitting the flux curves as a function of the dq current components,

are shown in Fig. 3.6.

The apparent inductance profile, Ly, starts with a constant trend at the linear region of
the saturation curve, and then decreases smoothly due to saturation. Different from L4, the
inductance L, drops faster at lower current values according to the saturation effect in this

region, while it reaches a steady condition at higher current values.

The self-incremental inductances, L7 and Lz”c, shown in Fig. 3.7, are computed as the

derivative of the flux with respect to the currents iq and i,, respectively. As can be seen,

inc

the self-incremental inductance profile, L{'°, has always a decreasing trend with the increase
of the current values and its value at high currents lower than that one of the apparent

inc

> drops very

inductance Lqy. Unlink, L7, the self-incremental inductance along g-axis, L

fast and reaches its steady-state condition at lower current values. Moreover, it can be
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Fig. 3.6. Apparent inductances at different cross-axis currents for the SynRM used in the experimental tests.

observed from Fig. 3.7 that both L7 and LJ* present a slight increasing trend at higher
currents, the cause of this being to the use of the polyfit tool that has been selected. However,
this issue has no influence on the performance of the proposed control strategies as it was

extensively tested and confirmed in [154].
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Fig. 3.7. Self-incremental inductances at different cross-axis currents for the SynRM.

The cross-incremental inductances are determined by finding the derivative of the flux

surfaces along the d- and g-axis, with respect to the currents ¢, and i4, respectively. The
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Fig. 3.8. Cross-incremental inductances at different cross-axis currents for the SynRM.

mnc

obtained results are shown in Fig. 3.8. Lg and Lffgf shown in Fig. 3.8 present negative
values, being this due to the fact that the slope of the flux curves tends to decrease at higher

levels of the cross-axis currents [154].

All types of the inductances plotted above are stored in the form of lookup tables (LUTs)
which are then used during the validation process of the proposed predictive control strate-

gies.

3.2 PREDICTIVE ACTIVE FLUX AND TORQUE CON-

TROL STRATEGY

As stated earlier, the PAFTC strategy is based on the active flux concept. Thus, a brief

description of this concept is provided here.

By definition, the active flux v, of an AC machine is the flux that multiplied by ¢,
gives the developed torque. Fig. 3.9 illustrates the steady-state vector vector diagram of the

SynRM with the active flux vector represented in red.

From this figure, it is observed that the relationship between the active flux and the stator
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flux in a SynRM is given by

ﬂs = wd + .7% = Ldid + quiq (319)

(0

a

=, = Lyls =¥, — Lq (ia + jiq) (3.20)

-
LT
-

SRR, S
7 N
=

.

Fig. 3.9. Vector diagram of a SynRM operating in steady-state with the active flux representation [155].

By replacing (3.19) into (3.20) yields

Ve = (Lg — Lg) iq (3.21)

The electromagnetic torque developed by the SynRM is then given by

3 .
T, = §pwazq. (3.22)

The previous equations show that 74 is the active flux producing current component while
iq is the torque producing current component, allowing an independent control of the active

flux and electromagnetic torque of the SynRM.

The torque and the active flux are chosen as the controlled variables in the PAFTC
strategy in order to have an easy control of the losses in the machine and at the same time

a fast dynamic response. Thus, this strategy is similar to PTC as both of these strategies
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have the same implementation process. However, the difference is that the active flux, in

the case of PAFTC, is being selected instead of stator flux as the variable under control.

The general control diagram of the PAFTC strategy proposed for SynRM drives is shown
in Fig. 3.10. In this diagram, one can see that the two stator currents ¢, and i, are measured
at instant k£ and then transformed to a rotor reference frame. In addition, the DC-link

voltage Uy, and rotor position 6,, are also measured, which are needed to execute this control

strategy.
Q'
™ T
o 'y ¥, —»  Cost Function
" > Minmization
)| | )
T// //T
Stator Voltage
Calculation
'ccaﬁ¢
af
dg )
urfu (’L) * . A A
‘.1,,-(}’) dq < aff —
Prediction A af [€ abc ¢
Model ), :
(]

Fig. 3.10. Block diagram of the proposed PAFTC strategy for SynRMs [156].

The prediction model is based on the voltage equations (3.14) and (3.15). These equations
are used to estimate the currents along the dg-axes for instant k+1. To achieve this objective,
the Forward Euler discretization equation is herein adopted, being this discretization done

using
dr _x(k+1)—x(k)

P 3.23
dt T ’ ( )

where x is the state variable that needs to be discretized and T is the sampling time.

The voltage equations (3.14) and (3.15) can now be discretized using (3.23), thus obtaining
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the estimated values of the two current components for instant k£ 4+ 1 :

I . Ts . .
ia (k+1) =g (k) + o (ua (k) = Raia (k) + w, Lyiq (k) )~
L (3.24)
T.Lije . . '
_ 771;2”61;?6 (uq (k) — Rsiq (k) — wyLaiq (k) )
o . Ts . .
iy (k+ 1) = i (k) + 7 (g (k) = Ruig (k) — w, Laia () )+
q

L o
+ Tin (ia (k) = ia (k+1))

where i4 (k) and i, (k) are the measured stator currents at instant k, uq (k) and u, (k) are the
voltage components at instant k which are calculated with the knowledge of the switching
state at instant k& and the measured DC-link voltage Uy, 7 is defined in (3.26) and the
superscript “”” indicates estimated quantities.

Ly Ly

- 3.26
L?ancL;nc ( )

vy=1

In real-time applications, the time required to compute the control algorithm takes a
significant portion of the sampling time, resulting in one sampling delay. The effect of this
delay has an impact on the controller performance, therefore a delay compensation must be
implemented. Here, and in order to compensate the calculation delay, the estimated currents
are used as an initial condition to the predictions for instant k& + 2. Thus, the two current
components ¢4 and 7, are predicted for instant k& 4 2 using each one of the seven different

voltage vectors the 2L.-VSI can apply to the motor at instant k + 1:

. T, - -
ih(k+2) =1 (k+1)+ 7Lim(ud(lwr 1) — Ryig (k + 1) + wyLyiq (k + 1))—
d

T, Line (3.27)
— =29 (4 (k+1) — Rty (k+1) — w,Laig (k + 1
s (e (b4 1) = By (1) = Lua (1))
» TS ~ ~
b (k+2)=14(k+1)+ me(uq (k+1) = Ryig (k+1) — w,Lgiq (k+1))+
q

LYY o
7 (la (k1) =7 (k +2))
q
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With the predicted stator currents, the active flux and electromagnetic torque can now

be predicted for instant k£ + 2 by
PP (k+2) = (Lg— Ly) 5 (k+2) (3.29)
3 :
TP (k+2) = §p1/1£ (k+2)ib (k+2). (3.30)

The final step of the PAFTC strategy is the evaluation of the cost function for each one
of the seven different voltage vectors, and the choice of the optimal voltage vector to be

applied to the motor at instant k£ 4+ 1, which is the one that minimizes the cost function.

The cost function g adopted here is given by (3.31) and includes three terms: the first two
terms represent the normalized error of the torque and the active flux, respectively, while the
third term P is included to avoid an overcurrent in the drive during startup or during strong
acceleration/deceleration. Basically, this last term is the current limit protection mechanism

that exists in all drives.

g (Te* _T,_fi(’“”)) - (¢3 ”ff(k”)) FP@(K+2)  (33D)

In (3.31), T, and v, represent the rated values of the active flux and electromagnetic
torque, The reference torque T is either the reference torque set by the user (drive operating
in torque control mode) or the reference torque generated by the PI speed controller, ¥ is the
active flux reference which is calculated and updated in the real-time based on the equation
(C.1) presented in Appendix C, Ay, is the weighting factor that increases or decreases the
relative importance of the normalized torque error in relation to the normalized active flux

error, and P (£ (k + 2)) is defined as follows

0 <= |&(k+2)] <ima
P2 (k+2) = (3.32)

o <= [ (k+2)] > ima

The weighting factor Ay, in (3.31) is the only parameter to be adjusted in this control
strategy. In this study, the weighting factor is adjusted taking into account its effect on the
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stator current waveforms and their ripple content. The selected value of A, , which leads to
a good performance in all operating conditions, has been determined following a trial and

error procedure and set to 0.2.

The implementation of the PAFTC strategy can be summarized by the following sequen-
ces (see Fig. 3.11):

1) Measure the 0,, (k) , Ug. (k) and currents i, (k), i, (k).
2) Estimate currents 74, (k + 1) for instant k + 1.

3) Predict currents i, (k + 2), electromagnetic torque 77 (k 4 2), and active flux ¢ (k + 2)

for instant k + 2 for all possible switching states.
4) Evaluate the cost function g for all possible switching states.
5) Select the switching state that minimizes the cost function.

6) Apply the optimal voltage vector uyp (k + 1).

These six steps are repeated during each control cycle, taking into consideration the new

Measure: 7, (ls:),'l:b (k‘),UdL (L:),Hm (L)
v

Estimate: i]q (g-+1)
v

n =0, Gy = Inf

v

n=n+1 <

v

Predict: I[;; (f<.‘ 4F 2), 174 (ls‘ F 2), Tr (f<.‘ 4 2)

v

Evaluate: ¢ (u” (}i' + l))

v

if (!] < !Jug,){ﬁug, =g.n, = n}

measurements and references.

Y

Wait for next

sam pling instant

A

Apply optimal vector u,, (k'Jrl)

Fig. 3.11. Flowchart diagram of the PAFTC strategy.
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3.3 S-PAFTC STRATEGY

Based on the conventional principle of FCS-MPC, the number of prediction calculations
is directly related to the number of the possible voltage vectors the inverter can apply to
the motor. In the case of a 2L.-VSI, there are six active voltage vectors and two zero vectors
available. Thus, the calculations for the predictions have to be performed seven times in
each control cycle. This number increases in an exponential manner if more complex power

converters like multilevel converters or matrix converters feed the motor.

In order to reduce the computation time that conventional FCS-MPC strategy involves,
while maintaining the same control performance, it was proposed in [132] a simplified ver-
sion of FCS-MPC applied to two- and three-level power converters. The basic idea of this
method relies on avoiding the seven predictions of the currents for instant k + 2 used in the
conventional FCS-MPC strategy and calculate instead the reference voltage vector u* (k + 1)
that would make the two current components ¢; and ¢, reach their reference values at instant
k + 2. The voltage vector that will be applied to the motor at instant k£ 4 1 is the one that

is closer to the reference vector u* (k + 1).

Using this procedure, only one set of the calculations is performed in the prediction stage
instead of the seven needed in the traditional approach. Moreover, the final process of
choosing the actuation voltage vector is quite simple, decreasing the total control cycle time.
Lastly, no weighting factors are needed, which significantly simplifies the implementation of

the FCS-MPC strategy.

The basic concept of this simplified FCS-MPC, originally presented in [132] only for power
converters and without delay compensation, is here explored and extended for the case of
SynRM drives, including one step delay compensation feature. The overall control diagram

of the proposed S-PAFTC strategy is shown in Fig. 3.12.

In the control diagram, one can see that the two stator currents i, and 7, are measured

at instant k and then transformed to the rotor reference frame.

The reference values of the active flux and the machine torque are also needed in the

S-PAFTC strategy to calculate the reference currents 43 and ;. The reference values of the
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Fig. 3.12. Proposed S-PAFTC for SynRMs [156].

torque and the active flux are obtained in the same way as explained in the previous section.

The S-PAFTC strategy for SynRMs starts by assuming that the variation of T} is very

slow in comparison with the control cycle time Ty, therefore one can assume that

vy (k+2) =y (k) (3.33)
T* (k+2) ~ T (k) (3.34)

By translating the reference values of the active flux and electromagnetic torque to the

corresponding reference currents, using (3.29) and (3.30), one obtains
iy (k+2)=1d;(k) (3.35)
ig (k+2) =iy (k). (3.36)

This simplification step is very important because it will allow later on to avoid the use of
any flux or torque estimated values in the cost function, and can be applied because there are

linear relationships between the active flux and electromagnetic torque and the two current
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components, g and ¢ 4, respectively.

By knowing the switching state of the inverter and the measured currents at instant
k, the currents for instant k + 1 are estimated using the relationships already presented in
(3.24)-(3.25). Now, the key idea is to calculate the reference voltage vector that, if applied at
instant k£ + 1, would make the currents reach their reference values given by (3.35)-(3.36) at
instant k+2. The calculation of this reference vector can be performed using the voltage and
flux equations of the motor (in discrete form using the forward Euler method) or, in a more
straightforward manner, by the manipulation and adaptation of (3.27)-(3.28) (replacing the
predicted currents by their corresponding reference values) and by solving these equations
in relation to the voltage components that now have the meaning of reference voltages at

instant k£ + 1:
% 2 ng % ~
wy(k+1) = Riia (k+1) + = (is (k +2) —ia (k +1)) +
’ (3.37)
+ 22 (i (k +2) — g (k + 1)) — wLgig (k +1)

nc

wl (k+1) = Ryg (k+1) + jq_,s (i (k+2) =iy (k+1)) +

+ j‘id (i5 (k +2) = 7a (k + 1)) + wp Laia (k+ 1) .

S

In general, the reference voltage vector, whose components are given by (3.37)-(3.38), will
not coincide with any of the active or zero vectors that the inverter can synthesize, hence
the final stage of the S-PAFTC strategy will be the evaluation of a very simple cost function
which represents the square of the Euclidean distance between the reference voltage vector

and each one of the different voltage vectors the inverter can apply to the motor:

2
g=ut(k+1) —ug|>+ uy (k+1) —ug,| , n=0,1,.6 (3.39)

The voltage vector to be applied to the motor at instant k£ + 1 will be the one that

minimizes this cost function.

The S-PAFTC strategy requires less computation time for its execution as instead of
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seven predictions for the currents, active flux, and electromagnetic torque, a reference voltage
vector is calculated only once and a much simpler cost function is evaluated at the end. It
is important to note that there is no need to include in the cost function an extra term
to avoid overcurrents, similar to the one used in (3.31) for the PAFTC strategy, because
here the reference currents given by (3.35)-(3.36) can be automatically limited so that no

overcurrent will be produced, independently of the working conditions of the drive system.

The implementation of the S-PAFTC strategy can be summarized by the following se-
quences (see Fig. 3.13):
1) Measure the 6, (k) , Us (k) and currents i, (k), i, (k).
2) Calculate the reference currents 4y, (k) at instant k.
3) Estimate the currents 44, (k + 1) for instant k + 1.
4) Predict the reference voltages uj, (k + 1) for instant & + 1.
5) Evaluate the cost function g for all possible switching states.
6) Select the switching state that minimizes the cost function.
7) Apply the optimal voltage vector uyp (k + 1).

These seven steps are executed during each control period, taking into consideration the

new measurements and references.

3.4 VALIDATION OF THE CONTROL STRATEGIES

To evaluate the performance of the two proposed control strategies, a simulation study is
performed first using a simulation model of the drive system under analysis, afterwards the
experimental tests are carried out in order to provide a comparative analysis of simulation

and experimental results.

3.4.1 SIMULATION MODEL

The two predictive control strategies proposed in the previous sections are firstly tested in

Matlab/Simulink environment in order to evaluate the advantages and disadvantages of each
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Fig. 3.13. Flowchart diagram of the S-PAFTC strategy.

one before moving to the experimental implementation. It is good to note that the value of
the weighting factor and the proportional and integral gains of the PI speed controller used
in the simulation study are the same as the ones used in experimental tests, for all control

strategies presented in this thesis.

The simulation model of the SynRM was developed in [157], in which the effects of the
magnetic saturation and cross-magnetic saturation are included. It is worth mentioning that
the stator flux is selected as state variable in the simulation model of the machine, and hence

the self-incremental and cross-incremental inductances are inherently accounted for.

In Appendix A the simulation models, developed in Matlab/Simulink environment, for
both predictive control strategies are presented. The parameters of the SynRM and the two
proposed control strategies are given in Appendix C in Table C.1 and Table C.2. Further-

more, the reference active flux calculation is also presented in this appendix.
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3.4.2 EXPERIMENTAL SETUP

In addition to the simulation study, the effectiveness of the two proposed control strategies
were also validated by experimental tests, performed in the laboratory with the aid of a

dSPACE real-time control platform.
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Fig. 3.14. Configuration of the experimental setup.

Fig. 3.14. shows the scheme of the experimental setup for carrying out the laboratory
tests. The main components of the electric drive shown in this figure are the SynRM to be
controlled, which is coupled to an auxiliary induction motor (IM) fed by a variable speed
drive (VSD). The IM acts as a controlled mechanical load to the SynRM. The SynRM is of
high efficiency (IE4), 3 kW, 4-poles, manufactured by KSB, and its parameters are presented
in Appendix C. In this drive system, there are also a three-phase rectifier, which is connected
to the AC supply of 400 V (line voltage) through an autotransformer, a capacitor bank in
the DC-link with a capacitance of 4700 pF', a braking resistor, buffer and isolation circuits,

voltage and currents measurements circuits, and the dSPACE control platform.

The rectifier consists of a three-phase diode bridge. In parallel with the rectifier, a

capacitor bank Cy,s is connected to filter the rectified voltage. Since the diode bridge cannot
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send the energy back to the three-phase grid, the DC-link voltage will rise if the SynRM
is operated in generator mode (deceleration and sudden braking case). In order to avoid
damages to the drive system, a braking resistor Ry, is connected to dissipate some energy

so that the DC-link voltage level does not become critical.

The inverter is a 2L-VSI which consists of six IGBTs. The control signals of the IGBTSs
are transmitted to the inverter through a buffer and isolation circuit whose function is to
ensure an isolation between the dSPACE control platform, which operates with low voltage,

and the high voltage of the inverter, which feeds the motor.

In order to measure the rotor angular position of the SynRM, the dSPACE platform also
receives signals from an incremental encoder, with 1024 ppr mounted on the shaft of the two
machines. As this encoder is of incremental type, there is the need of knowing or set the
initial rotor position of the SynRM. To achieve this, a rotor alignment process is performed
by injecting a DC current of 6 A along the d-axis, for a short period of 7 s, setting the initial

rotor position to zero.

The control strategies designed in previous sections are introduced in a Real-Time Inter-
face (RTI) model, in Simulink. The RTI model consists of two main blocks: measurement
and control blocks. The measurement block contains all the interface Simulink blocks for
capturing the measured signals and IBGT gate signals, as well as the protection blocks. The

control block contains the actual discrete model of each developed control strategy.

The ControlDesk software is used for the real-time management, and graphical visualiza-
tion of the process data. The control panel designed for all control strategies is illustrated
in Appendix B (see Fig. B.7). Appendix B shows the main equipments used in the expe-
rimental tests. The sampling time of the two proposed control strategies is set to 40 us,
while the sampling time of the speed controller, Tj,..q, is set to 25 x Ty in order to reduce

the quantization error of the speed signal derived from the incremental encoder position.
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3.4.3 REsSULTS OBTAINED

The effectiveness of the proposed predictive strategies for the SynRM drive, in terms of
dynamic response, and total harmonics distortion (THD) of the stator currents and tor-
que ripple are now evaluated. The SynRM drive is tested against the following operation

conditions:

a) Steady-state operation;

b) Speed reversal test;

C

d

Torque step response;

)
)
)
) Speed step response.

3.4.3.1 STEADY-STATE OPERATION

The steady-state behaviour of both control strategies, PAFTC and S-PAFTC, is now
evaluated. Several tests conducted at different operating points are observed and discussed.
The operating points are chosen and captured when the motor is operating at a speed of
700 rpm with three levels of load torque: 5 N.m, 10 N.m and 19 N.m. The simulation and

experimental are presented in Fig. 3.15 — Fig. 3.17.

Fig. 3.15 — Fig. 3.17 plot the estimated and reference torque, 1. and T, currents along
the d- and g-axis, and the measured stator phase currents i... As can be observed in these
figures, the two control strategies exhibit a good and similar performance. In all operating
conditions, the control strategies are able to track the desired reference torque with an
acceptable torque ripple. To provide a general overview of the torque ripple variation under
each one of the operating points, the torque ripple is calculated and represented in Fig. 3.18
as a percentage of peak error referred to the average torque. It is possible to observe that
the torque ripple decreases with the increase of the load torque, being less than 10% at rated

load torque for the two control strategies.

The currents iq and ¢, in the three operating conditions have an expected behaviour

where both of them vary according to the load torque level and the value of the active flux
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Fig. 3.15. Results for the steady-state operation of the SynRM at a speed of 700 rpm with 5 N.m: (a) PAFTC; (b) S-PAFTC.

reference which is updated in real-time. Moreover, it is visible that these currents have a
similar ripple content for the two control strategies. In addition, the current waveforms of

iabe, for both control strategies, are observed to be sinusoidal. Additionally, to evaluate the
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Fig. 3.16. Results for the steady-state operation of the SynRM at a speed of 700 rpm with 10 N.m: (a) PAFTC; (b)
S-PAFTC.

distortion of the stator currents, the THD of phase current i,, obtained in the experiments,

was calculated.
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Fig. 3.17. Results for the steady-state operation of the SynRM at a speed of 700 rpm with 19 N.m: (a) PAFTC; (b)
S-PAFTC.

By definition, the THD of a current signal is a measurement of the harmonic distor-

tion present and is expressed as the ratio of the sum of the power of all harmonic current

78



Chapter 3 - Predictive Active Flux and Torque Control of SynRM Drives

components to the power of the fundamental frequency current according to

VB A+ G+ 1.+ I2

x 100% (3.40)
L

THD =

where [, are the individual harmonic current distortion values in amps, [; is the fundamental

current distortion value in amps, and I, is the second harmonic current distortion value in
amps.

The THD of phase current i,, when the SynRM operates at 700 rpm, with different

loading conditions, is illustrated in Fig. 3.19. It is worth noting that similar THD curves are

obtained for phase currents i, and i..
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Fig. 3.18. Experimental results of the torque ripple percentage for the operating points shown in Fig. 3.15 — Fig. 3.17: (a)
PAFTC; (b) S-PAFTC.

As can be seen in Fig. 3.19, the THD of current i, for the two control strategies has
similar small values. However, the PAFTC presents a slightly higher THD value compared
to the one of the S-PAFTC. Moreover, the THD of current, for the two control strategies,

has a tendency to decrease with the increase of the load torque.

In order to show the distribution and magnitude of the high frequency harmonics present

in the motor supply currents over the frequency range, the obtained spectra of the current
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14, using the two control strategies and with the motor running at a speed of 700 rpm with

different loading conditions, is plotted in Fig. 3.20.

One can observe that the high-frequency harmonics distribution and their magnitudes, for
the two control strategies at each operating point, are almost analogous in a wide frequency

range. This justifies the similarity of the THD variation presented in Fig. 3.19.
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Fig. 3.19. Experimental results for the THD of the phase current i, when the SynRM is running at 700 rpm with different
load torque values.
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Fig. 3.20. Experimental results for the frequency spectrum of stator current i, ( motor running at 700 rpm with different
load torque values) using: (a) PAFTC; (b) S-PAFTC.

The average switching frequency (ASF) of the inverter was also investigated for both

control strategies. The ASF is derived from the value of the switching states change during

80



Chapter 3 - Predictive Active Flux and Torque Control of SynRM Drives

a time window of 1 s considering the present and past gate pulses. Afterwards, the obtained
value is divided by six to get the switching frequency per IGBT. The experimental results of
the ASF, obtained when the SynRM is running with a rated load torque at different rotor
speeds, is presented in Fig. 3.21. As can be seen, the two control strategies present a high
value of the ASF at zero and low speeds, because the motor voltage at this operating point
is small. With the increase of the rotor speed, the required motor voltage increases, thus
the ASF will decrease. The S-PAFTC strategy is observed to have a higher switching fre-
quency compared to the PAFTC. However, at high speeds it starts to approach the switching
frequency curve of the PAFTC strategy.

. Experimental Results
-5 T T T T T
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15 ——— PAFTC —— S-PAFTC |

0 | 1 | 1 1
0 250 500 750 1000 1250 1500
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Fig. 3.21. Experimental results for the average switching frequency of the inverter, when the SynRM drive runs at rated load
torque, for different rotor speeds.

3.4.3.2 SPEED REVERSAL TEST

In order to assess the transient capability of the proposed control strategies, a speed

reversal test with the motor initially running at 1300 rpm is performed.

Fig. 3.22 and Fig. 3.23 present the simulation and experimental results obtained during

the speed reversal test.

From these figures, it can be observed that the measured speed has a smooth response
and reaches its desired value in a very short time (approximately 1 s). Based on these
results, one can conclude that both control strategies regulate very well the currents along
the d- and ¢-axis and consequently the active flux and electromagnetic torque due to the
linear relationship between them. As expected, the current along the g-axis and the torque

have similar profiles. Furthermore, during the transient process, the electromagnetic torque
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Simulation Results Experimental Results
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Fig. 3.22. Speed reversal test of the PAFTC when the SynRM operates at no-load. From top to bottom: rotor speed,
estimated and reference torque, currents along the dg-axes, and stator current waveform.

reaches its rated value (19.1 N.m) to achieve the fastest settling time; once the desired
speed of -1300 rpm is reached, the developed electromagnetic torque becomes zero. These
results reveal a good speed and torque control capability of both proposed control strategies.
Moreover, it is possible to observe that the current limit is respected at all times as current
iq is always lower than the maximum allowed value (11.2 A). The stator current is limited
by the overcurrent protection term in the cost function in the case of the PAFTC, whereas

it is limited in a direct way in the simplified control version.

3.4.3.3 TORQUE STEP RESPONSE

To further evaluate the dynamic response of the proposed control strategies, a torque
step test was conducted. In this test, the SynRM drive is changed to torque control mode

by disconnecting the speed controller and setting manually the value of the reference torque,
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Simulation Results Experimental Results
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Fig. 3.23. Speed reversal test of the S-PAFTC when the SynRM operates at no-load. From top to bottom: rotor speed,
estimated and reference torque, currents along the dg-axes, and stator current waveform.

while the auxiliary IM drive acts as a controlled load, in speed control mode, in order to
maintain the speed roughly constant during the application of the torque variations to the

SynRM drive.

A step change of the reference torque, from 0 N.m to 19.1 N.m (rated torque) at 0.1
s is imposed to the SynRM while it is running at 700 rpm. The results obtained for the
torque step test are shown in Fig. 3.24 and Fig. 3.25. From top to bottom, the curves are
the reference and estimated torque of the SynRM T,* and Te, currents along the d- and ¢-
axis, and the measured stator currents, i.,.. As can be noticed, the estimated torque tracks
very well its reference value and both control strategies yield fast dynamic response, thus
demonstrating the high performance of the developed SynRM drive system. Furthermore,
the profiles of the estimated torque and the g¢-axis current component are identical, which

means that the control strategies regulate very well the torque. In addition, during this test,
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Fig. 3.24. Results for the torque step response of the PAFTC strategy (torque command from 0 N.m to 19.1 N.m) when the
SynRM is running at 700 rpm.
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Fig. 3.25. Results for the step torque response of the S-PAFTC strategy (torque command from 0 N.m to 19.1 N.m) when
the SynRM is running at 700 rpm.

the stator currents comply with the maximum current limitation (11.2 A) in this operating
condition. Moreover, it is possible to observe in Fig. 3.24 and Fig. 3.25 a change of the d-axis

current component which is due to the value of the reference active flux calculated based on
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equation (C.1). This new value of the active flux is determined according to the updated

values of L, and currents 7, and 4,.

The results shown in Fig. 3.24 and Fig. 3.25 are also supported by the results shown in
Fig. 3.26, which are a zoomed version of the torque variations obtained in the experimental
tests in the vicinity of ¢ = 0.1 s. According to these results, a variation from zero to the
rated load torque is achieved in approximately 1.3 ms, which can be considered a very fast

response.

PAFTC S-PAFTC

0.098 0.1 0.102 0.104 0.106 0.108 0.11  0.098 0.1 0.102 0.104 0.106 0.108 0.11
Time [s] Time [s]

Fig. 3.26. Zoomed version of the torque step responses in Fig. 3.24 and Fig. 3.25, showing the variation of the reference
torque and actual motor torque in the vicinity of ¢ =0.1 s.

3.4.3.4 SPEED STEP RESPONSE

Fig. 3.27 and Fig. 3.28 show a speed transition from 100 rpm to 1200 rpm with a load
torque of 15 N.m applied to the motor. For both control strategies, the speed tracks its
reference value accurately without any significant overshoot. Moreover, the speed rise time

for both control strategies is approximately comparable.

In the experimental tests, during the operation at 100 rpm, the estimated torque exhibits
an oscillation of 1 N.m, which is introduced by the VSD that controls the load motor (au-
xiliary IM). During the acceleration period, the torque developed by the motor is the rated
one, after reaching the desired speed, it develops a torque of 15 N.m to satisfy the required
load torque. It is also possible to observe that i, and the electromagnetic torque have similar
profiles, which is expected. In addition, ¢4 also shows an expected behaviour since it changes
according to the operating condition of the drive system. This happens because the active
flux is calculated and updated in real-time and it relies on the variation of L,, as well as the

current components along the d- and g¢-axis.
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Fig. 3.27. Speed step response of the PAFTC strategy for a step speed command from 100 rpm to 1200 rpm, with a load
torque of 15 N.m.
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Fig. 3.28. Speed step response of the S-PAFTC strategy for a step speed command from 100 rpm to 1200 rpm, with a load
torque of 15 N.m.
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In addition to the preceding tests, the execution time of these strategies was measured
with the aid of the dSPACE platform. The control algorithms of the PAFTC and the S-
PAFTC take 27 and 22 pus to run, respectively. It can be seen that the PAFTC takes more
time mainly because of the calculation of the current predictions in each control cycle. This
is a disadvantage of the PAFTC compared to the S-PAFTC, where the current predictions

have been reduced to only one set of calculations.

Finally, a brief comparison of some features of the two proposed control strategies is
shown in Table 4.1

Table 3.2: Comparison between the PAFTC and the S-PAFTC strategies.

Feature PAFTC Strategy | S-PAFTC Strategy
Weighting factors Yes No
Computational cost Higher Lower
Stator current THD Low Low

3.5 CONCLUSION

The simulation and experimental results verify that the PAFTC and S-PAFTC strategies
can achieve comparable performances both in transient and in steady-state conditions. In
steady-state operation, and under the same operation condition, both strategies have similar
performances and allow to obtain very low values of the current THD factor. In transient
conditions, the simulation and experimental tests verify that both control strategies can
achieve a very fast dynamic response, due to the absence of current PI-controllers and mo-
dulator. Nevertheless, the S-PAFTC strategy has some advantages over the PAFTC strategy

due to the following aspects:

e No tuning process is needed due to the absence of the weighting factors in the cost
function, thus saving time during its implementation phase;
e The prediction stage of the control strategy is significantly simplified, thus reducing

the control execution time, while maintaining the same performance of the PAFTC.
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PRrREDICTIVE LOAD ANGLE AND STATOR

FLux CONTROL OF SYNRM DRIVES

This chapter presents a new control strategy for SynRM drives, called PLASFC, exploring
its advantages in the control of SynRMs in the full speed range. This control strategy
regulates directly the stator flux and the load angle of the motor in the stator flux reference
frame. Thus, the limitations of voltage, current and load angle, which are necessary to
operate effectively the SynRM drive in the different operating regions, are easily incorporated
in this control scheme. The direct regulation of the stator flux makes the proposed control
strategy very effective in terms of voltage utilization in the FW region. The choice of the
load angle as a control variable instead of the electromagnetic torque also leads to some
advantages, namely it ensures a smooth transition between the operation of the drive in the

constant power and MTPV regions, as discussed in detail later on.

This chapter is organised as follows: section 4.1 reviews the control strategies of SynRMs
in the FW region. The proposed PLASFC strategy is then discussed step-by-step in section
4.2, while simulation and experimental results are presented and discussed in section 4.3,
demonstrating the very good steady-state and dynamic performance of the new control

strategy here proposed.
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4.1 CONTROL STRATEGIES OF SYNRMS IN THE

FIELD-WEAKENING REGION

By definition, the FW term is used to describe the operation of the SynRM above its
base speed wy. If the resistance of the stator windings Ry is neglected, the supply voltage
of the SynRM at steady-state can be simply considered as linearly dependent on the stator
flux amplitude according to the following expression [34,158,159]:

Us = Wy X ¢57 (41)

where w, is the rotor electrical angular speed.

By keeping (4.1) in mind, as long as the electrical angular speed w, increases, the supply
voltage of the SynRM will increase until the base speed wy, is reached. At this point, the motor
supply voltage is at its rated value and can no longer be increased. To further accelerate the
SynRM to speeds above wy, and to maintain at the same time the supply voltage at its rated
value, the stator flux magnitude must be decreased in a way that is inversely proportional to
the increase of the electrical angular speed w,. This can be done by adopting an appropriate

control strategy to regulate the stator flux magnitude of the SynRM in the full speed range.

As far as speed is concerned, the operation of the SynRM drive in the full speed range
can be divided into three main regions, as shown in Fig. 4.1. Each one of these regions has

its own characteristics and mode of operation [158].

The operation of the SynRM between zero and base speed wy is called the constant torque
region or Region I. At low speeds and up to wy, the motor operates at rated stator flux and
is capable of developing rated torque as long as its stator current limitation is respected and
does not exceed the rated value. When the motor reaches the base speed, the supply voltage
will be at its rated value and cannot be increased further. In order to operate the motor
beyond this point, the stator flux has to be reduced with the increase of speed: the SynRM

drive starts to enter into the FW region.
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Region III

Constant Load Angle or

MTPV Region

Region 1 : Region II
[}

< >
<€ >

A
A 4
A
v

Constant Torque Region Constant Power Region

Torque |’
€

Stator current 7

Flux ¥

FW region |

A 4

]
]
]
]
]
]
]
Load angle & 1
]
]
]
]
]
T
1

o, (base speed)
0

Fig. 4.1. Regions and limits of operation of a SynRM drive [158].

The FW region is divided into two main subregions: constant power region (Region II)
and MTPV region (Region I1I). In Region II, the maximum current is the rated value but the
stator flux is inversely proportional to speed; in addition, the maximum torque developed
by the motor will be inversely proportional to speed as well, while the maximum power is
still the rated one. The load angle in this region increases with speed until, at very high
speeds, it reaches the stability limit of 6=45". From this point on, the load angle cannot
be increased further to ensure drive stability. Thus, the drive system at this stage must
trigger an additional restriction to the load angle, thus entering into the second subregion
of FW: Region III. In Region III, the SynRM drive operates at very high speeds with the
load angle limited to £45°, thus ensuring the stability of the drive system. On the other
hand, the load angle limitation leads to a reduction of the motor stator current. The torque
developed by the SynRM in this region decreases dramatically as the speed increases. It
is worth mentioning that the maximum speed of the SynRM will be limited solely by the
load torque applied to the motor and by mechanical constraints. From the electrical point

of view, the maximum speed of the SynRM drive would be infinity.

It is good highlighting that the maximum torque developed by the SynRM in all operating
regions is strongly dependent on the adopted control strategy. Furthermore, if the full
SynRM drive capabilities are to be explored in Region III, the load angle limitation has to

be effective in the drive system otherwise it will loose its stability. The way of including
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such limitation is highly reliant on the type of control strategy.

By far, FOC is the most common control strategy employed to operate the SynRM in
the FW region. According to this category of control strategies, and above base speed,
the d- and g¢-axis reference currents are regulated to satisfy the current and the voltage
constraints [34,159,160]. In [159], the reference current components along the dg-axes are
determined, in order to operate the SynRM in Region II. In [34], the author proposed the
use of Maximum Torque per Flux (MTPF) control law to maximize the torque developed
by the SynRM in Region III. In Region II, the reference currents are determined in order to

meet the current and voltage constraints as follows [34]:

2
umigm - Zgna:ch
15 = B 4.2
q ( (Lfl - Lg) (4.2)

l; = i%@am - Z?]/ (43)

where 1,,,, is the maximum available current of the inverter, t,,,, is the minimum value

between the maximum output voltage the inverter can produce from the DC-link voltage
and the rated voltage of the motor, w, is the electrical angular speed of the rotor, and L4

and L, stand for inductances along d-and g¢-axis, respectively.

In Region III, the reference currents that produce a maximum torque at this level of speed

and the relation between these two currents are derived as follows [34]:

1 u
e 4.4
d ﬂerd ( )
1 u
= e 4.5
Zq \/§erq ( )

The i4, i, based control proposed in [160] is used in the SynRM drive for an electric
steering system. Usually, the motors used in the electric power steering systems have low
rated voltages, low output power and low rated speed. As a result, they have relatively
a larger stator resistance. Therefore, in [160] the stator resistance value has been used in

the calculation of the reference currents required to exploit the capability of the SynRM in
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Region II and Region III.

Another control strategy that has been adopted to operate the SynRM in the FW region
is DTC. In contrast to 4,7, based control, in DTC is easy to accomplish FW control because
it regulates directly and independently the stator flux and the electromagnetic torque. The
FW algorithm for SynRM drives based on a standard DTC has been developed in [161].
This FW algorithm imposes the voltage limitation once the SynRM reaches its base speed,
by adjusting the stator flux reference levels in Regions IT and III according to the continuous
analysis of the torque error (output of the torque hysteresis band). For further improvement
of the FW algorithm addressed in [161], the authors in [36,51] proposed a FW algorithm
that modifies the stator flux reference in Regions II and III based on the continuous analysis
of duty ratio of the DTC. Although the FW algorithms in [36,51,161] exploit the capability
of the SynRM drive to operate in Regions II and III, these FW algorithms do not consider
the effects of magnetic saturation and cross-magnetic saturation in the SynRM (constant
inductances have been used). In addition, the standard DTC algorithm exhibits high torque

and flux ripples due to the use of torque and flux hysteresis controllers.

In [50], another control scheme for maximum power operation of direct torque controlled
SynRMs is proposed. This control strategy is called a rotor flux vector calculator DTC
(RFVC DTC). The RFVC DTC scheme shown in Fig. 4.2 combines MTPA, FW and MTPF
controls. These controls are mathematically described in a reference frame synchronized with
the stator flux linkage vector, being called f-t reference frame. The operating conditions and
corresponding expressions used for the calculation of the torque and stator flux references in
Regions II and III are given in Table 4.1. It is worth mentioning that in this control strategy;,
once again magnetic saturation was neglected. Moreover, the control scheme has some PI

controllers, meaning that more tuning effort is required to reach a good performance.

The direct-flux vector control (DFVC), whose control system regulates directly the stator
flux amplitude and torque (through the control of the g-axis current) in a stator flux reference
frame was proposed to control SynRMs in the full speed range [48,49,162]. Fig. 4.3 presents
the general scheme of the DFVC strategy for the SynRM drive, while the block diagram
shown in Fig. 4.4 illustrates the implementation of the control strategy in the FW region,

as well as the other limitations required for the drive operation. In the DFVC system, two
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Fig. 4.2. The SynRM drive system based on RFVC DTC proposed in [50].

Table 4.1: An overview with the conditions and control equations for each of the operating regions of the RFVC DTC [50].

MTPA (Region I) Region II
Us < Umaz Us = Umazx
Conditions is < imaz is < imaz
6 < 45° 0 = 45°
. 2 . .
Torque Tras = (pwszmam) Y (,I/JOLZB - wﬁza) Tmaw = p"ps/Lt—FW
. limitation
Equations
T. . . 2
Stator flux P = ,/Lt? Ps = wlr {—Rszt 4 \/’U,?mw = (Rslf) J
reference

PI regulators are required to regulate the stator flux and the g¢-axis current plus a third
PI regulator to handle the operation of the drive in the MTPV region, which occurs when
the motor pull-out torque has been reached and the load angle has to be limited to avoid
system instabilities. Of course, the use of PI controllers always involves some tuning effort
which ideally should be avoided. Keeping this in mind, reference [163] presents a model-
based version of the DFVC for PMSM drives, which avoids the use of PI regulators by
generating the inverter reference voltages from the flux-linkage and g¢-axis current set points
and feedbacks. Although, the model-based version of the DFVC strategy is developed in the
stator flux reference frame by choosing the stator flux amplitude and the quadrature current
as the control variables, it requires an additional analytical work to obtain the information

of the load angle variation, thus increasing the complexity of its implementation process.

To this date, the development of FCS-MPC strategies for SynRM drives able to operate
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Fig. 4.4. Limits of operation and generation of the reference quantities in the DFVC scheme [48,49,162].

in the FW region is very scarce. In [164], a FCS-MPC strategy was developed for PMSMs

in order to achieve optimal performance and ability to operate the motor in the FW region.

Nevertheless, the designed cost function has three mains terms in order to take into account

different criteria, each term having a weighting factor, hence requiring some tuning effort
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which is still considered one of the complex task of traditional FSC-MPC. In addition, the
proposed control system uses constant inductances which is not the real case as they vary
significantly with respect to currents. As far as FCS-MPC strategies specifically proposed
for SynRM drives, no work has been reported yet in literature. For this reason, the PLASFC
is developed and proposed to enhance the operation of the SynRM drive in the full speed

range.

4.2 PREDICTIVE LOAD ANGLE AND STATOR FLUX

CONTROL

As mentioned before, the PLASFC strategy is developed in the d,q, frame and controls
directly the SynRM stator flux and load angle. In Fig. 4.5, the dgq rotor reference frame and
the stator flux reference frame are presented. The dq rotor reference frame is used in the
current model of the stator flux and load angle observer and in the estimation of the motor
inductances, as detailed later on. The load angle ¢ (or the phase angle of the stator flux) is
measured with respect to the d-axis, 6, is the electrical rotor position, #, is the phase angle
of the stator flux vector with respect to the a-axis and 1, is the stator current vector. The

instantaneous angular supply frequency w, is related to w, by

We = + Wy (4.6)

Of course, in steady-state conditions, w. = w,. In transient conditions, and considering a
discretization time step relatively small, which is always the case when dealing with predictive
control strategies, the approximation w, ~ w, does not introduce any significant error and

will be considered.

The voltage equations of the SynRM in the stator flux reference frame are given by [48].

. dis
Uds = Rszds + ;Z; (47)
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Fig. 4.5. Vector diagram of the SynRM and different coordinate axes.

do
Ugs = Rsigs + <dt + wr> Vs, (4.8)

where ugs, Ugs, ids, iqs are the d-axis and ¢s-axis components of the stator voltages and
currents, respectively, Ry is the stator winding resistance, 15 is the amplitude of the stator

flux vector.

The electromagnetic torque can be expressed as a function of the load angle according

to [49]

3 /1 1) ,. 3
Te - Zp (Lq - Ld> ,4/}3 sin (25) - §p¢szqs (49)

where Ly and L, are the apparent inductances along the d-axis and g¢-axis, respectively,

taking into account the effect of magnetic and cross-magnetic saturation.

The proposed PLASFC system is a FCS strategy which ensures that the stator flux
magnitude and load angle of the SynRM follow the corresponding reference values. A general

diagram of the proposed control strategy is shown in Fig. 4.6.

It is possible to observe that an encoder provides the mechanical angular position of the
rotor, 6,,, which is subsequently converted to an electric angular rotor position 6,. The two
phase stator currents ¢, and 7, are measured directly, while the third phase current i, is
calculated from the measured i, and 7,. The currents, i,, 7, and 7. are then transformed to
the af reference frame and used in the stator flux and load angle observer and inductances

estimation blocks. The voltage components u, and ug in the af stationary reference frame
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are calculated in a direct way using the switching state of the inverter and the measured
DC-link voltage, being also used in the stator flux and load angle observer and prediction
model. The reference torque T is either the reference torque set by the user (torque control
mode) or the output of the PI speed controller, while the reference stator flux can be set to
its rated value 1, or to an optimal value %" if desired. The main blocks that constitute

the PLASFC scheme are described in detail in the following subsection.
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Fig. 4.6. Proposed PLASFC scheme for SynRM drives.

4.2.1 PREDICTION MODEL

In the PLASFC system, 1 and ¢ are chosen as state variables. Therefore, the voltage
equations (4.7) and (4.8) are solved for the stator flux and the load angle derivatives, and

rewritten as follows

dyp,

dt = Ugs — Rsids (410)
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do  Ugs — Rigs

The equations (4.10) and (4.11), after discretization using a forward Euler method, allow

to obtain the estimated values of 14 and 0 for instant k 4+ 1 according to

by (k + 1) = ¥y (k) + T [uas (k) — Ryigs ()] (4.12)
Skt 1)=6(k) + ¢T<k> [tgs (k) — Raigs (k) — o,y (k)] (4.13)

In the equations above, T} is the sampling period and the estimated quantities i/AJS (k) and

6 (k) are obtained with a stator flux and load angle observer.

As with any conventional FCS-MPC strategy, the actuation delay corresponding to one
sampling period would lead to the need of predicting the values of the state variables for
time instant k£ + 2, considering all possible voltage vectors that can be applied to the motor
by the inverter (seven different voltage vectors in the case of a 21.-VSI). Nevertheless, the
S-PAFTC strategy presented in the previous chapter, and the one proposed for 2L-VSI and
three-level power converters in [132,165], can avoid this procedure. The idea of this strategy
is to reduce the computation time by eliminating the need of the seven predictions and
calculate instead the reference voltage vector u* (k 4 1) that applied to the motor at instant
k + 1, would force the state variables to reach the corresponding reference values at instant

k+ 2.

Adopting a similar concept of the S-PAFTC presented in the previous chapter, it is
considered that the reference values of 15 and ¢, which are calculated at the sampling instant
k by the FW algorithm, are reached by the system at instant k + 2. This is equivalent to

establish the following relations

s (k+2) =} (k) (4.14)

§(k+2) =0 (k). (4.15)

Taking into account (4.14)-(4.15), the discretization of (4.10)-(4.11) for instant k+ 1, and
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after solving the obtained equations for the voltage components at instant k + 1, yields

Wi (k+1) = Rygs (k+1) + (ws (k+ Q)T_ Vo lk + 1)) (4.16)
iy (k+1) = Ryge (k+1) + WkT“) (O +2) =0k +1) +wdbs (k+1).  (417)

The predicted current values needed for the calculation of the reference voltages in (4.16)-

(4.17) are first estimated for instant k 4 1 in the dg rotor reference frame according to

(k1 1) = i (k) + WZZM (100 (k) — Rt (k) + w, Ly (k) —

,.YLzlncLGc (uq ( ) R 1q ( ) WrLiglg ( ))
~ . Ts . s
tq (k+1) =1q (k) + T inc (uq (k) — Riq (k) — wyLaia (k)) +
q

L o
+ T (ia (k) = (k +1)).

where L, and L, are estimated apparent inductances, L7* and LfJ”C are self-incremental
QZCLZZC
L;LincLGc'

inductances, LZZC, Lf]f are cross-incremental inductances and v =1 —

The equations (4.18)-(4.19) are transformed to the stator flux reference frame by
tgs (k+1) = cosd (k+1)ig (k+1) +sind (k+1)2, (k+1) (4.20)
tgs (k+1) = —sind (k+1) 24 (k+1) 4+ cosd (k+1) 2, (k+1). (4.21)

The final stage of the PLASFC strategy is the choice of the actuation voltage vector at
instant k + 1, which is selected based on the minimization of a very simple cost function
g representing the square of the Euclidean distance between the reference voltage vector,
whose components are given by (4.16)-(4.17), and each one of the voltage vectors that the

inverter can apply to the motor:

2

g=|ul, (k+1) — ugen|” + , n=0,1,...,6 (4.22)

Uy (k4 1) — ugsn
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The PLASFC strategy requires less computation time compared to more traditional FCS-
MPC approaches as instead of seven predictions for the stator flux and load angle, a reference
voltage vector is calculated only once and a much simpler cost function is evaluated in the

end, without the need of tuning any weighting factor.

4.2.2 FIELD-WEAKENING OPERATION

According to the PLASFC strategy proposed in this thesis, the control system must
impose certain limitations in each one of the three operating regions (Region I, Region II
and Region IIT) to ensure the stable and safe operation of the SynRM drive in the full speed

range.

The block diagram shown in Fig. 4.7 illustrates the implementation of the PLASFC stra-
tegy in the FW region with the main limitations (voltage, current and load angle) required
for the drive variables. Below base speed (Region 1), the reference value of the stator flux is
the rated one (or an optimal flux level, as detailed later on in the following section). Once
the speed starts to increase, the supply voltage of the SynRM will increase to keep the stator
flux at its rated value. As soon as the SynRM reaches its base speed wy, the supply voltage
will be at its maximum (rated) value , and thus the stator flux has to be decreased so that
the SynRM is able to operate beyond the base speed. Hence, the reference stator flux in the
FW region (Region II and Region IIT) will be given by

w* _ \/ugnaac - (RSidS)Q - Rsiqs

|, |

, (4.23)

where ,,,, is updated in the real-time according to the measured DC-link voltage U,. and

the rated voltage of the motor Uy, (motory Which is given by

2
\/_Un(motor) Udc) (424)

Upaz = MIN - 5
Gt

The limit 4, is the minimum value between the maximum output voltage the inverter

can produce from the available DC-link voltage and the rated voltage of the motor (which
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Fig. 4.7. Limitations and generation of the reference quantities in the PLASFC strategy.

will be the case of the SynRM used in the experimental tests, as it has a rated voltage smaller
than the maximum available voltage).

In Regions I and II, the motor current has to be limited at all times to a maximum motor

current i,,,,. The current component ¢4 is responsible for the magnetization of the motor,

hence the current limitation must be imposed on the ¢s-axis current component as follows
iqs maz — \/ iznaac - Z?ls (425)

The current limitation (4.25) can be translated into a maximum torque the motor can

develop as
3
Tmaz = ipw;kzqs mazx (426)

These limitations, in conjunction, ensure the safe operation of the SynRM drive in Regions

I and II.
The reference value of the load angle §* is needed by the PLASFC strategy. Taking the

first term in the second side of (4.9) and solving for d, the reference load angle can be given

by
1 AT* Ly
0 = Zsin ! —° dA g (4.27)
3p (La — Ly) v22

2
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where T is the reference torque set by the user (drive operating in torque control mode)
or the torque generated by the speed controller, after passing through the torque limitation

block.

To operate the drive system in Region III, the load angle of the SynRM must be limited
to the maximum value d,,,, to ensure a smooth transition between Region II and Region
ITI. The value 0,4, for the SynRM is obtained through the partial derivative of the torque
equation (4.28) in order to ¢:

N
T. = i <Lq Ld) % sin (20) (4.28)
or. 3 (1 1\ ,

S 2 4.2
(1) s (1.20)

Equating (4.29) to zero, one obtains the maximum load angle of the SynRM: 8,4, = £45°,
where the positive and negative values apply to the cases when the machine operates as a
motor or generator, respectively. Hence, |0| must always be < 45° to ensure the drive
stability. While this condition is always satisfied at low operating speeds, along the MTPV
trajectory, 0 = 45° and the SynRM has reached its stability limit. Some authors have
addressed this issue and proposed an appropriate load angle limitation to avoid the instability
of the drive in Region III. In [48,166], the load angle was limited with the aid of a PI regulator
that corrects the g,-axis current limit according to the phase angle of the observed stator flux
with respect to the setpoint of the maximum load angle d,,4,. In the PLASFC strategy, the
load angle in (4.27) is limited easily using a simple saturation block because the proposed
control strategy regulates directly the load angle. This was the main reason why the load

angle was chosen as a control variable instead of torque.

4.2.3 STATOR FLUX AND LOAD ANGLE OBSERVER
The developed PLASFC strategy regulates both the load angle and the stator flux. Thus,

its performance highly depends on the information provided by the load angle and stator flux

observer. With the impossibility of measuring these quantities, it is necessary to estimate
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them based on the measured variables (voltage and current), so that they can be used in
the control system. In this context, the adoption of a hybrid stator flux observer, which
comprises a voltage and current model, is the best option to fulfil these requirements. The

scheme of the hybrid stator flux observer adopted in this work is illustrated in Fig. 4.8.

—af
ITI Voltage Model -
Current Model . I,- [}i/‘/f

; U :

Inductances N dg W“ ; comp; > ir:s : -
LUTs Tafﬁ ! : _ 1
-------------------------------------------------------------------- .
abs() A a
arg() | % 2

NG
A

Fig. 4.8. Stator flux and load angle observer.

In the high speed region, the amplitude of the applied voltage is high this makes the
voltage model preferable due to its robustness to the parameter error namely inductances.
However, in the low speed region the current model is more suitable and must be chosen as
the magnitude of the applied voltage is small and thus this leads to the failure of the voltage

model.

In the hybrid stator flux observer, the stator voltage u,g, current i,; and 6, are used
to estimate the stator flux. The stator flux of the SynRM, calculated based on the current
model, is given by

V! = (Lgig + jLgiq) e (4.30)
where the 74 and ¢, stand for the currents along d- and g-axis, and Lq and L, are the apparent
inductances along d- and g-axis.

The voltage model dominates the behaviour of the stator flux observer at medium and
high speeds, being based on the integration of the back-EMF of the motor, as it is more

robust against parameter variations. The stator flux, calculated through the voltage model
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is given by

Y, = / (1t = Rudy + ooy ) dt. (4.31)

In order to avoid a discontinuous transition between the current and voltage models, and
make it as smooth as possible, a PI controller is used. The input of this PI controller is the
difference between the outputs of the two models, being its output the compensation term

Ucomp*

Ucomp = (ng + T,;’s) (%2 B %Z) ) (4’32)

The PI controller was tuned according to the rules proposed in [167]:

K" = 2w, (4.33)

where w, is the cutoff angular frequency for the transition between the two models, and K;,”
and T are the proportional gain and integral time of the PI controller. The speed at which
the transition between the two models occurs is chosen to be approximately 400 rpm, which
implies a cutoff angular frequency of w, = 52.36 rad/s (~ 13.5 Hz). Consequently, the values
obtained for the PI controller parameters are K;‘i:120 and T=1.4 x 107,

The stator flux observer provides the amplitude 1;5 and the phase angle és of the stator
flux. The load angle § is estimated as the difference between the flux phase angle 6, and the

measured electrical rotor position 6,.

As previously described, the hybrid stator flux estimator at low speeds relies mainly on
the current model of the SynRM. However, the voltage model is still there and, even at low
or zero speeds, still disturbs to some point the estimated stator flux. Hence, an inaccurate
stator voltage vector w3, which feeds the voltage model, would lead to some errors in the
estimated stator flux which in turn leads to an error in the estimated load angle and estimated
torque. The stator voltage used in the voltage model is calculated based on the switching
state of the inverter and the measured DC-link voltage, thus it is affected by the inverter

dead-time.
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To improve the accuracy of the stator flux and load angle estimation when the motor is
operating in the low speed range, the inverter dead-time is compensated in the calculation of
the stator voltage u,4 by adopting the dead-time compensation algorithm proposed in [168].
According to this algorithm, the first step is to determine if the compensation is necessary or
not. In other words, if no switching occurs in the inverter compared to the previous control
cycle, then no compensation is required. On the contrary, if a switching occurs, for instance
from vector u; to vector u,, and depending on the current signs of the three output currents

of the inverter, the modified voltage vector u,,,q Will be considered.

T T, —T
U —DﬁDT fs 7D

Umod — Ts @£ + Ts Uy (435)

where u, is the voltage vector to be considered by the control system if no dead-time is

DT

required, while the voltage vector u~" is applied to the motor during the dead-time T},

and is determined based on the sign of the three phase currents i,;., as well as the voltage
vectors before and after switching. Table 4.2 shows how the dead-time voltage vector @”7

is determined based on the sign of the three phase currents when switching from u; to u,.

Table 4.2: Determination of the dead-time voltage vector based on the sign of phase currents [168].

sgn(ia) | sgn(iy) | sgn(éc) | a®”

+ + + Uy
+ + - Uy
+ - + Ug
+ - - Uy
- + + Uy
_ + _ u,
_ _ + Uy

_ _ Uy

4.2.4 APPARENT INDUCTANCES ESTIMATION

In the FCS-MPC strategy, the accuracy of the motor parameters is of paramount impor-

tance to achieve a better performance with regard to drive stability, high motor efficiency,
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low current ripple and good motor tracking of the reference values set by the controller.
This is particularly important when dealing with a SynRM where magnetic saturation and
cross-magnetic saturation are non-negligible phenomena, affecting directly the values of the

motor inductances.

When dealing with motor inductances, one has to distinguish three types of inductances
used by the control system: apparent inductances, self-incremental inductances, and cross-
incremental inductances. In the PLASFC strategy, errors introduced in the values of the self-
and cross-incremental inductances lead to errors in the values of the predicted current for
instant k£ 4+ 1 but they do not affect significantly the motor steady-state tracking capability
of the reference values set by the control system. Thus, no error compensation mechanism

is included for the self- and cross-incremental inductances.

On the other hand, the apparent inductance errors have a much higher influence on the
performance of the proposed control system. The values of apparent inductances Ly and L,
stored in LUTs and used by the current model of the stator flux and load angle observer,
are inevitably affected by some uncertainty, being the source of some errors in the estimated
stator flux and load angle values in the low speed region. In the medium and high speed
regions, the voltage model stands, almost eliminating the influence of inductance values

mismatch in the outputs of the stator flux and load angle observer.

The apparent inductances are used in the current prediction equations and more impor-
tantly in the calculation of the reference load angle using (4.27). Due to the fact that the
currents are neither directly controlled in the proposed control strategy nor evaluated in
the cost function, the apparent inductance values mismatch does not affect significantly the
operation of the drive system, but the calculation of the reference load angle is significantly
affected by the errors in those inductances, especially the error in L,, leading the SynRM
drive to operate with a torque and load angle quite different from the ones set by the control
system. To mitigate or minor these effects, the prediction model and the reference load angle

generation block use inductance values estimated online by

Lg=-2 (4.36)
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Ly=-1, (4.37)

with all variables in (4.36)-(4.37) expressed in a rotor reference frame.

Both apparent inductances can be reliably estimated as long as the currents have a
reasonable minimum value, say 1 A, to avoid a division by zero and to obtain estimated
inductance profiles with a low noise content. In practice, i4 is always much higher than this
minimum value, allowing the estimation of Ly at all times, while the estimation of [A/q has to
be disabled when the motor operates at very low load levels, using in those cases the values

stored in the corresponding LUTs.

The changeover between the estimated flq and the one obtained with the LUTs (L.VT)
needs to be gradual and smooth in order to prevent any instability or bumps in the operation

of the SynRM. The transition process is implemented according to the following conditions

L(?UT ; |iq| < iéra
;| _4tra A - ctra
Lq LqLUT (1 — ZinZq‘1> + Lq‘lq‘Ai:q ;Z'Zra < |Zq‘ < Z‘Zra + AZq (438)
L, gl > i + Ady
where if]m = 1 A is the value of current at which the transition is started and Ai, = 0.2 A is

a current band for the transition from LqLUT to the estimated ﬁq.

4.2.5 STATOR FLUX LEVEL OPTIMIZATION

The efficiency optimization of electric drive systems has been extensively studied. When
an AC drive system operates at constant flux linkage magnitude at all load levels, the low
efficiency at light loads is highly expected. Accordingly, several papers have been reported
on the adaptation of the control algorithm to get the best efficiency of the drive system at
all load levels. Generally, the proposed efficiency optimization techniques have been focused
on the adjustment of the flux level to get the maximum motor efficiency for a given torque
demand. The MTPA technique is the most common method to maximize the developed

torque by the motor for a certain level of current and thus plays an important role in the
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enhancement of the overall drive efficiency.

In current-controlled system (like FOC), the total losses can be minimized by adjusting the
d- and g-axis current ratio. In such control systems, loss minimization control methods can
be classified into two main categories: loss-model controllers (LMC) and search controllers
(SCs). SCs entail minimizing the input power by searching the d-axis current (or stator flux
) in real time. They are basically insensitive to electrical motor parameters [169]. However,
LMCs, which generate the optimum current (or stator flux) command vector from a loss
equation, are more often employed in industrial drives. This is because they are superior to

SCs with regard to control stability and current pulsation reduction [170].

In spite of the great number of studies dealing with MTPA for SynRM drives based on
FOC [33,34,52,53], in DTC- and FCS-MPC-based SynRM drives this has been scarcely
investigated [50,86,171]. As DTC has no current control loops, current is not regulated
directly. Thus, it is difficult to regulate the current in DTC drives. Therefore, to ensure the
efficient operation of the DT C-based SynRM drives, an optimal reference value for the stator
flux magnitude is needed. In [86] an online procedure for the automatic search of the MTPA
operating point for DTC-based SynRM was proposed. The algorithm is perturbation based
and it injects a random pattern into the stator flux reference of the DTC-based SynRM
drive, and thus the information of the MTPA point is retrieved from the sampled current
magnitude. Although, the motor parameters in this algorithm are not needed, the tedious

searching process causes torque ripple and the sluggish dynamic response.

In [50], a control scheme was proposed for direct torque controlled SynRM. The proposed
scheme consists of a combination of MTPA control, maximum torque per flux control and
flux weakening. For the MTPA control, the magnetic saturation was neglected and the

current angle was set to 45°, thus leading to a non-optimal motor operation.

In [171], the cost function of the proposed PTC strategy was designed to meet multiple
demands: torque reference tracking, online MTPA tracking for the high electrical efficiency,
and the limitation of the current to its maximum value. The online MTPA term in the
designed cost function evaluates the partial derivative of the torque with respect to the

current angle for a given stator current magnitude. Since, the partial derivative is dependent
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on both apparent and incremental inductances, a recursive least squares (RLS) algorithm
was implemented to estimate these quantities in real-time. However, although the proposed
PTC strategy led to promising results, the process of the adaptive weighting factor selection

was not discussed as it plays an important role in the performance of the control system.

Similar to DTC, the PLASFC strategy does not directly regulate the current, thus the
MTPA trajectory has to be translated into an optimum stator flux reference. To calculate
the optimum reference stator flux which be used by this control strategy, some additional

analytical work is required as discussed below.

Considering the equivalent circuit of the SynRM in the rotor reference frame and including

the iron losses, represented by the iron losses resistance R. [172]. It can be shown that the

(1) - (5)
La Ly

The equation above contains a first term that roughly represents the iron losses, and a

power losses in the motor are given by [173]

3 u? 3 R.R.
p== +2
2R, +R. 2R,+ R,

(4.39)

second one that is directly related to the stator copper losses. The motor used in this study
is a high efficiency one with very low iron losses, therefore, and for the sake of simplicity,
the first term will be neglected. Moreover, u, is considered constant, leading to the same
final result as far as optimal flux level is concerned. On the other side, the losses given by

the second term change with the motor load level and can be minimized.

M = (Z)z + (1[/2)2 (4.40)

In a rotor reference frame, the electromagnetic torque developed by the SynRM can be

Let us define M as

given by
3 1 1
Te = = = — = . 441
(1) v (1.41)

By solving (4.41) for ¢, and using the result in (4.40), one can write M as a function of
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4. The value of 1, that minimizes M is obtained by solving OM /0¢; = 0, yielding

AT?
9]92 ([A/d - [A/q>

; A
gp ILdX 4

. (4.42)

The optimal value ;" " is calculated using (4.42) considering T, = T*. The optimal value
PP is then calculated using that result in (4.41). With these two flux components, the

optimum stator flux level used by the control system (see Fig. 4.6 ) is calculated by

vt = (u) + (u)’. (4.43)

It is important to mention that although the inductances change with the motor operating
condition inside the control system, the above calculated optimum reference stator flux is
performed assuming that the inductances are constant, meaning that the current angle is 45°.
The reason for not including the derivative of the inductances in the process of obtaining the
optimum stator flux level is to avoid further complications in the analytical process which
would not be translated into a significant gain in terms of motor efficiency. However, if the
variation of the parameters are considered, the current angle will be higher than 45°, this
conclusion has been drawn based on the results presented in [171]. Therefore, the optimal
stator flux, in this study, is computed considering the variation of the parameters that will

be updated in every control cycle of the real time implementation.

The main steps involved in the implementation of the PLASFC strategy presented in
previous sections are shown in Fig. 4.9. It has nine main steps that can be summarized as
follows:

1) Measure the speed 0, (k) , Ug. (k) and currents i, (k) and i, (k).
2) Calculate the torque reference 7.

3) Estimate Lq and L, , ¢, (k), and 4 (k) at instant k.

4) Predict b, (k+1), 6 (k + 1) and 24 (k + 1) for instant k + 1.

5) Calculate ¢¥ and 6* (k).

6) Predict uj,, (k + 1) for instant &k + 1.
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7) Evaluate the cost function g for all possible switching states.
8) Select the switching state that minimizes the cost function.
9) Apply the optimal voltage vector u, (k + 1).

These nine steps are executed during each sampling period, taking into consideration the

new available measurements and references.

Predict: , (k + 1)

[

P! Measure: i, (A) i (R) U, (R) e, (k) *
+ n = 'J.gw = Inf
Torque reference calculation:  7° *
+ n=n+l —
Estimate: "{}S (k) c;‘(k)
v
Estimate: Jf.d.jf‘.q
v
Estimate: g, (k + 1). SA(FL + l) : ;'m (k + 1)
v
Calculate: l,!/:.c')‘:? (R)

Apply optimal vector w (fc + 1)

Fig. 4.9. Main steps involved in the implementation of the PLASFC strategy.

4.3 REsSULTS OBTAINED

The simulation model of the SynRM drive using PLASFC was developed in Simulink
environment. A general overview of such simulation model is presented in Appendix A (Fig.

A5 and Fig. A.6).

The experimental setup presented in the previous chapter is also used here to test the
SynRM with the PLASFC strategy. It is complemented with a high precision power analyser,
Yokogawa WT300 and a torque sensor so that the SynRM efficiency can be computed. The
sampling period of the proposed predictive control strategy is set at T, = 40 us, while the
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speed loop is implemented at a slower (Tspeeq = 25 * 1) to reduce the quantization error in

the speed signal derived from the incremental encoder.

The performance of the PLASFC strategy was evaluated with the SynRM drive opera-
ting in different conditions. The following test conditions were considered to validate this

approach:

a) Parameters mismatch;

o

Steady-state operation;

¢) Speed reversal test;

o,

Speed step response;

@

—

)

)

)

) Torque step response;
)

) Operation in field-weakening region;
)

g) Operation with an optimized stator flux level.

4.3.1 PARAMETERS MISMATCH

In order to illustrate the importance of estimating online the values of the apparent
inductances, some simulation results are presented instead of the experimental ones. The
reason for making this decision relies on the purpose of showing the true impact of the errors
in the values of the apparent inductances in difference SynRM variables, namely in the stator
flux level, load angle and actual motor torque values. The objective here is to investigate if
the motor stator flux level follows or not the reference value set by the control system (as
it influences the saturation level in the motor); if the SynRM load angle coincides or not
with the corresponding reference value set by the control system and if the reference torque
(output of the speed controller) matches the true motor electromagnetic torque (important
when operating the SynRM drive in torque control mode). All this information is readily
available in the simulation model, where one can get the “true” motor quantities using the
motor model and observe how this information matches the reference quantities or estimated
variables as calculated by the control system. In experiments, there is no direct access for
instance to the motor stator flux level or to the motor load angle as it has to be estimated

using information obtained with the stator flux and load angle observer (which is affected by
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errors in the parameters used by the control system) and position of the rotor. Hence, the
experimental analysis appears to be of less value than the simulation study, using a detailed

simulation model which had been validated in a previous work.

As mentioned before, the influence of the detuned values of self- and cross-incremental
inductances on the steady-state tracking capability of the reference values set by the pro-
posed predictive control strategy is negligible. On the contrary, the detuned values of these
parameters certainly lead to errors in the values of the predicted currents for instant & + 1.
The calculation of the current prediction error is performed by the comparison between the
estimated currents for instant &+ 1 (ig(k + 1), 7,(k + 1)) calculated at instant k but affected
by a unit delay block, and the measured currents at instant k (iq(k), i,(k)). The difference

between the estimated and measured currents is defined here as the current prediction error.

Fig. 4.10 and Fig. 4.11 show the prediction errors of ¢y and ¢, for three cases of self-
incremental inductance values: real values (blue plots), positive detuned values (red plots),
and negative detuned values (yellow plots). The prediction errors in i4 and 4, are computed
at different operating: speeds of n = {250, 750, 1200, 1500} rpm and load torque T} =
{1, 5, 10, 15, 18} N.m.

0.035 250 rpm 0.035 750 rpm
0.03 | —L-Efpes bl L 13Eipe T 0.8L,0.8Li" 0.03 Lehine— 13 Tir 1 DL 0.8Liy*,0.8Li"
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= 0.02f = 0021 /\
S 0.015 S 0.015 3

0005 | —— 0.005 |--nzdeoceochoonreboneedeeo oo och oo
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0.03 |- st - EIE I st} 9T 1. DT 00 0.8Lj",0.8L1" 0.03 [ L€ L300 e 1.2, 1.9 LN 0.8Lj",0.8L)"
0.025 E 0.025 F 1
T 00— ] T 002} - |
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0.01 R 0.01 v
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Fig. 4.10. Simulation results for the prediction error in ig4 for the three cases of self-incremental inductance values: real
values (blue plots), positive detuned values (red plots), and negative detuned values (yellow plots).

As can be seen in Fig. 4.10, the prediction error of i, increases significantly mainly for
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positive detuned self-incremental inductances, reaching the maximum value of 0.026 A at
250 rpm. Besides, it has a small tendency to decrease with the increase of the load torque.
Moreover, it is possible to observe that the prediction errors for the d-axis current, in the
case of negative detuned values, have the same behaviour at different operating points, and
remain lower than 0.014 A all the time. As opposed to what has been observed under positive
and negative detuned self-incremental inductance values, the prediction errors of iy for the
real values of self-incremental inductances are always small, being less than 5 mA for all

operating points.

The prediction errors in 44, shown in Fig. 4.11, are higher at low speeds but they decrease
once the speed starts to increase. In addition, their variation for different load torque values is
insignificant. The current prediction errors resulting from positive detuned self-incremental
inductance values are higher in comparison with the ones obtained for the case of negative
detuned self-incremental inductances, and approach each other at higher load torque values.
Finally, as expected, the prediction errors for the g-axis current with real values of the self-
incremental inductances are small, being less than 20 mA. These results demonstrate a good

match between the estimated and measured currents.

250 rpm 750 rpm
0.15 T L T 0.15 T L4 T
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Fig. 4.11. Simulation results for the prediction error in iy for the three cases of self-incremental inductance values: real
values (blue plots), positive detuned values (red plots), and negative detuned values (yellow plots).

Fig. 4.12 and Fig. 4.13 present the prediction errors in both i4 and ¢, for the three cases

of cross-incremental inductance values: real values (blue plots), positive detuned values (red
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plots), and negative detuned values (yellow plots). The prediction errors in i, and i, are
computed at different operating points, the load torque is set as T, = {1, 5, 10, 15, 18}
N.m, while the SynRM drive is running at different speeds n = {250, 750, 1200, 1500}

rpm. The prediction errors for the d-axis current shown in Fig. 4.12 are in general small,

250 rpm 750 rpm
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Fig. 4.12. Simulation results for the prediction error in ¢4 for the three cases of cross-incremental inductance values: real
values (blue plots), positive detuned values (red plots), and negative detuned values (yellow plots).
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Fig. 4.13. Simulation results for the prediction error in iy for the three cases of cross-incremental inductance values: real
values (blue plots), positive detuned values (red plots), and negative detuned values (yellow plots).

in comparison with the errors due to the detuned values of self-incremental inductances
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because the magnitude of cross-incremental inductances is also small, making the system

less sensitive to errors in these parameters.

The prediction errors for the g-axis current depicted in Fig. 4.13 clearly indicate that po-

sitive and negative detuned cross-incremental inductances lead to almost identical prediction

errors for i,.

To verify the effectiveness of the compensation mechanism proposed for the apparent
inductances, a simulation study has been conducted. The first test is performed with a
—20 % detuning in the inductance values, L, and L,, used by the control system. The

obtained simulation results are depicted in Fig. 4.14.

As can be seen from this figure, without an online inductance estimation procedure, the
torque and the load angle of the motor (7, and é,,) are lower than the reference values (7
and 0*) set by the control system, which may even prevent the drive from starting if the
starting load torque is high. When the inductance online estimation procedure is activated,
the control and actual motor variables are much closer to their reference values, allowing to
operate satisfactorily the drive in the entire speed range, thus increasing significantly the

robustness of the control system to parameter uncertainties.
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Fig. 4.14. Simulation results for the reference load angle and electromagnetic torque set by the control system (red plots)
versus the corresponding motor quantities (blue plots) when the SynRM drive is accelerating with a load torque of 5 N.m and
with —20 % detuning in L4 and Lg: (a) without inductance estimation (speed range: 450 to 2550 rpm); (b) with inductance
estimation (speed range: 450 to 2440 rpm).

The second test follows the same process of the first one but in this case a positive error of

+20 % is introduced in the inductance values used by the control system. Once again, as can
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Fig. 4.15. Simulation results for the reference load angle and electromagnetic torque set by the control system (red plots)
versus the corresponding motor quantities (blue plots) when the SynRM drive is accelerating with a load torque of 5 N.m and
with 420 % detuning in L4 and Lg: (a) without inductance estimation (speed range: 450 to 2650 rpm); (b) with inductance
estimation (speed range: 450 to 2330 rpm).

be noticed from Fig. 4.15, without inductance compensation mechanism the load angle and
torque of the motor are higher than their reference values set by the control system. Once the
compensation mechanism is turned on these quantities track closely their reference values.
It is noteworthy to point out that there is an almost symmetric behaviour of the system
with regard to positive and negative detuning of the motor apparent inductances. Moreover,
the results obtained for two conditions of parameter detuning indicate the importance of the

inductance estimation mechanism implemented in the control system.

Since the maximum current limitation is closely linked to the FW algorithm described
before, a parameter detuning might violate this restriction if an online apparent inductance
estimation mechanism is not included. For simplicity’s sake, the torque equation (4.27) is

presented here again

Y LR P
T, = 1P (Lq Ld) Zsin (20) . (4.44)

Let us consider that the detuning in the inductances is positive (Lg and L, used by the
control are higher than the actual motor inductance values) as this is the worst scenario.
By looking closely to (4.44), the term inside the parenthesis is dominated by the inverse of
Ly and Ly >> L,, hence the error in L, dominates the error in that term. Under these
conditions, for the maximum value of the reference torque, the reference load angle given

by (4.25) would be higher than the rated load angle and the actual motor torque would be

118



Chapter 4 - Predictive Load Angle and Stator Flux Control of SynRM Drives

higher than the reference value set by the control system. As a result, the actual current
amplitude i5; would go above the limit set by the control system (see Fig. 4.16(a)) which is
the apposite of the negative detuning case, where the actual current amplitude i, is lower
than the limit set by the control system (see Fig. 4.16(b)). The overcurrent that is happening
under a positive detuning can be prevented by estimating in real-time the value of L, and

use it in (4.25).

The results presented in Fig. 4.16 demonstrate that with a negative detuning of the appa-
rent inductances, no problem arises. On the contrary, if the detuning is positive and if there
is no inductance estimation feature, the maximum current set by the control system will be
violated. The results shown in Fig. 4.17 demonstrate that the online inductance estimation

procedure solves this issue.

It is important to mention that under the presence of a positive error in the apparent
inductances, if no online inductance estimation technique is used, the control system will not
be able to limit the motor stator current to the maximum value i,,,, used in (4.23). Hence,
the online estimation inductance technique again plays an important role in the current
limitation process. The online inductance estimation procedure is always activated in all
operating conditions in both simulation and experimental results presented in subsequent

subsections.

15

actual iy — — - Limiting current 4,4, actual iy — = —= Limiting current 4,,,,
0 0.2 0.6 0.8 1 1.2 1.4 1.6 1.8 0 0.2 0.6 0.8 1 1.2 1.4 1.6 1.8
Time [s] Time [s]
(a) (b)

Fig. 4.16. Simulation results for the stator current behaviour when the SynRM is accelerating from 220 to 2800 rpm with a
load torque of 5 N.m and without online estimation inductance feature for: (a) +20 % detuning in apparent inductance values;
(b) —20 % detuning in apparent inductance values.

4.3.2 STEADY-STATE OPERATION

The steady-state performance of the SynRM drive with the PLASFC strategy is here

shown. Several tests, conducted at different operating conditions are presented and discussed.
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Fig. 4.17. Simulation results for the stator current behaviour with +20 % detuning in apparent inductance values and with
online inductance estimation when the SynRM is accelerating from 220 to 2800 rpm with a load torque of 5 N.m.
The simulation and experimental results are plotted side by side in order to better evaluate

the agreement between them.

The results obtained are presented in Fig. 4.18 — Fig. 4.20, respectively for a speed of 700
rpm and a load torque of 5 N.m, 10 N.m and 19 N.m. In these tests, the DC-link voltage is

its maximum value (650 V), making the drive to operate in Region 1.
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Fig. 4.18. Results for the steady-state operation of the SynRM at a speed of 700 rpm and a load of 5 N.m.
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Fig. 4.19. Results for the steady-state operation of the SynRM at a speed of 700 rpm and a load of 10 N.m.

Looking to these results, a very good agreement between the simulation and experimental
results is observable. At all operating conditions, the motor torque closely follows the desired
reference torque with an acceptable torque ripple. The torque ripple is calculated and
represented in Fig. 4.21 as a percentage of the peak torque error in relation to the average
torque. It is possible to observe that the torque ripple decreases with the increase of the

load torque, reaching values smaller than 10 % at rated load torque.

The estimated stator flux zﬁs in the three studied operating conditions has an expected
behaviour. It tracks its reference value (0.923 Wb) and is maintained constant during the
tests. The estimated load angle, 5 varies according to the load torque level applied to the
motor and its ripple content decreases with the increase of the load torque. In addition, the
measured phase current waveforms, iq,., are observed to be sinusoidal. In order to evaluate

the distortion of these currents, the THD of the phase current i,, obtained in the experiment
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Fig. 4.20. Results for the steady-state operation of the SynRM at a speed of 700 rpm and a load of 19 N.m.

tests, was calculated and is presented in Fig. 4.22, with the SynRM operating at 700 rpm

and at different load levels.

As can be seen in Fig. 4.22, the THD of the phase current i, is less than 3.5 % and has

a decreasing trend when the motor load increases up to rated load torque.

The spectra of current i, obtained when the SynRM drive is running at 700 rpm, for
different load conditions, is plotted in Fig. 4.23. It can be seen that the high frequency
harmonics mostly appear around the frequency of 6 kHz for all load cases. However, as there
is not a fixed switching frequency, these harmonics appear spread across a wide frequency

range.

The average switching frequency variation of the inverter for different load torques and

speeds is presented in Fig. 4.24. It is possible to observe that the average switching frequen-
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Fig. 4.21. Experimental results for the torque ripples percentage related to the results shown in Fig. 4.18 — Fig. 4.20.
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Fig. 4.22. Experimental results for the THD of phase current ¢, when the SynRM is running at 700 rpm with different load
torque values.

cies at load torque of 5 N.m and 10 N.m, respectively, are almost comparable and they start
to slightly decrease with the increase of the speed. On the contrary, the average switching
frequency at load torque of 19 N.m is lower than those ones of the other loading conditions
(5 N.m and 10 N.m) and it also has a small tendency to decrease with the increase of the

speed.
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Fig. 4.23. Experimental results for the frequency spectrum of the phase stator current i, at 700 rpm with different load
torque values using the PLASFC strategy.
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Fig. 4.24. Experimental results for the inverter average switching frequency, at different load torques and speeds.

4.3.3 SPEED REVERSAL TEST

To observe the performance of the SynRM using PLASFC in the whole speed range a
speed reversal test is tested. This test was conducted with the SynRM initially running at
1300 rpm with no-load, and then imposing a reference speed of -1300 rpm at t = 0.5 s. The
obtained results are shown in Fig. 4.25. It can be seen that the SynRM drive works well
in the whole speed range. During the transient period (0.5 — 1.5s), the electromagnetic
torque reaches its rated value (19.1 N.m) to achieve the fastest settling time. At t = 1s

when the direction of rotation is reversed the polarity of the currents is changed resulting
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Fig. 4.25. Speed reversal test with the SynRM operating at no load. From top to bottom: rotor speed, electromagnetic
torque, stator flux, load angle, and stator current waveform.

in a phase shaft of 180°. Moreover, it is possible to observe that the current limitation is
respected, as the stator current amplitude is always lower than the maximum allowed value
(11.2 A). Furthermore, the obtained results indicate that there is a decoupled control of the
stator flux and electromagnetic torque developed by the SynRM. It is also visible that the
load angle and electromagnetic torque profiles are identical, which is an expected result since

the stator flux level is fixed and set to the motor rated value.

4.3.4 TORQUE STEP RESPONSE

Fig. 4.26 illustrates the dynamic response of the drive system to a torque step, from 0 to

19.1 N.m (rated torque) with the SynRM operating at a constant speed of 700 rpm.

In this test, the SynRM drive is operated in the torque control mode, by setting manually
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the value of the reference torque, while the auxiliary IM drive is operated in speed control

mode in order to maintain the speed roughly constant during the test.

The results show that the estimated torque tracks very well its reference value. Further-
more, the profiles of the estimated torque and load angle are identical because the stator

flux is constant and set to its rated value. In addition, during this test, the stator phase
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Fig. 4.26. Torque step response of the SynRM drive operating at 700 rpm.
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Fig. 4.27. Zoomed version of the torque step response shown in Fig. 4.26, showing the variation of the reference torque and

actual motor torque in the vicinity of ¢ =0.133 s.
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currents comply with the maximum current limitation (11.2 A) in this operating region.

Fig. 4.27 shows a zoomed version of the torque step response obtained in the experiment.
It can be seen from this figure that the torque response is fast, as the drive only takes
approximately 1.5 ms to increase the SynRM torque from no-load to the rated value (19.1

N.m).

4.3.5 SPEED STEP RESPONSE

The speed step response of the PLASFC strategy with a full DC-link voltage is investi-
gated and presented in Fig. 4.28.

Initially, the machine is started with 100 rpm and a load torque of 15 N.m, and then a

step speed reference of 1280 rpm is imposed at t = 0.5 s.

Simulation Results Experimental Results
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Fig. 4.28. Results for the SynRM acceleration from 100 rpm to 1280 rpm with a load torque of 15 N.m.
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As can be seen, the speed tracks its reference value accurately without any significant
overshoot. Moreover, the speed rise time for the PLASFC strategy is approximately 2.4 s.
In the experimental results, during operating at 100 rpm, the estimated torque exhibits an
oscillation of 1 N.m, which is introduced by the VSD that controls the load motor (auxiliary
IM). At ¢t = 0.5s, when the reference speed is imposed, the developed torque increases ins-
tantly to its rated value and maintains constant at this value until the end of the acceleration
period. At the end of the acceleration period, the motor develops a torque of 15 N.m to
satisfy the required load torque. The estimated load angle has the same profile of the torque
hence same discussions as before apply. Moreover, it is possible to observe that during the
acceleration period the current limitation is respected, as the stator current amplitude is
always lower than the maximum value (11.2 A). Also, it can be observed that the stator
flux does not present any change in the acceleration period, remaining constant, meaning
that the direct and decoupled torque and stator flux control is achieved. From this test, it
is evident to conclude that the SynRM is able to develop a constant rated torque in a wide

speed range within Region I.

Generally speaking, the above presented results demonstrate that the excellent steady-
state and dynamic responses of the proposed control system when the motor operates in the

constant torque region (Region I).

4.3.6 OPERATION IN THE FIELD-WEAKENING REGION

In this section, the drive is tested in the FW region,which comprises Region II and Region
ITI, to prove the ability of the control system to impose the current and voltage limitations
as well as the load angle limitation (Region III), hence demonstrating the ability of the drive

to operate at very high speeds, and ensuring the stability of the drive in the full speed range.

In the test results reported in this section, the DC-link voltage is reduced to 200 V. The
reduction of the DC-link voltage has been decided due to mechanical limitations, not to
limitations of the control system. It is well known that the SynRM is able to operate at
very high speeds with no theoretical speed limit thus the limitation for the maximum speed

is purely mechanical. Thereby, lowering the DC-link voltage forces the SynRM to enter in
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the FW region at a lower speed and thus it is possible to safely demonstrate the operation

of the drive in the three regions.

The simulation and experimental results for the acceleration of the SynRM from 100 to
1280 rpm at no-load are illustrated in Fig. 4.29. In Region I and during the acceleration, the
motor develops the rated torque (19.1 N.m) and draws rated current (11.2 A) as marked in
Fig. 4.29. During this phase, the stator flux remains at its rated value (0.923 Wb). During
the acceleration, the rotor speed increases and so does the required voltage to maintain the
stator flux constant at its rated value. With the increase of the rotor speed, the voltage limit
imposed by the inverter is finally reached and, from this point on, the stator flux has to be

decreased, forcing the SynRM to enter into FW operation at 480 rpm (Region II).
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Fig. 4.29. Results for the acceleration of the SynRM from 100 rpm to 1280 rpm (no-load).

In this region, the stator flux is calculated based on the rotor speed of the SynRM and
the available DC-link voltage (see (4.23)). The torque developed by the SynRM decreases
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with the speed increase while the stator current is maintained nearly at its rated value and
the load angle starts to increase. At a certain operating point of acceleration, specifically
at a speed of 920rpm, the load angle reaches its limit of 45°. This is the point where the
MTPYV limit is reached, setting the beginning of Region III. In this region, the current has
to be decreased to respect the load angle limitation, leading to an accelerated reduction of
the maximum torque the motor can develop at this high speed. The actual speed eventually
reaches its reference value and the torque reference decreases below the MTPV limit and the

drive system starts to operate again in Region II.

Fig. 4.30 shows the results obtained during an acceleration of 100 rpm to 1280 rpm with
a load torque of 5 N.m. Similarly to the operation condition discussed before, the SynRM
drive also operates here in all three regions, while respecting the limits of current, voltage

and load angle.

The SynRM drive takes about 2.1 s to reach the speed of 1280 rpm. The transition to
Region II occurs approximately at 400 rpm where the motor supply voltage is at its maximum
value. Once the load angle of the SynRM reaches 45°, the SynRM switches to Region III at
a speed of 940 rpm, with a stator flux of 0.45 Wb and the MTPV limit imposed. The motor
operates approximately 1.2 s in this region until it reaches the desired speed and the steady-
state operation. Finally, after completing the acceleration phase, the SynRM maintains the
load torque of 5 N.m initially imposed on its shaft. As can be seen, the FW algorithm using
the proposed predictive control strategy guarantees a stable and smooth transition between

all operating regions.

Fig. 4.31(a) and (b) depict the estimated stator flux components, for the acceleration of
the SynRM from 100 rpm to 1280 rpm with a load torque of 5 N.m. As expected, these two
components have all the time a sinusoidal waveform shape with a phase shift of 90° between
them. Furthermore, the polar plot of the estimated stator flux during the acceleration pe-
riod is presented in Fig. 4.31(c). The radius of this polar plot is inversely proportional to
the motor speed. In other words, the polar plot starts to decrease in size and approaches

the centre with the increase of the speed.

Fig. 4.32 shows a speed reversal from -1280 to 1280 rpm, at no-load. As can be seen, the
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Fig. 4.30. Results for an acceleration of the SynRM from 100 rpm to 1280 rpm, with a load torque of 5 N.m.
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Fig. 4.31. Results for the acceleration of the SynRM from 100 rpm to 1280 rpm, with a load torque of 5 N.m : (a) @a
component of the estimated stator flux; (b) )3 component of the estimated stator flux; (c) polar plot of the estimated stator
flux.

motor current is well limited at the maximum allowed value of 11.2 A. The same thing can
be noticed for the load angle as it is being limited at 45° with the activation of the MTPV

limit in Region III. Moreover, and as expected, the deceleration or braking mode of the
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SynRM is faster than the acceleration phase. The motor takes approximately 0.5 s to brake
(from -1280 rpm to zero) and 0.9 s to accelerate (from zero to 1280 rpm). It is also observed
that the variation of the stator flux is stronger during the deceleration phase of the SynRM.
The reason is that during the deceleration phase, until the SynRM has reached zero speed,
the SynRM operates in generating mode. Because of this, the DC-link voltage rises up to
almost 500 V, which results in increasing the u,,,, term that appears in the expression of
the reference stator flux calculation (see (4.23)). When the speed becomes positive, the DC-
link voltage drops since the SynRM operates again as a motor (see Fig. 4.33). Finally the
estimated load angle increases very fast during the initial braking phase, since the developed
torque by the SynRM increases in the same manner. In addition, the same behaviour can

also be observed in the stator current.

Simulation Results Experimental Results
1400 ey e F T e
. T0f
g -==n* -==nf
2,
M 0 n n
I
=750
-1400
Z
i
1
— 0.8
£
E 0.6
=04
0.2
&0
Q
ash
S
——3 == = Ouas |
10
=
& 5
0 1 L 1 L 1 L 1 1 1 1
0 0.5 1 1.5 2 2.5 30 0.5 1 1.5 2 2.5 3
Time [s] Time [s]

Fig. 4.32. Results for speed reversal of the SynRM from -1280 to 1280 rpm without load torque.

The DFVC strategy shown in Fig. 4.3 was also implemented in the laboratory using the
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Fig. 4.33. Variation of the DC-link voltage during the speed reversal of the SynRM from -1280 to 1280 rpm at no-load.

same test bench for the purpose of comparison in the FW region. This control strategy has
three PI controllers, in which six parameters need to be tuned. These parameters and other
ones, regarding its implementation, are presented in Appendix C. As it was stated in the
literature review, this type of control is also preferable to operate the drive system at very
high speeds. For this reason, in Fig. 4.34, the results for the acceleration of the SynRM from
100 rpm to 1280 rpm with a load torque of 5 N.m using the PLASFC strategy are presented
and compared with the ones obtained with the DFVC strategy. As can be seen, the speed
response of the DFVC strategy is obviously slower than that one obtained with the proposed
control strategy. This is because the presence of the PI controllers and modulator generate
system delays. The settling time that the DFVC strategy takes to reach the desired speed is
3.2 s whereas it is 1.8 s for the PLASFC. A different setting or tuning of the PI controllers, in
particular the one for 74, could produce a better response at the expense of worse behaviour in
other situations. This is to say that the PI controller parameters of ¢, in this control strategy
would need to be adaptive according to the operating point of the drive to reproduce the
same response of the PLASFC strategy. Moreover, the obtained experimental results using
the DFVC strategy clearly illustrate that the transitions between the different regions have
not been achieved as smoothly as with the PLASFC strategy. It is visible to see a drop
in the stator current amplitude curve in the vicinity of the base speed. The cause of this
phenomenon is linked to the sensitivity of this control strategy to the variation of the motor
inductances. It can be inferred from this comparison that the PLASFC strategy retains the
advantages of the direct flux and torque controller with ease of FW operating capability and

good quality of the speed and torque dynamics.

With respect to the MTPV limit exploitation, which is needed to operate the drive system
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in Region III, the PLASFC strategy shows superiority over the DFVC strategy due to the
direct and explicit prediction of the load angle. In addition, it does not require a high tuning

effort, being preferred in practice due to its easy commissioning.
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Fig. 4.34. Experimental results for the acceleration of the SynRM from 100 rpm to 1280 rpm with a load torque of 5 N.m
using two control strategies: (a) PLASFC; (b) DFVC.

As it was stated earlier, the decision of lowering the DC-link voltage in the experiments
has been taken due to the mechanical restriction of the experimental setup and not due to a
control limitation. In the experimental setup, the studied SynRM , whose rated speed is 1500
rpm and maximum speed is 2100 rpm, is coupled mechanically to an IM whose synchronous
speed is also 1500 rpm. Hence, if the drive system was operated at full DC-link voltage and
respecting the mechanical limitations of the motors, the SynRM would never reach the third

region of operation, namely Region III.

Several simulation tests have been performed to operate the SynRM with the proposed
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control system at a very high speeds and with full DC-link voltage. In view of the adopted
control structure, as long as the stator flux level is not too low, the drive operates without
any problems as can be seen in the simulation results presented in Fig. 4.35, which reports
an acceleration test up to 13590 rpm. In this test, to shorten the acceleration period, a
negative load torque of -10 N.m until 2.9 s is applied while the inertia of the motor has been
decreased to one third of its rated value. It is easy to see that the SynRM drive operates
properly in the full speed range. There is only a slight increase of the ripple in the load angle
at very high speeds mainly due to the low value of stator flux at which the motor operates

at those speeds.

Simulation Results
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Fig. 4.35. Simulated response to an 13950 rpm speed reference step. From top to bottom: measured and reference speed,
estimated load torque, estimated stator flux, estimated load angle and its maximum value, and stator current amplitude.

On the whole, the simulation and experimental results presented in this section demons-
trate that the PLASFC strategy proposed for SynRM drives is capable of controlling the
SynRM in the high speed range with and without load torque. Moreover, this control stra-
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tegy ensures very stable and smooth transitions from Region I to Region IT and from Region
IT to Region III, without the need of any elaborated controller tuning process. Additionally,
the voltage and current limits are fully exploited by limiting the stator flux and torque
references with simple control laws, while the MTPV limit is handily exploited due to the
explicit prediction of the load angle and thus confirming the feasibility of the control strategy
for SynRMs.

4.3.7 OPERATION WITH AN OPTIMIZED STATOR FLUX

LEVEL

In the simulation and experimental results previously presented, the stator flux reference
was set with the rated value. Thus, a faster torque response is achieved. However, if
the system efficiency is more important, the stator flux can be adjusted using the loss
minimization algorithm described before. The aim of this algorithm is to minimise the
SynRM copper losses, at a given load torque, in the constant torque region i.e. below base
speed, consequently maximizing the overall system efficiency. For a given torque demand,
the loss minimization algorithm requires the minimum amount of current to produce that

torque, thus reducing the motor copper losses.

Since the FW operation is one of the major merits of the proposed PLASFC strategy, the
transition between Region I, where the loss minimization algorithm is turned on, and FW
regions ( Region II and III) should be smooth. Therefore, to ensure a smooth transition, the
reference flux calculated in FW regions using (4.21) is compared with stator flux obtained
from the loss minimization algorithm and the minimum of these two is selected as the stator

flux reference to be fed to the control system.

The main idea underlying the loss minimization algorithm is to identify an optimal stator
flux at a given load torque. Thus, there is always a correlation between the torque and stator
flux. In other words, the zero torque corresponds to a zero stator flux amplitude. However,
the zero stator flux situation would lead to the cancellation of the machine back-EMF, thus

affecting the stator flux estimation. Therefore, a minimum excitation stator flux must be
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guaranteed for the sake of stator flux estimation improvement around zero load torque. The
minimum excitation level is set here to 0.25 Wb as this value guarantees a good stator flux

estimating over the whole speed range.

To demonstrate the increase of the SynRM efficiency when it operates with an optimal
stator flux level, thus minimizing the stator copper losses for a given torque demand, some
experimental tests are conducted in both transient and steady-state regimes. In this section,
the SynRM efficiency is calculated in the experiment, at different torque references, with the

aid of the torque sensor and the precision power analyzer shown in Appendix B.

Experimental Results
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Fig. 4.36. Results for a speed transition from 400 rpm to 1300 rpm with a constant load of 10 N.m for constant stator flux
and for minimized stator flux. From top to bottom: rotor speed, electromagnetic torque, stator flux, and copper losses.

Fig. 4.36 shows the experimental results for the acceleration of the SynRM from 400 rpm
to 1300 rpm at 52 % of rated torque with and without loss minimization. The results are
obtained considering the full DC-link voltage and thus the drive system still operates in
the constant torque region (Region I). In Fig. 4.36, it is possible to observe that the speed
response is identical in the two situations, and the speed rise time is fast being approximately

0.7 s. Moreover, even with the loss minimization strategy, the torque dynamic response is
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fast and equivalent to the one obtained with a constant stator flux. In addition, once the
loss minimization algorithm is used, the stator flux reference reduces according to the load
torque level. When the reference speed is increased, the machine needs to develop torque
and in this case, the loss minimization algorithm sets the stator flux at its rated value, As
soon as the machine reaches the reference speed, the need for torque decreases to 10 N.m (to
maintain the load) and the algorithm calculates the new stator flux reference. This causes a
drop in the copper losses of the machine as shown in Fig. 4.36. With the loss minimization
algorithm it is possible to decrease the losses from 75 W to 40 W, which corresponds to a

decrease of 53 % in the copper losses.
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Fig. 4.37. Results for a speed transition from 100 rpm to 1280 rpm with a load of 5 N.m and loss minimization turned on.

Fig. 4.37 shows the results for the speed transition from 100 rpm to 1280 rpm with a load
torque of 5 N.m and 200 V of DC-link voltage. These results present the behaviour of the
drive system in all operating regions with the loss minimization algorithm turned on. As
can be seen, the loss minimization algorithm in Region I calculates the value of the stator
flux reference corresponding to 5 N.m of load torque. However, when the reference speed

is increased, the machine needs to develop torque and thus the loss minimization algorithm
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Experimental Results
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Fig. 4.38. SynRM efficiency with and without stator flux level optimization (SynRM running at 700 rpm).

sets the stator flux to its rated value. As soon as the machine enters into the FW region,
the comparison between the two stator flux values obtained from the FW equation and
from the loss minimization algorithm, respectively, must be done. As it is observed, the
stator flux calculated based on the FW equation has a smaller value compared to the one
generated using the loss minimization algorithm. Thereby, in Regions II and III, the stator
flux obtained from the FW equation is selected and fed to the control system. Based on
this test, one can see that the transition between Region I and Region II is seamless and the
machine continues to track the desired speed correctly. Once this desired speed is attained,
the need for torque decreases to 5 N.m (to maintain the load) and the motor remains running

in Region II.

To measure the efficiency of the drive system in steady-state, the power analyzer and
torque sensor were used to accomplish this task. It is good to mention herein that the
efficiency measurement has been performed in the speed range below the base speed (Region

I), with a full DC-link voltage, and at different load torque values.

Fig. 4.38 shows the efficiency for the SynRM operation with a constant value for the
reference stator flux and using the loss minimization algorithm. This test has been conducted
by maintaining a constant speed of 700 rpm while the load torque was varied between zero
and the rated value. As can be seen, with a constant stator flux the maximum efficiency
is only achieved when the load torque is close to the rated value. On the contrary, using
loss minimization algorithm it is possible to reach the maximum efficiency with smaller
values of the load torque (above 7 N.m). Below this value, the efficiency drops because it

is necessary to maintain a minimum value for the stator flux reference in order to ensure a
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good estimation of the stator flux that feeds the control system as mentioned before.

Finally, the execution time of the PLASFC strategy is measured and compared with the
traditional FCS-MPC approach. It is important to mention that in the traditional FCS-MPC
approach, the stator flux and load angle are chosen as control variables in the cost function.
Thus, the weighting factor is required to handle the relation between these control variables.
The execution time of the PLASFC and the traditional FCS-MPC approach is measured
with the aid of the dSPACE platform, the savings in computation time with the PLASFC
are around 3 us using a 2L-VSI. Of course, if the motor was fed by a multilevel converter or

by a matrix converter, the savings in terms of computation time would be higher.

4.4 CONCLUSION

In this chapter, the PLASFC strategy to improve the operation of the SynRM in the full
speed range was presented. The inclusion of the FW algorithm in the PLASFC strategy was
described in detail and the more attractive features of this control algorithm were highlighted.
The robustness of the proposed control strategy against parameters mismatch was tested.
The simulation results have shown the importance of the online estimation, especially for

the case of a positive detuning of the apparent inductance values.

The simulation and experimental results confirm that the PLASFC strategy regulates
with precision the load angle (torque) and the stator flux in all operating regions. In Re-
gion I, the proposed control strategy works very well both in steady-state and in transient
conditions. In addition, the control system has a very fast dynamic response because of the
absence of inner current controllers or modulators. In the FW region, the test results have
demonstrated that the PLASFC strategy ensures very stable and seamless transitions from
Region I to Region II and from Region II to Region III, without the need of any elaborated
controller tuning process. The proposed control scheme satisfies effectively the limitations
of current, voltage, and load angle. The MTPYV limit is easily exploited due to the explicit
prediction of the load angle.

Moreover, the comparison with the DFVC strategy has been conducted, demonstrating
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that the proposed control strategy has a better performance. Finally, a loss minimization
algorithm was incorporated into the PLASFC strategy for the purpose of minimizing the
motor copper losses when operating at low load levels. The experimental tests show that
using the loss minimization algorithm, it is possible to guarantee a significant improvement

of the motor efficiency in the constant torque region.
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5.1 CONCLUSIONS

This thesis deals with FCS-MPC strategies able to operate successfully the SynRM drive
in the full speed range. FCS-MPC was selected to control the SynRM drive due to its advan-
tages: excellent dynamic response, ease of implementation and flexibility in the definition
of control objectives. However, it presents two main drawbacks such as high computational
cost and non-trivial weighting factor tuning. In this context, and in order to solve these
limitations of FCS-MPC, two control strategies were developed, namely, predictive active
flux and torque control (PAFTC) and simplified PAFTC (S-PAFTC). For the purpose of
obtaining a good performance with these strategies, a mathematical model of the SynRM
considering saturation and cross-saturation effects was used. The two control strategies
mentioned above were evaluated through several simulation and experimental tests, in or-
der to identify the merits and demerits of each one. As far as the dynamic performance is
concerned, the PAFTC and the S-PAFTC lead to a comparable and small settling time of
torque, as concluded from the analysis of the torque step response tests. Furthermore, it
was observed that both control strategies deliver almost identical performance in terms of
steady-state performance such as current and torque ripples. A decreasing trend of current
and torque ripples was observed with an increase of the load torque for both control stra-
tegies. Nonetheless, the S-PAFTC strategy has several advantages over the PAFTC, due
to the following aspects: (i) the cost function does not have weighting factors to be tuned
because it considers the error between the equivalent reference voltage and the available

voltage vectors generated by the 2L-VSI; (ii) the prediction stage of the S-PAFTC strategy
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is simplified as all predictions were replaced by the calculation of the equivalent reference
voltages, being this done only once per sampling period. Therefore, this leads to a lower
computational cost in comparison with the PAFTC strategy. A saving of 5 us was found
in the computation time, while obtaining a performance identical to that of the PAFTC

strategy.

To operate effectively the SynRM drive in the full speed range, a third control strategy,
predictive load angle and stator flux control (PLASFC), was developed in the stator flux
reference frame. The PLASFC was examined and tested successfully, through several si-
mulation and experimental tests. The conclusions drawn from these tests prove that this
control strategy is robust, reliable, stable and safe. In general, the experimental results have

shown a good agreement with the ones obtained by simulation.

As a whole, the control strategy retains the advantages of direct flux and load angle
(torque) control. The transitions between the different motor operating regions are straight-
forward and smooth, ensuring at the same time a good torque dynamics. Besides, the MTPV
limit is easily exploited due to the explicit prediction of the load angle. In addition, a state-
of-the-art control technique like DFVC has been considered for the sake of performance
comparison in the FW region. The experimental results have verified that the PLASFC
strategy preserves the advantages of direct flux and torque controllers, with ease of FW

operation capability and good quality of torque dynamics.

A loss minimization algorithm was developed and incorporated into the PLASFC with
the purpose of minimizing the motor copper losses in Region I. The experimental results
have shown that the motor efficiency was increased for low torque values, when the stator

copper losses represent a high percentage of the motor input power.

The robustness of the PLASFC strategy against parameters mismatch was also investiga-
ted. The obtained results demonstrate that detuned values of the self-incremental inductan-
ces have a small influence on the prediction error of currents iq and ¢,. On the other hand,
the detuned apparent inductance values affect severely the steady-state performance of the
control system. Therefore, an online estimation mechanism of the apparent inductances has

been developed to overcome this problem. The proposed online estimation mechanism allows
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to operate satisfactorily the drive system in the full speed range, thus increasing significantly

the robustness of the control system to parameter uncertainties.

In general, the PLASFC strategy possesses several advantages compared to conventional
control schemes: no PI controller calibration is needed, it uses a simple cost function without
the inclusion of weighting factors, it has a good robustness against parameter mismatch and
it reduces the computational cost required in the implementation of the prediction stage
of the control algorithm. In view of these features, this control strategy can be applied in
applications requiring a high control performance in a wide speed range, such as electric

vehicles and public transportation.

5.2 FUTURE WORK

The following future research works are suggested as an extension to the research work

carried out along this thesis.

e Development of a mechanism for the estimation of the SynRM incremental inductan-
ces using for example a recursive least squares (RLS) algorithm or other estimation
techniques, in conjunction with the PLASFC strategy.

e Elimination of the speed sensor (encoder) and modify the PLASFC strategy in order
to obtain an encoderless control system.

e Study the PLASFC for SynRM drives with a fixed switching frequency. The control
scheme calculates the voltage components that are required to reach the desired stator
flux and load angle values after a sampling period, and a SVM modulator would trans-
late these desired voltages (after subsequent transformation to alpha-beta components)
into the inverter.

e Develop a stator resistance estimation algorithm to be incorporated into the PLASFC

strategy.
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APPENDIX A: SIMULATION MODELS

This appendix presents the implementation of the simulation models using the proposed

predictive control strategies for the SynRM drive in Matlab/Simulink environment.

Simulation model of the PAFTC: The general view of the simulation model for the
PAFTC strategy is presented in Fig. A.1.

The main parts that constitute this simulation model are (i) the power electronics system;
(ii) the SynRM model; (iii) the PAFTC block. The power electronics system includes the
three phase voltage source, rectifier and the inverter block. These blocks were selected from

the SimPowerSystem Toolbox of the Matlab/Simulink software.

The model of the SynRM was implemented using elementary Simulink blocks. The inputs
of this model are the controlled three phase voltages, which are provided by the three phase
inverter and the load torque. The load torque block allows the user to set the desired load
torque applied to the motor shaft. This block has as outputs the stator currents, the motor
electromagnetic torque, shaft speed, as well as the rotor position. The SynRM model and
the power electronics system are sampled faster than the PAFTC block. The former are
sampled at 10 ps, while the PAFTC block is sampled at 40 us, in order to ensure that the

simulation model of the drive system is similar to the actual experiment.

The inputs of the PAFTC block shown in Fig. A.2, are the measured stator currents,
measured DC-link voltage, measured rotor speed and rotor position, and the reference speed
block. The measured quantities and the reference speed set by user are used to estimate and
predict the state variables for instant k£ 4+ 1 and k£ + 2. The estimation and prediction of the
state variables is done by means of a discretized mathematical model of the SynRM which
uses the values of the inductances stored in the LUTs block. A cost function evaluates the
predicted and reference values of the electromagnetic torque and active flux. The switching
state that minimizes the cost function is the only output of the PAFTC block which will be
applied to the IGBTs inside the inverter.

Simulation model of the S-PAFTC: A general overview of the simulation model for
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PAFTC

ssssss

Fig. A.1. General view of the main components of the PAFTC-based SynRM drive model implemented in Simulink.

Trigger

Fig. A.2. Global view of the PAFTC strategy implemented in Simulink.

the S-PAFTC strategy is shown in Fig. A.3. The simulation model of this control strategy
is constructed with the same power electronics system and motor model already presented

for the PAFTC strategy.

The S-PAFTC model block shown in Fig. A.4 differs from the model of the PAFTC.
In this simulation model, the currents in the dq rotor frame are estimated for instant k£ + 1
using the discretized mathematical model of the SynRM. The reference currents i and i are
calculated with aid of the active flux equation and the PI speed controller block, respectively.
The cost function block here evaluates the error between the seven voltage vectors generated
by the inverter and the reference voltages uj;, (k+1) in a rotor reference frame. The switching

state that minimizes the cost function will be the output of the S-PAFTC block. Then this
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switching state is applied to the inverter which in turn supplies the motor with the controlled

three phase voltages.
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Fig. A.3. General view of the main components of the S-PAFTC-based SynRM drive model implemented in Simulink.
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Fig. A.4. Global view of the S-PAFTC strategy implemented in Simulink.

Simulation model of the PLASFC: The general view of the simulation model for the
PLASFC strategy is shown in Fig. A.5. The simulation model of this control strategy also
comprises the power electronics system, the machine model block and the controller block.

The power electronics system and the machine model block are identical to those ones of the

PAFTC and S-PAFTC strategies.
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Fig. A.5. General view of the main components of the PLASFC implemented in Simulink.
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Fig. A.6. Global view of the PLASFC strategy implemented in Simulink.

The simulation model block of the PLASFC is illustrated in Fig. A.6. The inputs of
this block are the measured stator currents, measured DC-link voltage, and the measured
speed and rotor position. The stator flux observer block uses these measured quantities to
estimate the stator flux amplitude and load angle at instant k, while the PI speed controller
block generates the reference torque which is needed later on to calculate the reference load
angle. The stator flux reference can be set to its rated value or be adjusted using the loss
minimization algorithm block. A discretized mathematical model of the motor in the stator

flux reference frame is utilized to estimate the stator flux and load angle for instant k + 1.
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The cost function here evaluates the error between the seven voltage vectors generated by
the inverter and the reference voltages uj,,(k + 1) in the stator flux reference frame. The
switching state that minimizes the cost function will be the output of the PLASFC block.
The selected switching state is then sent to the inverter which in turn feeds the motor with

the controlled three phase voltages.
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APPENDIX B: COMPONENTS OF THE

EXPERIMENTAL SETUP

In this appendix the main components of the experimental SynRM drive system are

presented.

e Motors: The Fig. B.1 shows the motors that were used in the experiments.

Fig. B.1. Motors used in the experimental tests (a) SynRM; (b) semi-flexible coupling; (c) three-phase IM that acts as a
load, controlled by a VSD; (d) support base.

e Power circuit Contains: (a) a three-phase diode bridge rectifier, supplied by an
autotransformer (Fig. B.2 (a)); (b) a DC-link, with capacitors of 4700 uF (Fig. B.2
(b)) and a braking resistor of 100  (Fig. B.2 (c)); (c) a three-phase inverter (Fig.
B.3), model SEMIKRON 132GD120-3DU, it has a nominal voltage of 1200 V and a
rated current of 150 A. This inverter is used to feed the SynRM controlled by the
proposed predictive control strategies. Furthermore, it allows to directly command
the IGBT gate signals from the dSPACE control platform. The SynRM is coupled
to a variable speed induction motor drive, model WEG CFW09 Vectrue Inverter (see

Fig. B.4). Finally, the signal conditioning circuit shown in Fig. B.5 is used with the
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objective of converting the measured power signals into signals compatible with the

inputs of the dSPACE control platform.

Fig. B.2. (a) Autotransformer; (b) Capacitor bank and (c) braking resistor.

Fig. B.3. Inverter bridge.

e Control platform: The dSPACE platform used in the real-time control system is the
ds1103 model. The interface of this platform is presented in Fig. B.6. The signals to
be measured are connected to analog-to-digital conversion channels. The interaction

between the operator and the control platform is realized through a control panel
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Fig. B.4. Variable speed drive.

Fig. B.5. Measurement and signal conditioning circuit.

created using ControlDesk software, as shown in Fig. B.7. Using the Control panel

allows to visualize and capture all variables of interest in real-time.

Fig. B.6. Terminal panel of the ds1103 control platform.
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Fig. B.7. Control panel built using ControlDesk software.

e Power anaylzer and torque sensor: A high precision power analyzer, Yokogawa
WT3000, shown in Fig. B.8, is used to compute the motor efficiency. This power
analyzer has four channels, the first channel measures the DC-link voltage and current
to calculate the input power of the inverter, the second and third channels measure the
line voltages and phase currents of the SynRM in order to calculate the input power
of the motor (which is equal to the output power of the inverter). Other two analog
inputs are connected to the torque sensor, shown in Fig. B.9. With the data obtained
from the power analyzer and torque sensor, it is possible to calculate the efficiency of

both the inverter and SynRM and thereby of the entire drive system.

0.0000,,

0.000

Fig. B.8. High precision power analyzer (Yokogawa WT3000).
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Fig. B.9. Torque sensor (model RWT321).
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APPENDIX C:PARAMETERS OF THE

SYNRM DRIVE

Calculation of the reference active flux: The reference active flux 1,* used in the

PAFTC and S-PAFTC strategies is calculated and updated in real-time according to
77/111* = Vgn — Lq |Zd + qu| . (Cl)

The rated stator flux 1, is given by

V2U,

NCETIIR (C.2)

¢Sn ~

where U,, = 355 V and f,, = 50 Hz are the rated voltage and frequency values of the SynRM
under study, respectively. Using these values in (C.2) one obtains 1, ~ 0.923 Wb. The
apparent inductance L, in (C.1) is obtained from LUTSs, using the two current components
ig and i,. Thus, the value of L, is dependent on the operating condition of the SynRM.
As a result, the reference active flux is also varying over time and needs to be updated in

real-time.

Parameters of the SynRM: The parameters of the SynRM used in the simulation and

experimental tests are listed in Table C.1.

Table C.1: Parameters of the SynRM used in the tests.

Parameters Value
Rated power P, 3 kW
Rated voltage Uy 355 V
Rated current I, 79 A

Rated frequency frn 50 Hz
Rated stator flux v, 0.923 Wb
Rated torque T, 19.1 N.m
Rated speed np 1500 rpm
Rated efficiency n 90.4 %
Rotor inertia Ji, 0.07941 kg.m?
Stator resistance Rg 1.35 Q
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Parameters of the control strategies: In Table C.2, the control parameters related

to the practical implementation of the proposed control strategies are listed.

Table C.2: Main control parameters used for the proposed control strategies.

Parameters of the DFVC strategy:

to the practical implementation of the DFVC strategy are listed.

Table C.3: Main control parameters used for the DFVC strategy.

Current PI

Load angle PI

Hybrid stator

In Table C.3, the control parameters related

Sampling | Speed PI

time controller
I Ky T;

66.6 us 0.15 | 0.66

0.00005

controller controller flux observer
Ky T; Kp T; Ky e
100 | 0.00006 | 0.62 | 0.0079 120 | 1.4 x 10~4
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