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Abstract

Modeling and Control of Brushless Doubly-fed Bar Cage
Induction Machines

T. Hutton
Department of Electrical and Electronic Engineering,
University of Stellenbosch,
Private Bag X1, Matieland 7602, South Africa.
Thesis: MEng (Electrical)
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In recent years the requirement for more sustainable sources of energy has increased sig-
nificantly, with wind energy growing increasingly as a renewable source. Many countries
are investing greatly in sustainable growth by going completely renewable. Countries like
Iceland had an annual consumption of 60.8 TWh in 2019, of which 79% was produced
by renewable energy sources. For this growth to be sustainable, more efficient and eco-
nomic sources of renewable energy will be required. The Brushless Doubly Fed Induction
Generator (BDFIG) has become a focus point due to its variable speed capability and
brushless technology.

The direct-current-link (DC-link voltage) in the BDFIG systems’ back to back con-
verter allow for bidirectional power flow of the control winding’s power. Making effective
control of the DC-link voltage a necessity. Due to the presence of switching elements in
the back-to-back converter, there are harmonics introduced into the utility network. To
mitigate this low pass filters such as inductance capacitance (LCL) and resistive inductive
(RL) filters are often used.

Currently, BDFIGs are not used in sizable wind farms. This is mostly due to their
complexity when compared to standard doubly fed induction generators (DFIG’s) and
permanent magnet synchronous generators (PMSGs). Thus far they have mostly been
used in islanding applications. In this mode of operation they must be controlled to
provide stable voltages at constant frequency with varying load conditions and changing
wind speeds. To compete with DFIG’s which are already in the market, the BDFIG has
a few disadvantages due to its slightly more complex structure, higher cost and larger
dimensions.

In this thesis, the power control of the grid-connected BDFIG systems in wind turbine
applications are presented. Additionally the control of these machines as motors are also
investigated and performed. An experimental machine consisting of a bar cage rotor is
modeled in detail and controlled in simulation and by experimentation. DC-link volt-
age control is analyzed whereby the grid-side converter is controlled as a voltage source
converter. Vector control is used in all control solutions, with reductions in control com-
plexity made and analyzed for the control winding side of the machine to reduce cost and
improve robustness while maintaining responsiveness and accuracy.
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Uittreksel

Modellering en beheer van Borsellose Dubbel-gevoerde
koper-staalhok induksie masjien

(“Modeling and Control of Brushless Doubly-fed Bar Cage Induction Machines”)
T. Hutton

Departement Elektries en Elektroniese Ingenieurswese,
Universiteit van Stellenbosch,
Privaatsak X1, Matieland 7602, Suid Afrika.

Tesis: MIng (Electrical)
April 2022

In die laaste paar jaar het die aanvraag vir meer volhoubare energiebronne aansienlik
toegeneem, veral wanneer daar gekyk word na wind energie as energiebron. Baie lande
is al klaar besig om grootliks in hernubare energie te belé. Ysland, byvoorbeeld, het 'n
jaarlikse verbruik van 60.8 TWh in 2019 gehad, waarvan 79% van die energie geproduseer
was deur hernubare bronne. Vir die groei om volhoubaar te wees word meer effektiewe en
ekonomiese hernubare energiebronne benodig. Die Brusellose Dubbel Gevoerde Induksie
Generator (BDGIG) het, as gevolg van die masjien se veranderlike spoed vermoé en
brusellose tegnologie, n fokus punt in die navorsingsveld geword. Die direkte stroom (DS)
skakel spanning in die BDGIG sisteme se rug-aan-rug omskakelaar laat tweerigting krag
vloei van die beheer winding se krag toe. Dus is effektiewe beheer van die DS-skakel se
spanning nodig. As gevolg van die wisselings elemente wat in rug-aan-rug omskakelaars
voorkom, kan daar harmonieke in die krag netwerk geinduseer word. Om hierdie te versag
word laag deurlaat filters, soos LCL en RL filters, gereeld gebruik. Tans word BDGIG
nie op groot wind plase gebruik nie. Dit is meestal as gevolg van die kompleksiteit
daarvan wanneer dit met standaard DGIGe en permanente magneet sinkroon masjinee
(PMSMe) vergelyk word. Tot dusver is dit meestal vir eiland wyse toepassing gebruik. In
hierdie wyse van werking moet hulle beheer word om stabiele spanning teen n konstante
frekwensie met afwisselende lading kondisies en veranderende wind spoed te kan bied.
Dit is moeilik vir die BDGIG om met DGIGe wat klaar in die mark is te kompeteer
aangesien dit nadele soos n meer komplekse struktuur, hoér kostes en groter dimensies
het. In dié tesis word die krag beheer van die krag-netwerk-gekoppelde BDGIG sisteme
in wind turbine toepassing voorgestel. Verder word die beheer van die masjiene as motors
nagevors en uitgevoer. n Eksperimentele masjien, wat bestaan uit n staafthok rotor, is in
detail ontwerp en beheer in simulasie sowel as deur eksperimentering. DC-skakel spanning
beheer is ook geanaliseer waardeur die krag-netwerk omskakelaar as spanning bron beheer
word. Vektor beheer word in alle kontrole oplossings gebruik, met vermindering in beheer
kompleksiteit wat plaasvind en 'n analise van die beheer winding kant van die masjien
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wat verminderde koste en verbeterde robuustheid vertoon terwyl dit responsiwiteit en
akkuraatheid volhou.
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Chapter 1

Introduction

With electric vehicles and renewable energy becoming major trends in recent years, there
has been a growing need for better, more robust, and more efficient machines. Numerous
concepts have been developed based on various operational typologies, with many of
the unique characteristics proving advantageous for different applications. One major
influence on the adoption of these machines into industry has been their feasibility and
consequently their ability to operate at various desired operating points within differing
conditions and harsh environments [[I].

Induction machines are widely known for their wide speed range capabilities. The
first few iterations were still fixed-speed machines[?|, with limited manual speed control
performed by varying the load resistance on the rotor[3]. It would only be with the
advancements in power-electronics that more flexible methods for control became more
feasible[4].

Doubly fed induction generators (DFIGs) soon followed as a suitable solution to the
wind generation industry[5; 6]. However, with its high maintenance due to slip-rings and
gearbox wear, induction generators face numerous challenges for off shore application
where regular maintenance can be challenging.

Rare earth metals such as the generators used in the Vestas V112 offshore wind tur-
bines are common wind power solutions and widely used in industry[7]. The Siemens
Gamesa permanent magnet synchronous generator (PMSG) is another generator which
has been commonly used in numerous offshore sites[8]. With the PMSG being widely
tested, it has been known to be more cost effective than its wound rotor alternatives.
Additionally it is capable of rotating at lower speeds, having larger pole numbers than
traditionally wound rotor alternatives. This makes it usable for low speed applications
and usable in direct drive applications when a gearbox is not necessary to slow down
the rotor speed with incoming wind speed to mitigate potential losses. The brushless
doubly-fed induction machine (BDFIM) has been considered another viable solution for
these low speed applications. Having a squirrel cage rotor, it is also capable of being used
in direct drive applications[d], with the significant advantage of not relying on the scarcity
of rare earth metals. However, due to its complicated control philosophy, higher overall
machine size due to the extra set of control windings, and slightly lower efficiency, it is
yet to be adopted in commercial applications.
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1.1 Problem Statement

One major challenge for the control of BDFIMs is estimating the machine parameters.
With accurate vector control being based on the knowledge of the characteristics of the
machine, better measurements generally result in a better controller[I0]. However, since
BDFIMs have a squirrel cage rotor, more traditional mathematical models had to be used
to estimate its parameters[iT; I2; [3]. More recently, with finite element techniques the
parameters could be estimated with even greater accuracy|[I1].

However, for BDFIM’s to be viable for low speed direct drive purposes, they inherently
have a large number of rotor nests to match the amount of stator pole pairs. Thus making
their modeling increasingly complicated, with the simplest machine requiring at-least 10
system states. It is easy to imagine how full state control of such a machine can become
extremely complex to achieve, necessitating development of a simplified model. In most
alternating current (AC) controllers, this is achieved by reducing the machine model to
a dg-frame equivalent, which allows the machine to be controlled similarly to that of
a DC machine[d]. A larger challenge of BDFIM’s is the reduction techniques suitable
for equivalent circuit models of the rotor. With many different typologies, many require
super-positioning or various forms of equivalent circuit analysis in order to be simplified
to an equivalently traditional cage rotor, usually a squirrel cage topology. A simple
method of summation was presented in [14]. This however could only reliably be applied
to nested loop rotors and sometimes lead to erroneous results. A more general technique
was required. Soon after such a method was introduced in [I5], where a method of
mapping is used to get a theoretical reduced state equivalent of all initial states. This is
achieved by computing the weighted sum of all loops into a single equivalent loop. This
method was however only tested on a nested loop rotor cage design.

As for the control of BDFIM’s, various studies with various methods have been pro-
posed. Ranging from sliding mode controllers (SMC) to variable frequency drives (VED’s)
to vector controllers, each have their own advantages and disadvantages. One major ad-
vantage of the sliding mode controller is its robustness against varying machine param-
eters during dynamic operation. This however bears minimal insight into the machine
and can mask various properties of the machine. Due to the sliding nature of SMC’s,
unwanted chattering can be introduced into the network, however the signum can reduce
this significantly[l6]. Flux control on the other hand can be less robust towards varying
machine parameters, but in general should have a smoother transient response if, ideal
machine measurements, low system noise and perfectly linear control is implemented.
This is seldomly the case for practical systems, and as such there is the need for a more
robust, responsive vector control system. The control system should offer individual con-
trol of all system states while reducing susceptibility to noise, measurement errors and
operate without sensor-less control solutions.

1.2 Aims and contributions

In this dissertation, the method proposed in [I5] will be used to reduce the experimental
bar cage BDFIM down to a dg-equivalent model. This will be simulated and compared
to physical measurements using an experimental machine of similar properties.
Throughout the dissertation detailed analysis of the machine will be made, offering
simulated bar cage currents, flux and voltages. On a step by step basis all of these
estimates will be compared, indicating any loss of accuracy as the transformations go



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 1. INTRODUCTION 3

along. The full 23-state model will be reduced to an equivalent 8-state synchronous
reference frame model, with similar properties of the original. These properties will be
compared and it will be shown that throughout the transformation process, minimal loss
of accuracy can be achieved.

Accordingly, a control philosophy will be developed whereby a simplified vector con-
troller from the one proposed in [I7] will be implemeted. This will be simulated using
Matlab Simulink and finally the results of the simulations will be compared with an ex-
perimental implementation. The controller will show that all forms of state control can
be performed, ranging from stator current control, to active and reactive power control,
torque control and finally speed control. Each of the reduction techniques will be sim-
ulated and verified experimentally, and compared accordingly to show the benefits or
drawbacks of each assumption.

The proposed research will be aimed to achieve the following:

o Accurately model the machine transients during dynamic operations

o Verify the accuracy of the machine parameters through comparison of real measure-
ments to that of the simulations

e Reduce modeling duration’s through state reduction techniques

« Retain insight into the machine’s physical properties throughout the simplification
process

o Provide stable control of the BDFMs’ active and reactive power over its entire
operating regions

o Be suited for operation in a grid-connected environment. Thus be stable under
varying loads or wind speeds

» Provide active and reactive power control in generation mode as well as speed control
in motoring modes

o Perform dynamic control under sub and super-synchronous mode of operation

o Confirm, by simulation and experimental implementation of the developed system
that the developed controller performs as expected

By achieving the above expectations, the proposed research will enable the BDFIM to
be ever more appealing as a robust machine by reduction of the control complexity and
reliance on accurate measurements consequently reducing costs of maintenance and hard-
ware development.

A research contribution is shown in [I8], where the control simplification process and
assumptions are explained, indicating the viability and advantages of such a reduced
vector controller for practical BDFIM’s.
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1.3 Chapter Summary

To provide a thorough review of the modeling and control of the BDFIM, this dissertation
is structured in a manner that allows for a detailed introduction into the machine and
control system as a whole, followed by the modeling of the machine, control using the back
to back converter, laboratory experiments and conclusions and future recommendations.

An in depth study of current research into the machine modeling and control is done in
chapter 2, in the form of a literature review. Here, asynchronous machines are discussed,
detailing the history of such machines and how the need for BDFIM’s arose. Different
types of rotors are shortly reviewed, followed by an overview of the typical topology of
BDFIM’s used. Here the back to back converter is presented and it is shown that there
are significant advantages in having a fractionally rated converter for BDFIM’s. A short
comparison between the BDFIG and its DFIG companion is done, showing that BDFIG’s
are generally less efficient, but promise good reliability for harsh environments - such
as offshore applications. Additionally, different methods of control is discussed, weighing
various advantages and disadvantages of each. An in depth overview of vector control and
research into its use for BDFIM’s is presented, indicating that vector control theory for
BDFIM’s are well researched to date, but there is a need for a more forgiving controller.

The BDFIM coupled circuit model is presented in chapter 3. Various aspects regard-
ing the modeling required to develop BDFIM control systems is inspected. For example
the aerodynamic conversion of wind for wind energy conversion systems (WECS), where
potential wind energy is converted into mechanical input energy on the BDFIM rotor,
which is converted into electrical energy and then transmitted over the utility network.
For the mechanical energy conversion a mechanical model of induction machines is shown,
followed by various different state space representations of the BDFIM. In order to ac-
curately represent the machine dynamics for control purposes, the BDFIM is reduced
into a single rotor bar theoretical dg-equivalent model which allows the controls designed
to have an in depth representation of the BDFIM transient dynamics. To achieve this
a transformation process is followed, whereby graphs are used to represent the machine
during the transformation process.

In chapter 4 the back to back converter is briefly discussed. The grid side converter
is then discussed and the control theory presented. It is noted that a filter is necessary
to reduce the harmonics induced on the grid due to the high frequency switching of
the voltage source converter (VSC). A short design of such a filter is shown, followed
by a suggested method for tuning the PI gains of the corresponding vector controller.
Furthermore it is deemed necessary to implement a phase locked loop in order to properly
align the rotating synchronous reference frame with phase voltage of the grid. One such
design is accordingly presented and symmetrical optimum is used for the tuning thereof.
The control winding side converter is also presented with a short overview of similar
schemes and a description of the integration thereof with the switch vector pulse width
modulation scheme. An introduction of the vector control to be implemented is presented
and the advantages of synchronizing with the stator flux reference frame discussed. An in
depth derivation of the vector controller is then performed and followed by a discussion of
compensation terms that could be deemed negligible. It is mentioned that the reduction
of these terms can enhance the reliability of the controller during sensor / measurement
errors. A simulation is accordingly performed indicating the potential advantages and
disadvantages of the reduction of various parts of the controller.

For the BDFIM model to be verified reliably as well as the control theory to be con-
firmed, a practical implementation thereof is necessary. In chapter 5, such a setup is
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presented, where a National Instruments controller is used in addition to Labview to per-
form real time control of the machine and obtain high speed measurement results. These
results are then presented and compared, similarly to that in chapter 4 allowing for a
direct comparison into the viability of using the simulations to predict the response of the
controller on a theoretical machine. To match the mechanical characteristics of the ma-
chine a process of curve fitting is followed, ensuring that the machine dynamics are similar
to that of the practical one. Thereafter the output power and currents are analyzed and
compared, showing that the derived parameters are within reasonable accuracy. Finally
various tests in motoring and generation modes are performed, indicating the stability
of the machine controllers while performing speed, active- and reactive-power control.
It is also found that minimal gain adjustments are necessary to maintain the expected
response of the machine as indicated from the simulations.

Finally in chapter 6 conclusions and recommendations are made, discussing the find-
ings throughout the dissertation and outlining possible improvements to be made.



Stellenbosch University https://scholar.sun.ac.za

Chapter 2

Literature Review

In recent years, the self-cascaded machine or BDFIM has attracted considerable attention,
with the robustness of a squirrel cage rotor as well as speed and power factor variability.
Having the absence of brushes and slip rings, as well as the possibility of using a fraction-
ally rated converter should small variances in speed be desired, it is easy to imagine that
the BDFIM is a potential solution to various limitations seen in conventional machines
in industry[T9]. That is for low maintenance wind turbines or high power adjustable
speed drives where its complex structure, higher development cost and in general larger
dimensions when compared to the conventional squirrel cage induction machine can be
regarded less prevalent[l9; 20; Z1]. An in depth overview of machines in practice and
both the advantages and disadvantages of each will now be discussed. Wound rotors are
briefly mentioned and the necessity of wound rotors in high volume production environ-
ments found impractical, especially where brushless control of the rotor is achievable.
This leads towards the goal of outlining BDFIM machines as a potential solution towards
the impracticality of current high maintenance off-shore wind turbines.

2.1 Asynchronous Machines

In 1879, Walter Baily demonstrated what is effectively known as the first primitive in-
duction motor[22]. This machines’ alternating current was induced by manually turning
switches on and off. Shortly after this, the first three-phase induction motors were inde-
pendently invented by Galileo Ferraris and Nikola Tesla between 1885 and 1887[23].

The induction machine is an extremely simple machine design and has the advantage
of being able to operate at various frequencies. Consisting of a stator and a squirrel cage
rotor, it is simple to run and can be economical to construct.

For the induction machine to induce current, in the rotor winding and produce a
counter magnetic field, the induction machine required slip. This implies that the induc-
tion machine will never operate at true synchronicity. This is, in fact, a unique advantage
of the induction machine. With its reliance on slip around synchronous speed, the in-
duction machine is a perfect solution for wind turbines since it allows for some tolerance
in the drive unit. When operating at super-synchronous speed, the induction machine is
transformed into a generator without needing any internal modifications.

A basic limitation of induction motors is that they have very low starting torque and
high starting currents. This is due to the constant rotor resistance. To achieve high
efficiency under normal running conditions a low rotor resistance is required. Counter-
productively to produce higher starting torque a higher starting resistance is required[24].
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This can be observed by the torque equation

32X R,

SWwy

T (2.1)
Another concern of the induction machine is its characteristic to speed up when the
load is low, or removed. This can mean that during voltage sags or times of low load
requirements the wind turbine can speed up to dangerous speeds, resulting in termination
of the machine[Z5].

2.2 Wound rotor motors

As a solution to the limitations of the squirrel cage rotors’ constant resistance, wound
rotor motors are constructed of poly-phase windings, similar to that of a stator. The
terminals of the rotor windings are connected to slip rings on the rotor shaft which can be
connected to external resistors via stationary brushes to control the starting torque and
current. As the machine comes up to speed, the resistances can be varied and ultimately
short circuited to achieve maximum efficiency at operating speeds|[2d; 26].

An advantage of the wound rotor is that the machine can be operated in generation
mode very easily by reversal of the power flow. However, due to the induced currents
in the rotor varying with frequency, direct connection to the grid of the rotor is not
recommended.

2.3 The Doubly Fed Induction Machine

This is where the doubly fed induction generator offers optimal power return from the
rotor[24]. With the addition of a back-to-back converter connected to the slip-rings of the
rotor, the phase AC voltage from the rotor can be converted into DC voltage and then
back to AC at the desired grid frequency[27].

This generally requires regular maintenance as the brushes on the slip rings degrade
very quickly[28].

2.4 Dual Stator Windings

In 1907 a different kind of induction motor was proposed[?d]. The motor described pos-
sessed all the characteristics of an ordinary type of slip-ring induction motor, but had
differences in the arrangement of its stator windings. These windings are arranged to
permit the regulating resistances to be connected to the stator windings instead of to slip
rings in the traditional manner, making this machine an improved form of the "cascade'
motor which has two magnetic field systems super-imposed upon one another in the same
core body. The second field has its origin in the rotor and consequently induces secondary
currents in the stator windings.

During the the 20" century major advances in electrical machinery were made, driven
by the need to provide a substitute to the steam engine which held its place against
the electric motor. Mainly on account of its usefulness as a variable speed machine. It
soon became clear that its super-session was dependent entirely on the development of a
satisfactory electric motor having somewhat similar characteristics[30].
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As a solution to this, cascaded machines were introduced. Here two machines are
physically connected to one another. Additionally, by connecting the primary winding
of the induction motor to the secondary winding of the other, they will run at a speed
corresponding to the sum of the number of poles in the two machines for a particular
direction of relative rotation of the fields, and at a speed corresponding to the difference
between these numbers for another direction of relative rotation[29].

The use of cascade machines can be very expensive and result in poor characteristics
of the set. As such it was proposed that the two cascade motors be combined into one
machine. Here many variations were suggested, but only two typologies are of interest
from the stator winding point of view. These are the split wound and self-cascaded
machines.

The split-wound dual-winding machine was proposed to improve the power capability
of large synchronous generators and to achieve better drive reliability resulting from its
inherent redundancy|[31].

The self-cascaded machine [32] shows commercial advantages due to the fractionally
rated converter and absence of brush gear. However, the special rotor structure signif-
icantly increases the complexity of the machine as well as manufacturing costs, whilst
producing undesirable spatial harmonics which decreases machine efficiency.

The BDFIM however offers solutions to various of the problems mentioned and will
now be discussed.

2.5 BDFIM

With the absence of a brush gear and accompanied by the advantageous of a fractionally
rated converter, various methods to mitigate the negative effects of spatial harmonics and
to increase the machine efficiency have been suggested for BDFIM’s.

Pn, W, fower converte

Grid

Wind turbine BDFM

Figure 2.1: BDFIG Implimentation as a wind turbine

As indicated in Figure 20 the BDFIG has two balanced three phase windings on its
stator. Here one of the windings is the primary winding (also called the power winding)
which is directly connected to the grid. The secondary winding (also referred to as the
control winding) is also indirectly connected to the grid by means of a fractionally rated
frequency bidirectional converter.
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2.5.1 Back-to-back Converter

In some applications, especially in motoring mode, the back-to-back converter is used to
control the reactive power, speed and or torque of the motor and as such the control
winding focuses mainly on slip power.
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Figure 2.2: BDFIG Torque Operating Regions[33]

Generally the back-to-back converter is only rated at 30% of the rated power, allowing
the BDFIG to utilize most of its optimal power curve[34], as shown by the work region
in the Figure 222, where positive torque represents the machine operating as a generator.

With the slip of a BDFIG for a wind turbine usually being designed from -0.3 to 0.3 of
rated speed, corresponding to a +30% speed range, the highest value of the CW voltage
is attained when the machine is running at the highest speed, i.e 130% of the natural
speed|[35].

2.5.2 Rotor Topographies

There are many variations to the typical squirrel cage rotor suggested for BDFIM ma-
chines. There is the double layer design, isolated loop, wound rotor, bar cage and nested
loops to name a few. Some of these suggestions are shown in Figure 223 and 2.

The rotor should be coupled to the magnetic fields of the primary and secondary stator
windings in an appropriate manner[36]. Due to its construction simplicity and scalability,
the nested loop rotor is often used [37].

To provide indirect cross coupling between the fields of the stator windings, the num-
ber of nests should be equal to the summation of the number of primary windings and
secondary winding pole pairs p, = p; + p2. One of the major concerns of the rotor cage is
that it induces unwanted harmonics. As in the case of squirrel cage induction machines,
it can be found that by increasing the number of rotor bars, it decreases the spatial har-
monic contents of the rotor flux and its leakage inductance’s therefore resulting in better
performance characteristics. A study on the comparison of nested-loop rotors in BDFIM’s
also indicated that the total harmonic distortion of a BDFIG can be significantly reduced
by increasing the number of outer loops[3R]. This also increases the motor torque. In
addition, it is shown that the inner loops have little impact on total harmonic distortion
and that the average torque contribution made by an individual loop directly depends on
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its loop span. Thus, the inner loops have less effects on the BDFIM’s ability to produce
higher torque ratings than the outer loops. It is clear that there are numerous advan-
tages and disadvantages motivating different rotor designs[39], and for the purposes of
this study, it was convenient to focus on the bar cage design, as will be further discussed
in Chapter B.

2.5.3 Typical Operation

Due to the BDFIG typically being less efficient than its DFIG alternative, such as the
comparison shows in Figure 223, the BDFIG is most useful for applications where low
maintenance is desired. However, there have been some suggestions for the BDFIG to be
used in electric vehicles as a motor.

As for renewable energy, the BDFIG has two methods for operation, grid and stand-
alone (also referred to as islanding mode). Another operational use was implemented
where the BDFIG is connected to a ship’s shaft to generate power for the ship using a
sensor-less control scheme[40]. In this particular study, it is investigated whether or not
the control scheme is adequate with or without compensation from the negative-sequence
power winding voltage. By experimentation it was confirmed that the compensation sig-
nificantly reduced unbalance of the output voltage and thus improved the output voltage
quality under unbalanced loads.

2.5.4 Comparison of DFIG with BDFIG

A DFIG and BDFIG of equal rated power were compared whilst connected to the grid in
[@1]. Tt was found that the DFIG had an efficiency advantage of 7% at lower operating
speeds, however the BDFIG’s performance improved significantly closer to its operating
region, where the efficiency difference between the two was reduced to less than 1%. It
was also found that even though the DFIG had more losses in the rotor than the BDFIG,
the overall increase that was able to be achieved in performance, resulted in much less
iron losses and stator losses than the BDFIG.

2.5.5 Faults

In recent years, with the adoption of more independent energy suppliers to the national
grid[A2; A3], more strenuous regulations have been put in place to ensure sufficient power

(a) Double Layer Design (b) Isolated Loop cage

Figure 2.3: Rotor designs 1 & 2
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Figure 2.4: Rotor designs 3 & 4
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Figure 2.5: DFIG vs BDFIG Efficiencies

quality produced to increase reliability and safety of the networks. One of these regulations
implemented, is the requirement of low-voltage fault ride through for generators.

During a low voltage fault, induction machines connected to the grid experience tran-
sient over-currents, proportionally increasing the machines rotational speed which can
escalate dangerously, potentially resulting in the destruction of the machine[44].

There are varying solutions to this, such as crowbar protection, hardware protective cir-
cuits such as stator damping resistor controllers, or a dynamic voltage restorer or a series
grid-side converter which all increase the system cost and complexity[45].

A vector control setup was developed to enhance the BDFIG’s symmetrical fault ride
through capability in[85]. Experimental results showed that the controller which was
based on a vector control scheme was able to meet the stringent grid regulations without
any additional protective hardware[37].

A further study done on asymmetrical voltage dips in BDFIMs indicated that as a re-
sult of negative sequence, induction generators respond differently in asymmetrical faults.
Additionally, analysis in this study showed that the major issue for an asymmetrical low
voltage fault is from the zero sequence of the control winding current, but not the back-
ward sequence current. Thus, an adapted control strategy was required. It was proposed
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through a novel control strategy for the BDFIM that sufficient ride through could be
achieved during these asymmetrical low voltage dips. This solution was shown to offer
both high stability and a low cost grid integration[46].

2.6 Control

In recent years, there have been significant amounts of research done regarding the control
of BDFIMs. Due to the complexity associated with BDFIMs, the control of BDFIMs is
well researched, however improvements can still be made. Additionally, further testing in
commercially operational environments is required to increase certainty of reliability in
harsh enviornments. Since these machines operate on AC principles, the control is com-
plicated beyond that of DC machines. Various methods exist by which the AC reference
characteristics can be converted into a stationary dc-like reference frame[d7]. Allowing
similar analysis as with DC machines. One example of a well known vector controller
used for BDFIMs, makes use of a dg-transformed equivalent circuit model of the BDFIM
in order to allow the control of speed, torque, reactive and active power [48]. This study
contributes towards the simplification of the BDFIM model for vector control purposes
and is further discussed in section E=47T.

The general operating mode of the BDFIM is synchronous mode, at which the power-
and control windings are cross-coupled through the rotor circuit. As such, an equivalent
model for the BDFIM under this order of operation is required.

One of the contributions to the model development of the BDFIM in the synchronous
region can be found in [@9]. Here an equivalent circuit and performance equations for
the BDFIM were presented which are suitable for basic control schemes and performance
index optimization.

Further development led to the generalized theory of the brushless doubly-fed ma-
chine [60][57]. In these studies, a rigorous mathematical model is developed in the dq
synchronous plane, which is suitable for the analysis of the BDFIM. Both electrical and
mechanical quantities are derived from first principles and the concept of load angle is
discussed. The above derived models form the foundation required to perform most con-
trol schemes presented in this paper.

General sensed and senorless control methods such as scalar, volt-frequency (v/f),
vector control and direct torque control of the brush-less doubly fed reluctance machine
(BDFRM) are analyzed in [62]. These control methods promise to be cost-effective alter-
natives to existing technological solutions with restricted variable speed capability, such as
large pumps and wind turbine generators. It should however be noted that this was based
on reluctance BDFIMs. However, the methods explored still provide valuable insight into
control solutions for these machines in general.

2.6.1 Speed control solutions

Variable speed drives are typically used to vary a motor’s speed based on different models.
One such model is the frequency, also referred to as variable frequency drives (VFD’s),
generally operate by varying the input voltage and frequency fed to the machine. Thus,
slowly adjusting the synchronous frequency of the machine to achieve the desired speed.
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For BDFMs, which are desired to operate as a motor, variable frequency drives are
very promising solutions, especially with the drive only controlling the secondary winding
of the machine.

Furthermore, it has been shown that it is possible to start the BDFIM in cascade
mode and make the transition to synchronous mode just below the natural speed[63], and
that a simple phase angle controller will stabilize the BDFIM satisfactorily. However,
the cascade mode does not offer full starting torque. To achieve this, external resistances
will have to be switched in and out, which can be inconvenient and costly. Additionally,
the speed ranges and therefore the frequency variations in BDFIMs are usually limited,
which mitigates the open-loop stability problems associated with this method in case of
sudden step changes in the supply input frequency. A basic V/f control strategy has
been proposed in [62] and is shown in figure Z8 below. It should be noted that the
control strategy proposed is by no means optimal and has primarily been developed in
cohesion with the conventional IM to illustrate the proof of concept. As such, the V/f
control strategy is not very effective at low starting speeds. The control strategy does not
compensate for resistive voltage drops, nor does it improve torque production at lower
speeds which is normally present in general IM drives.
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Figure 2.6: Voltage-frequency Control Scheme[52]

These methods are suitable for providing starting torque to operate and or synchronize
the machine. However, if the goal is to have stable control at various operating points
then further investigation is desired.

2.6.2 Direct Torque Control

The application of direct torque control (DTC) to induction machines can be seen in
[64; B5]. Beside its overall simplicity, DTC permits good torque control under both
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steady-state and transient operating conditions[b6]. Below is a list of advantages and
disadvantages.
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Figure 2.7: Direct Torque Control Scheme[566]

2.6.2.1 Advantages

» Direct torque control does not require coordinate transformations to achieve decou-
pled control of the flux linkage and torque.

o DTC is not overly sensitive to machine parameters.

e By implementing DTC for unstable grid voltages, the ripples in electromagnetic
torque can be significantly decreased through increase of sampling frequency[56].

2.6.2.2 Disadvantages

o [t is vulnerable to disruptive harmonics in the power grid which can lead to pertur-
bations in the back-to-back converter.

In a study where the principles of sliding mode control (SMC), direct torque control
and space-vector modulation (SVM) were combined, it was shown that this combination
of methods yields a simple but robust linear and variable structure controller for torque
control of BDFM drives[57]. With a goal of maximum torque per ampere control (MPTA),
a sliding mode controller with a linear PI was designed and subsequently it was verified
by simulation that the presented control strategy is accurate, quick and robust whilst
increasing overall efficiency and reducing copper losses.

Further investigations into the application of DTC on BDFMs in unbalanced situations
focused on the presence of turbulence in the voltage grid and the effect thereof on the
control scheme[56]. In the proposed controller, a sampler in a specific frequency feeds
the output of signals of hysteresis comparators to switches. The sampling frequency
controlled, based on the THD level of the grid and by the establishment of boundaries of
controller output, spontaneously solved the problem of dead time as well.

2.6.3 Vector Control

Field oriented control (also known as Vector Control) is a well known control method used
in electric machines. It has been shown that this method of control shows promising char-
acteristics for the BDFIM to be implemented in a grid or stand-alone operational setup.
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It was shown in this case, the torque of the BDFIM can be controlled very effectively
using vector control which lends this control system toward being a high-performance
BDFIM shaft speed control system|[d7].

Research on vector control of BDFMs has mostly been done relatively recently, with
papers on the experimental evaluation of a rotor flux oriented control scheme being done
in 1997[68].

In 1999, a complex vector model for a dual stator induction machine (DSIM) was
developed[59]. The DSIM is very similar to the BDFM, with two three phase windings
in the stator, but its rotor is of the squirrel cage type. This study, was soon followed by
[31], where a drive was developed for these dual stator winding machines. The proposed
drive offered advantages, such as sensor-less operation and more flexibility to manipulate
the resultant torque-speed curve of the motor.

Another study was performed on a cascade doubly fed induction machine (CDFM).
The CDFM consists of two wound-rotor induction machines which are both mechanically
and electrically coupled through the rotor, making its operating characteristics very sim-
ilar to that of the BDFIM, albeit lacking the compact structure of the BDFIM[59]. In
the study, a vector control algorithm was developed to control torque, speed, active and
reactive power.

More recently in 2008, a study conducted on the vector control of a BDFM was done
to develop control algorithms of the grid-side and control-side converters to regulate the
active and reactive power in the machine independently. This method showed soft and
fast synchronization at the minimum rotating speeds [60].

With the control of BDFMs based on traditional multiple reference frames, that are
very complex, a simplified control scheme was proposed in [48]. The proposed control
scheme included a new and simpler derivation of the dg-model of the BDFIM. The results
found by this research, offered significant contributions to BDFIM control research to
follow.

One limitation of the research done was that the vector model only considered a single-
loop per nest rotor. However, it provided guidelines for a multiple-loop per nest rotor as
well. Using this approach, the resulting vector model would be based on an approximate
equivalent loop for each nest. This grants significant reduction in model complexity, while
retaining model accuracy should the reduction techniques followed, be carefully applied
to minimize transformation.

In another study by [61], a vector control algorithm was developed with the goal
of achieving similar dynamic performance to the DFIM. Here it was confirmed that by
exploiting well-known induction motor vector control philosophy, the BDFIM can produce
similar dynamic performance under this type of control to that of the DFIM.

A different study developed a vector controller synchronized to the power-winding
stator-flux frame which was intended to control both the speed and reactive power [62].
The test results indicated good dynamic performance when changes in speed and reactive
power were applied.

In [63] and [60] a vector model was derived for a BDFIM where all the loops in each
nest of the rotor were considered. Later in [64], performance simulations and analysis were
done. In [A7] it is confirmed that the generalized BDFM vector model behaves accurately
in predicting the machine performance under different operating conditions. It should be
noted that the approaches used above are generalized for a generic BDFIM with p;/ps
pole-pair stator windings and N loops per nest.

In [63], a vector control structure is presented for a BDFIM. This structure was further
extended in [A7] where the vector control system is based on the basic BDFIM equation
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in the synchronous mode accompanied with an appropriate synchronization to the grid.
Furthermore an analysis is performed for the generalized vector control system proving
the efficacy of the proposed approach.
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Figure 2.8: Vector Control Algorithm implemented in [47]

Generally, in AC vector controllers the stator currents are identified as two orthogonal
components which can be visualized with a vector. One of the vector components defines
the motors magnetic flux and the other the motor torque. This control system determines
the required currents from the flux and torque reference requirements given by the drives’
speed control. In the setup of a generic BDFIM, the vector control system controls the
active and reactive powers in the control winding, allowing both speed and torque control
for BDFIM's.

2.7 Conclusion

The brushless doubly fed induction machine offers promising dynamics at variable speeds.
With its dual wound stator, by adjusting the voltage and frequency in the control winding,
accurate control of the active and reactive power in the machine can be established.

By the implementation of a sensored field oriented control strategy with feedback from
flux estimation. It is clear that accurate modeling of the BDFIM forms an important role
in order to achieve reliable control. From the works presented to date, limited methods to
obtain machine parameters for control purposes of the BDFIM are available. One suitable
method has been identified and the viabilty thereof with regards to bar cage BDFIM’s
will now be shown.
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Chapter 3

BDFIM wind energy conversion
system modeling

The BDFIG consists of a very similar setup to that of the DFIG, with a back-to-back
converter which allows for bi-directional power flow on the secondary 3 phase stator
control winding. Typically both VSC’s on the back-to-back converter are rated at 30%
of the power rating of the BDFIG. In order to optimize the generator output speed with
available wind speed, a gearbox with a reduction ratio is generally suggested, however if
designed for low speed operation, direct drive solutions can be obtained.

3.1 Aerodynamic model for maximum power point
tracking

For wind energy conversion systems such as wind turbines there are various aspects to be
considered for wind energy to be utilized. Before reaching the utility supply network the
potential energy available to the wind turbine in the form of wind has to be converted to
electrical energy.

It is well known that the available energy for wind turbines increases proportionally to
the swept area that the blades of the turbine covers. As is shown in equation Bl below,
the mechanical input power at the blades of the wind turbine can be calculated to be a
varying function of the incoming wind speed V' and coefficient of power C),

1
Maintaining an optimal tip-to-wind speed ratio (TSR) is key to reduce wind-spillage and
accordingly loss of input power. The TSR is a ratio of the turbine swept area and the
incoming wind speed V. The swept area is defined by the rotational speed w,, and the
rotor radius R. This is shown by equation B below
Wy R
A=TSR=—"— 3.2
g (32)
With a wind turbine that’s rotating too fast, turbulent air can significantly reduce power
output, and a turbine rotating too slowly results in loss of swept wind energy. Additionally,
the torque entering the drive shaft due to the incoming wind on the turbine is a function of
the incoming mechanical power against the rotating mechanical shaft speed. By applying

17
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Figure 3.1: Typical coefficient of power curve[66]

equation B to this, the resulting mechanical torque can be shown to be
P 1 R
T, = " = —ApV2C,(\, B)~

w PV T (A, 5) A

The coefficient of power can vary greatly depending on the design of the wind turbine
blades. Especially the radius of the blades R and pitch angle 5. Numerous studies can be
found suggesting suitable approximations of the C, for different wind turbines[68; 69; [70]. A
general approximation of the coefficient of power shown below|[[71; 2]

C,(\, B) = 0.5(T — 0.028% — 5.6)e 17" (3.4)

where the constant T is defined as

(3.3)

R 3600
T=—— 3.5
A 1609 (3:5)
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Figure 3.2: Output power vs speed curve[67]
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In Figure B the curve shows the optimal power coefficient for the corresponding TSR.
For this example, the pitch angle is zero. In practice, pitch control is required to ensure
that the machine is always pitched optimally, ensuring the desired torque and speed is
maintained.

Figure B2 shows an example of a maximum power point tracking (MPPT) curve for a
wind turbine. To keep the CWSC fractionally rated, the generator is designed to operate
around £30% rated speed. In the case of the example, the natural speed is n, = 360
rotations per minute (rpm). Point A indicates the cut in speed of 252 (rpm) and point D
shows the upper speed limit of 468 (rpm). Additionally it can be seen that the maximum
power point can only be achieved between points B and C, where the wind speeds range
from 4.65 to 8.64 meters per second.

3.2 Working Principle of the Brushless Doubly-fed
Induction Machine

To understand the operation of the BDFIM, one can compare it to that of two three-phase
rotor-tied electrically connected wound-rotor induction machines with differing pole pairs.
Both machines’ stators are typically supplied by sources with different frequencies, where
the primary machine is supplied by a fixed three phase grid, and the secondary machine by
an inverter. Due to the differing pole numbers, both machines have different synchronous
speeds for the same supply frequencies. During simple induction mode, both machines
can be operated at their own synchronous speeds, defined by their pole pairs p; or po
respectively. To achieve this, the corresponding machine stator winding can be excited,
while leaving the latter machine stator winding open circuited.

During cascade induction mode, the non-supplied stator winding should be short cir-
cuited, resulting in a machine with combined characteristics from both machines and the
addition of the primary and secondary stator winding pole pairs.

When both stator windings are supplied, this will be referred to as doubly fed mode
and this allows for a synchronous mode of operation that the machine can be optimized
for based on the user requirements. For synchronous and cascade induction modes of
operation to occur, a cross coupling between the stator and rotor is required[50]. Finally,
the BDFIM is simply a three-phase induction machine with a secondary pair of three
phase windings on the stator. This results in a more compact machine with the exact
same characteristics and modes of operation as defined above. Cross coupling will hence-
forth be implied as the field produced by stator one to stator two and vice-versa. For
isolated control of the rotor using the secondary three-phase windings, typical BDFIMs

Stator 1: 2L
1

Stator 2:-%2
2

Figure 3.3: Direction of magnetic fields in a BDFIM
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are designed to be non-coupled between the windings of stator one and two. In most
cases, this simply means that stator one and two must have different numbers of pole
pairs.

When supplying stator one with a three phase supply at w; (rad/s) then the air
gap magnetic flux will rotate at wy/p; (rad/s), as shown in Figure B33. Similarly when
supplying stator two with a three phase supply at wy (rad/s) then the air gap magnetic
flux will rotate at wy/py (rad/s).

In steady state, the rotor speed is defined as

Wi W

Wy =
p1+ P2

(3.6)

where w indicates the electrical rotational speed, p is the amount of pole pairs and sub-
scripts r, 1 and 2 indicate the rotor, primary stator winding and secondary stator windings
respectively. When the secondary winding is supplied by a DC source and thus at wy = 0,
the machine will operate at natural speed
w1
Wy, =
D1+ P2

3.3 Power Flow in BDFIG WECS Systems

(3.7)

The BDFIG consists of three main components for power flow. Mechanical input power
from the rotor, active and reactive power input and output from the utility supply and
finally real and reactive power input and output to and from the back-to-back converter.
During operation as a wind generation system, the primary winding is synchronized with
the grid. In order to keep the back-to-back converter at a reduced power rating, the
majority of power supplied from the generator is produced from the primary winding.
The secondary winding is then controlled using a control winding side controller (CWSC)
through the back-to-back converter. This control is focused on maintaining power output
on the primary winding, and can be used to maximize power output by using maximum
power point tracking (MPPT) methods. This means that the BDFIG can both draw
power to the control winding as well as supply power to the grid using the back to back
converter. This occurs at super synchronous operation. The back to back converter uses
a dc-bus to ensure that the grid side converter (GSC) and CWSC can operate at varying
frequencies, allowing flexible power control on the CWS.

3.4 Modeling of the Brushless Doubly-fed Induction
Generator

Various modeling techniques for machines have been developed in recent years. From
finite element models to equivalent circuit models, the level of precision ranges according
to the needs of the designer.

Finite element modeling provides numerical solutions with very detailed analysis of
specific machines based on their physical properties and dimensions. This can be compu-
tationally intensive and time consuming [73].

Harmonic analysis has proven itself useful for steady state machine analysis as shown
in [61]. By performing harmonic decomposition of the magnetic flux density and coupling
between motor circuits, valuable insight can be made for machine design optimization
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Figure 3.4: Direction of magnetic fields in a BDFIM

[72; (75]. Unfortunately, it is only useful to model stead state and as such is not useful for
the dynamic modeling of the machine for the purposes of control|76].

Wallace et. al. and Spée et. al. used a dynamic coupled circuit technique to model a
prototype BDFM|34; [77]. A generalized pole number model is presented in [78]. Further-
more the dynamic simulation and two axis (dg-axis) model was also further developed
and presented in [79; 0.

In [I5] Roberts proposes an extension to the works done by Boger[i4]. A method
whereby a full state model of the BDFIM is developed and mapped down to an equivalent
two-axis model while retaining as much of the machines characteristics as possible, making
it suitable for control purposes. Even though it is clear that the technique is suitable for
various different rotor types, including bar-cage rotors, no experimental results are shown
for the use of the method when applied to a bar-cage rotor.

Thus, using the methods proposed in [15], a dg-equivalent model of an experimen-
tal bar-cage rotor will be obtained and compared using simulations and experimental
verification.

3.4.1 General Coupled Circuit Model of BDFIM

A BDFIM consists of dual three-phase stator windings and a rotor, where in this particular
case a bar-cage topology is considered. The bar-cage can be partitioned into an equivalent
circuit as shown in BA. Each circuit here has a voltage potential (V') over the span of the
circuit, a current (I) flowing through the circuit, and a resulting flux (¢) linked to each
circuit. Resulting in a combination of Faraday and Ohm’s law

v [ Fti . 5 v 7 Lo
T Ira . v 21

P L
End-ring Re Le ReLe ReLe ReLe ReLle RelLe

U

Rele ReLe Rele RelLe Rele Rele

Figure 3.5: BDFIM bar cage rotor equivalent circuit[X1]



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 3. BDFIM WIND ENERGY CONVERSION SYSTEM MODELING 22
do

=Ri+ — 3.8

v i+ o (3.8)

where R represents the individual circuit resistances.

By further noting that magnetic flux in a coil can be expressed as ¢ = M1, where M
represents the inductance and ¢ the current flowing through the circuit. This allows for
(BR) to be rewritten by use of the chain rule as

dM di
=Ri+ —1+M— 3.9
VERT T T (3:9)
Since the mutual inductance can be assumed to vary with rotational angle 6, and by
defining the rotor mechanical speed w, as the rate of change in mechanical rotor shaft

position 6,

do,

.= 3.10
wr = (3.10)
Then (BM) can be expressed in terms of rotor position
aM di
= Ri —i+M— 11
v RH_wTdGrH_ p (3.11)

By solving according to the differential of the currents, a state space representation of the
machine equations can be shown where the currents represent the system states.
di

. dM
ME = —Rl—wrd—erl—FV (312)

3.4.1.1 Mechanical Model

The electrical differential equations of the machine can be coupled to the mechanical
differential equations by use of the electro-magnetic torque developed by the machine.
With the magnetic co-energy defined as the stored energy in the magnetic field of a
coupled circuit network

1
Weo = 5iTMi (3.13)

The instantaneous power transfer from the magnetic field is given by

dw, 1di’" 1..dM. 1 di
co _ __M. _-T_- _.TM_ 314
a s a et Tttt My (3.14)

As % is a scalar and M = M7, this simplifies to

T —i+i"M— (3.15)

By subsitution of (810) into (8I0) and multiplying by i’ results in

dM di
i'v =i"Ri+i’—i+ iTMd—; (3.16)
1,.dM,  dW,,

= i'Ri+ w,—i i+

"2 db, dt (8:17)
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By inspection it can be seen that the theoretical electrical torque generated by the machine
can be obtained, noting that the individual components in (BI1) are

1..dM dWw,

T T . T . co
= R = 3.18
i'v ’1 i + w 5 . i + o (3.18)

Input Power Ohmic Power Loss N—_—— S~—~—

Mechanical Power Magnetic Field Power
where i’ v = i’ Ri, meaning that the mechanical torque can be defined as
P, 1..dM dw,

T.= " =i —i=—2 3.19
Wy 2 dt db, ( )

3.4.2 BDFIM Modeling in full-state frame

The BDFIM with a cage rotor can be a complex machine to model for purposes of control
analysis. Especially when using a cage rotor, measurement of the machine parameters
require creative methods since standard RL-meters can no longer be used to provide
a phase resistance or inductance. Considering the structure of the BDFIM rotor, an
equivalent reduction method is necessary to reduce the rotor frames down to an equivalent
ABC frame, and further to a dg-frame for control analysis. This makes it possible to
simulate the machine dynamic characteristics with greater mechanical insight and in more
reasonable periods of time.

In order to evaluate the effectiveness of the reduced model, a full state model is
required. It will also be shown in chapter 6 through experimental verification, that this
model is an adequate representation of the BDFIM machine.

In order to reduce the BDFIM states, various models have been proposed. Such as
the model for nested loop rotors recommended by Boger[i4]. It has further been shown
through simulation and experimental verification that certain machine characteristics such
as torque harmonics may not always be retained in the method proposed. As such Roberts
suggested a method aimed at a wider scope of rotor typologies which should retain as
many of the machine characteristics as possible. Including that of a bar cage induction
machine. In his works however the method was only applied to a nested loop rotor, and
as such it is imperative that an experimental implementation of the proposed method be
evaluated|T3].

3.4.2.1 BDFIM Coupled Circuit Model

In general, the coupled circuit model of the BDFIM consists of a primary and secondary
stator winding, indicated by subscripts 1 and 2. The rotor is referenced to by the subscript
r. For a general BDFIM, s; and s, would be supplied by 4 wires each (3 phases 4+ neutral).

A Us1 A 151
V= | Vg ,’L. = isg (320)
Uy .

Thus, the expanded form for the BDFIM components of the stator and rotor, where
x can be defined as the voltage v or current ¢ would be:

xb.
K ]
Tsj = 2¢ y Ly = (3.21)
% e
T x?
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Here phases a, b and ¢ are defined by a, b, ¢ respectively, neutral is N. Furthermore n is
defined as the number of circuits in the cage rotor structure and consists of N sets of S
rotor circuits.

S =1 —|—p2 (322)

Finally the full state machine model can be defined as:

Us1 Rsl 0 0 0 0 djc\[/[Tilr -isl-
Ve | = 0 Ro Of|+w | O 0 4l iso
Uy 0 0 R, e dleae [ ir
Msl 0 Mslr_ _isl_

+1 0 My Mo |io (3.23)
ML, ML, M, | ]

Where R is the resistance, w the angular speed in rad/s, 6, is the position of the rotor,
M,; and M, the constant mutual inductance of the stator and rotor respectively, and M,;,
defines the mutual inductance between the respective stator and rotor, as a function of
rotor position.

The electrical torque T, produced by such a circuit can be derived from BT9 which
results in

B dMsh' .
1 0 0 dder ls1
— T T T Msor y
T, = 3 [zsl lso zr} 0 0 @0 g2
dMs1y dMs2r 0 /L
L do, o, r
dMslr_
_ ;T T o, ;
= [251 252] dMg, [Zr} (3.24)
df, |

Additionally the mechanical equations can be related to the electrical components by:

dw,

J
dt

=T, — T} — bw, (3.25)

where the machine inertia is represented by .J, friction is shown as b and the load torque
by 1;.

By combining equations B=23, and BZZ3 a complete state-space representation of
the dynamics of a BDFIM can be obtained. With the currents of each individual circuit,
speed and position forming the state vectors.

_isl_ | Rsl 0 0 O 0 CUC\I/[TSTM Z-sl Us1

isg - 0 RsQ 0 — Wr O 0 djc\l/[Tsfr i$2 + Vs2
i i | 0 0 R, %;T” %&” 0 . vy
dt 97‘ N Wy

dMs1r
wT‘ l -T -T de: . —T
J [Zsl Z82} dMsar [l""} !
L L b, .
(3.26)

While equation above is a nonlinear state space, where parameters 6, and w,
form part of the system states of the full system, while forming dependents of the current
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parameters ¢5 and 7, in the system parameter. From this it is important to note that the
dependence of the system states on the rotor position 6, can be particularly problematic
in order to perform control. As discrete and accurate measurement or estimation of the
rotor position is crucial for effective control. Especially when noting that the torque
equation is quadratic in currents ¢ which is dependent on rotor speed w, and position
0., as such it is easy to see how inaccurate measurements / estimations of the machine’s
position can result in vastly inaccurate state estimations.

3.4.3 BDFIM Modeling in dq0-reference frame

However accurate the model presented in B2=21 may be, it provides little insight into
the machine for control purposes. It is as such necessary to reduce the model to an
equivalent dqO-reference frame model. This is done using the methods suggested by
Roberts where the original rotor states are reduced to a rotating dq0 reference frame using
reduction techniques, effectively mapping the original physical parameters to theoretical
equivalent vectors on the new reference axis, while attempting to retain as many of the
key characteristics of the full state machine[I5].

3.4.3.1 Transformation Matrix

For a stator winding with p pole pairs, the dg0-transformation can be derived by the
transformation matrix:

cos(pib,) cos(pi(0, — ;—;)) cos(pi(6, — 3%))
Osi = \/2

3p;
sin(pif,) sin(p;(0, — 37”)) sin(p; (0, — g%)) (3.27)
1 1 1

V2 V2 V2

Where ¢ represents the primary or secondary stator windings 1 or 2.

Due to the rotor matrix not being a square, and thus invertable matrix, it requires a
similarity transformation. To achieve this, the transformation matrix has to be square,
which allows for the transformation to retain all the machine dynamics. While this
does not reduce the system states, further analysis will show that by careful selection
of certain state parameters, the dominant characteristics can be retained with minimal
loss of accuracy.

As such, the full rank transformation matrix for a single set of loops is defined as:

Crl
CL

rl

C, = (3.28)

Where €', is a matrix with rows orthonormal and that span the orthogonal compliment to

rl
the row space of C}.1. The full rotor dg0-transformation can then accordingly be defined as
an orthogonal matrix of which the defining rotor has N sets of S rotor circuits as defined
in B222.

_ Crl -
C, 0 0
rl
=10 . o (3.29)
CTN
0 0 o
B rN
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Finally the non-square transformation matrix C,; into the equivalent dg0-components
used in above is:

cos(0) cos( COS(QW(P;TJZZZ;I)M)

) 2 e
Y\ ) n (-2 i (2722 o (2m(p1tpa—1)p1
Cr = o1t D 521(0) sm(qﬁ,;) sm(im) ...osin( R ) (3.30)

By using B27 and above an overall full state transformation matrix may be
defined as

Ca 0 0
C=]0 Cy 0 (3.31)
0o 0 CN

3.4.3.2 Transformation into dq0-space

In order to obtain an equivalent dq0-state-space model, various phases of transformation
and reduction techniques are followed. By transforming the full state model as defined in
to the dq0-equivalent for a machine such as the one considered in this dissertation.
Consisting of 2 primary and 3 secondary pole pairs as well as a bar cage rotor with 5
nests, each containing three loops. This model would require a total of 23 system states
in order to be an accurate representation of the described machine.

When transformed to its dq0-equivalent representation by using the transformation ma-
trices discussed in chapter B2-371 above, the new dq0-rotor reference frame model consists
of 23-states. However, the unobservable rotor circuits can be removed reducing the rotor
states from 15 to 8. If the zero sequence components of the rotor and stator circuits are
to be ignored as well - as can be done for balanced circuits such as the ones being consid-
ered due to a balanced phase voltage feed. As such the resulting system describing the
equivalent full-state dg-model in the rotor reference frame will consist of merely 4 stator,
6 rotor and 2 mechanical circuits, a total of 12 system states. Keeping this in mind, in
order to achieve this result, the following derivation is performed as Roberts shows with
greater detail in [I3].

Considering that the general coupled circuit model defined in B223 may also be defined as
follows

Us1 Rsl 0 0 Z.sl Msl 0 Mslr isl

d

Vs2 | = 0 Rs? 0 U2 +£ 0 M82 M827’ ls2 (332)
v, 0 0 R||i ME ML M, ||

Further noting that the transformation of the currents into the dq0-plane is defined as

Z;lilo Csl 0 O isl
Z(Sig(] é 0 052 0 i82 (333)
340 0 0 CN| i,

where i, with no superscript should be noted as the current in the full state model. This
accordingly allows for the transformation from the dqg0-plane to the full state plane as

Z-51 Csl 0 0 ’ Zggo
| 210 Co 0] [i% (3.34)
Uy 0o o0 cv 40
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Similarly the voltage transformations are defined by

Ugilo A Csl 0 0 Vs1
'Uggo - 0 CSQ 0 Us2 (3 : 35)
a0 0 0 CN| |v,

After applying the transformations of (B=33)-(B233) to (B=333) as is shown in [15] an equiv-
alent full state dg-model for a general rotor BDFIM may be obtained as

Zvqu Z-qu vqu

d fllo dg0y—1 d d 310 fllo
-dq — q0\— _ Rdq0 _ q0 -dg q

o s | = (MT) 7 (R —w,Q7) i | + g (3.36)
a0 0 0

Where the sub-matrices can be found in the appendix B=. Accordingly the electrical
torque can be shown to be

;140 T quo 0
. || [ (3.37)
252 er?

In order to visualize the effects that the transformations have on the equivalent model
throughout this dissertation, simulations are developed throughout - using parameters of
an experimental machine for comparison. Figure B8 below is a comparison of the bar
currents in the middle loop of a single nest of two different BDFIM models. The first
being full 23 state coupled circuit model from equation and the second being the
equivalent 15 state dg0—model. The machine parameters used here is the same as the
parameters used in the experimental machine which can be found in appendix B=2.

- qu(lfmodel

Ir—middle r—middle

200
<

£ 0
g
5
@]
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Time [s]

Figure 3.6: BDFIM full state frame middle loop currents compared to the dq0 equivalent
model during zero initial current startup natural speed

3.4.3.3 Component selection for reduced order model

For control purposes it is convenient to have a reduced order representation of the BDFIM
with a single dg-rotor pair. By simply truncating the model developed in B2=3 can result
in a poor representation of the original model. It is also clear from chapter B2—21 that the
electrical equations for the BDFM are linear. Unfortunately, due to the system not being
time invariant in nature, reduction techniques for linear time invariant (LTI) systems
such as balanced truncation and optimal Hankel-norm approximation are not suitable for



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 3. BDFIM WIND ENERGY CONVERSION SYSTEM MODELING 28

transient analysis[15]. Due to the system being dependent on rotational speed w, it can
be said to be a linear parameter varying system (LPV), for which generalizations of the
Hankel-norm or balanced truncation techniques exist as well, however for the physical
interpretation of the machine to be maintained, techniques such as balanced truncation
will have to be applied to each component individually. For instance the stator is already
reduced and as such the technique should only be applied to the rotor. Therefore it is the
objective to reduce the states of the rotor currents represented in as

% = (M) R, 4 w0, (M9)21Q,,) iy + u (3.38)
where external stator currents and input voltage are represented by u. When applying
the suitable reduction techniques, it becomes clear that it can be difficult to represent
the balanced system in terms of mutual inductance, resistance and @ terms. As such
the designer loses insight into the physical interpretation of the component matrices. As
a solution to this, a method of reduction using equivalent circuit mapping is suggested
in [I5]. The method is suggested to be a good approximation for various rotor types,
however it was only applied to nested loop type rotors. As such, it is the aim of this work
to verify that the method stays true for different rotor types, such as the bar cage rotor
analyzed in this dissertation.

In order to reduce the rotor states to two, a state order is chosen such as to order its
eigenvalues in decreasing order from top left. To achieve this the following steps can be
performed

1. A matrix T which consists of eigenvectors of M, must be obtained and ordered
such that its eigenvalues decrease from left to right.

2. T must be partitioned into two sub-matrices [Tl Tg} where T is two columns wide.

3. Reduce the state order of the full state dq0-reference frame BDFIM model by ap-
plying the non-square state transformation

.da0 I O -dg0
ZP?educedState = |:0 T1T:| quullState (339)

where I € R%%% is an identity matrix

It can be noted that the transformation matrix 77 will always be of the form:

{al 0 as 0 ... ay 01

T _
Tl_Ooq 0 as ... 0 ap

(3.40)

From this, it is apparent that the resulting reduced state rotor matrix is merely an equiv-
alently scaled representation of the original matrix. But by careful selection of its eigen-
values, can be reduced to retain as much of the original characteristics as possible. After
the transformation has been applied, the final reduced order model can be shown to be:

S P [ (R | A MG

Here the reduced order matrices are over-set by tilde.
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3.4.3.4 Transformation into the Synchronous Space

For control purposes it is advantageous to analyze the BDFIM in the synchronous refer-
ence plane. As will be shown later on the synchronous plane, however dependent on the
rotational matrices allows for numerous simplifications, greatly reducing the complexity
of the resulting control system.

As it has been shown that a greatly simplified model can be obtained through the
methods outlined above in this chapter, it is now convenient to do an equivalent trans-
formation from the rotor reference frame to the stator frame. In order to achieve this
a synchronous transformation matrix with reference to the primary stator windings is

defined:

cos(p10, —wit +)  sin(p10, —wit + )
—sin(p10, —wit +7) cos(p16, — wit + )
0 0

0

1
For the purposes of this analysis v is assumed to be zero, as stators 1 and 2 are chosen
to be aligned within the synchronous reference frame. This relies on the assumption that
stators 1 and 2 are physically aligned, which may not always be an accurate assumption.
However the stators were aligned in this implementation.

By applying the transformation matrix to the rotor reference frame model defined.
The synchronous reference frame model may now be derived to be:

r-dq07] iqu dq0
lsl o 00
. -1 _ _ -aq q
2?210 MSZJnC ( Rsync stnc) Ls2 + Us2
. sdgr
a | iy 0
dq0 dq0
1 ts1 sl T
-dq0 .dg0 | l
Wy — |i S i -
2] 52 sync 52 J
-dqr -dqr
L A L [ (28 ]

The equivalent torque and sub-matrices used for the derivation can be found in appendix

A73.

The reduced models are now simulated and compared further. With the full 12-state
model in the rotor reference frame, reduced 8 state rotor reference frame model and
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Figure 3.7: BDFIM full state frame compared to dq0-rotor-reference-frame and dq0-reduced
equivalent speed response to startup. Initial speed of the machine is 600 rpm with zero currents.
Both stators are disconnected before t=0, and closed shortly after, resulting in a current being
induced
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equivalent 8 state synchronous frame model, separate simulink simulations are run and
compared to show the responses starting at natural speed with zero initial currents. In
Figure it can be seen that all three simulations show responses in similar magnitude
and period, with a slight phase offset. The similarities between the simulations are further
shown in Figure indicating very similar transient characteristics.

3.4.4 System equations of BDFIM model in dg-synchronous
plane

The result obtained in section B2=34 is helpful for a state space design approach. How-
ever, to maintain insight into the various characteristics of the machine, a root-locus
design approach will be followed for the vector control algorithm. As such an equivalent
model, representing the various components of the machine is necessary and will be useful
for the control design in chapter E471. Such a model will now be shown.

The brushless doubly fed induction machine equations in the dq reference frame are
aligned to the stator flux rotating frame of the power winding. The control winding is
transformed to the power winding reference frame through a park transformation where
the power winding rotates at an angular speed defined in B43

20— g ilwpt—(pppe)0,) 50 3.44)
w, =27, (3.45)
Here f, is the feed frequency of the grid. The system equations are shown to be[4S]
d
vp = Rapiy + % + jwpdp (3.46)
do. .
Ve = Rucle + dii + jwete (3.47)
do,
vy = R,i, + diz + jwrpdr (3.48)
¢p = Lspip + meir (349)
Ge = Lgcic + Lty (3.50)
dp = Lyiy + Loncic + Lunpip (3.51)

where v refers to voltage, ¢ to current, L to inductance, ¢ is machine flux, w is the angular
speed of the power, control and rotor windings respectively and subscripts p, ¢, s and r
represent the power winding, control winding, stator and rotor cage respectively and
subscript m implies the mutual coupling between two windings. The angular frequency
of the control winding as well as the angular slip frequency of the rotor to stator power
winding is defined by

We = wp — (Pp + De)wy (3.52)
WRp = Wy — DpWrr (3.53)



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 3. BDFIM WIND ENERGY CONVERSION SYSTEM MODELING 31
‘7 [3-states Ildgﬂp;na()t(’/ ‘, - p23-state—model nfqg;zrzz;del
T “\ T T T
| f \ 620 - i 8
or /‘1 | | | \ il \
| | \ \ N
= N { | £l RHRTAVIREAVE VAW " .
Py [ [ \./’ .' B 6001 L U Y e e
3 V 2 1
) v 580 i) : :
4 i
0 5.1072 0.1 0.15 0.2 0.25 0.3 0.35 0 0.1 0.2 0.3 0.4 0.5 0.6
Time [s] Time [s]
(a) Phase a current response (b) Speed response

Figure 3.8: BDFIM full state frame compared to dqO-synchronous reference frame at natural
speeds and zero initial currents

The electro-mechanical equations can be stated as follows,

3 x
T, = Epplm{@ﬂp} (3-54)
T, = Spdm{6.ic) (35)
T.=T,+T. (3.56)
= ; [Dp (008 — $2i%) + peLme(i%id — i%7)] (3.57)
dw, 1
dt = j(Te -1 — bwr) (358)

where J is the moment of inertia, b is the rotational friction coefficient, 7, and 7, is the
torque produced by the primary and secondary winding respectively, w is angular speed,
T, is the total electrical torque and 7j is the load torque. Superscripts ¢ and 9 refer to the
direct and quadrature axis respectively as will be discussed later in this synopsis.

To ensure the accuracy of the system equations, a Simulink model comparison is
done. As is shown in Figure B3R it results in a very narrow approximation of the original
expanded form response, indicating near identical transient responses.
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Figure 3.9: BDFIM control model response to V/Hz control
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3.5 V/Hz Control

A simple method of speed control of the BDFIM can be performed using V/Hz control.
During such control, a voltage varying at a proportional frequency is applied to the control
winding while keeping the grid feed constant. In doing so the motor can be accelerated
and decelerated within small stability margins. For the simulation speed response shown
in Figure B the speed is changed from natural speed (600 rpm) to 594 rpm by applying
a control winding voltage with frequency f. = —0.5 Hz which correspondingly requires a
voltage magnitude of

V, = 0.7w, = 3.14V, (3.59)
w, = 27 f, (3.60)

The a-phase voltages applied to the primary and secondary windings of the BDFIM stator
can be seen in B7T0. The a-phase primary voltage here is 311V} 5 in magnitude and rotates
at a grid supply frequency of 50 Hz.
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(a) Primary winding a-phase voltage (b) Secondary winding a-phase voltage

Figure 3.10: BDFIM control model input voltages for VHz control

3.6 Conclusion

To perform vector control on the BDFIM, an accurate model representation of the system
is required. In this chapter, the energy flow starting at the potential energy in the
wind, traveling through the mechanical rotor and being converted to electrical energy
was discussed. Theoretical models of all of the states of energy flow were presented,
starting at the aerodynamic model where wind energy is transformed into mechanical
energy. This was followed by the mechanical model of the machine where input torque is
converted to stator current, which flows directly to the grid for the primary winding and
through the back to back converter to the grid for the secondary winding.

Furthermore a detailed couple circuit model of the BDFIM was presented. It was found
that the presented model can be increasingly complex, and that a reduced order model is
required. Accordingly an example of such a transformation process was presented, showing
that a reduced order model for a bar cage rotor BDFIM could be achieved. Throughout
the transformation simulation comparisons were shown, indicating the validity of the
transformations. Finally a synchronous reference frame model was presented, and it was
decided that this model be used for the vector control analysis to be performed in chapter
a.
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Chapter 4

Back to back converter Control

The fractionally rated back-to-back converter, can be a major advantage for DFIG sys-
tems and in many aspects, is the heart of the control system. With a dc-bridge used
to transform the asynchronous secondary winding frequencies for the BDFIM stator to
synchronous grid frequencies, allowing power flow to and from the stator to the grid. To
achieve this a two-part control system is required. The first being grid side control, where
the AC grid currents are converted into DC currents and vice versa. The second portion
is the control winding side controller (CWSC). The control thereof is significantly more
complex, requiring an in depth knowledge of the BDFIM’s transient behavior. To ensure
that the output voltages of the controllers are as expected, a switching technique called
space vector pulse width modulation (SVPWM) is used. This method of modulation is
briefly discussed. For all of these control systems a design analysis will be shown through-
out this chapter, as well as simulation test results of the CWSC. In doing insight can be
gained into the experimental controller. As well as the viability of the assumptions made
for the reduction techniques in chapter B.

4.1 Grid/Load Side Converter Control

To give a thorough overview of the control of the BDFIM it is necessary to fully cover the
workings of the back-to-back converter. To achieve this, a conventional control method

BDFIG Grid

VA

CWSC| |GSC

[SVPWM ]

Ve 1R L
e
Back-to-back converter

Figure 4.1: Back to back converter

33
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for the GSC will be shown. Since there is no difference in the operation of the GSC for
BDFIM’s when compared to DFIG’s or other applications where a stable dc-link voltage
is required for AC-power conversion purposes. It is beyond the scope of the works in
this dissertation to show the practical operation thereof. As such, a stable DC supply is
adequate for the operation of the CWSC.

|
=
~
|

v J’ v im; ;io
W T
b b b* C
v l v de
c c c* ch¥

U l U
MANA— GSC

Grid
Load

Figure 4.2: Inverter ac to dc power transfer

4.2 GSC Configuration

The grid side controller’s purpose is to ensure that 3-phase AC power can be converted
to single phase DC power and vice versa. This allows bidirectional power flow through
the inverter. To achieve this, vector control is used to monitor the DC-link voltage,
drawing current in to charge the DC capacitor when its’ voltage is too low and equivalently
discharging power to the AC side when the DC voltage is too high.

As the inverter output typically consists of a bridge of insulated gate bipolar transis-
tors (IGBT’s) or thyristors and the grid is considered purely sinusoidal without internal
impedance, it is important that the inverter switching AC-output be filtered to reduce
unwanted harmonics to the grid. These filters need to comply with the IEEE standard
519-2014 for grid-integration purposes, which states that the total harmonic distortion
produced from the voltage source converter (VSC) may only inject a sinusoidal wave with
less than 8% total harmonic distortion (THD). Usually manufacturers use passive filters
with their VSC’s for this purpose[82].

4.2.1 Filter Types

Various types of filters are used on the output of inverters. Ranging from L-filters to
LC-filters to LCL-filters, each have their own advantages and disadvantages. Crucially
for LCL-filters their costs for production are generally lower, having a smaller inductor
size when compared to an L-filter of the same performance.

Different design approaches have also been developed for LCL-filters. Studies show
approaches to design these filters based on the power rating of the VSC with frequency
ranges ten times that of the line frequency and one-half of the switching frequency. An-
other approach aims to implement the design with a multi-objective optimization ap-
proach. Further methods to minimize the physical filter size are also suggested. Whereas
another design is based on a LCL filter with a resonant frequency higher than the Nyquist
frequency|[83; 84; 85; B6).

All of the designs above show good performance, however, focus on switching frequen-
cies ranging between 5 kHz and 15 kHz. For the inverter used in this dissertation, a
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'Ug Ve

Figure 4.3: RL Filter open circuit

maximum switching frequency of 5 kHz is achievable. As such, a filter designed for less
than this frequency is necessary. In [R7], an analysis of the design for such a filter has
been thoroughly reviewed and analyzed. In the study, a design for an L filter as well as
LCL filter with switching frequencies well below 5 kHz was presented and compared. The
LCL filter was shown to perform slightly better than the L filter. Additionally a dc-link
controller for a VSC with a filter of this type was presented, showing good performance
under various dynamic conditions. For this research, the design of such filters are incon-
sequential. As such an L-filter will be sufficient for the purposes of this control and one
such design is now presented.

4.2.2 L Filter Modeling

The mathematical model for an L filter can be derived from the single phase circuit in
Figure B3, which results in the following voltage equation

di.
vg = Riz+ L— + v, (4.1)
dt
where v, and v, depict the grid and converter voltages respectively. The line resistance is
shown by R and line inductance by L. When assuming that only the converter is a source
of harmonic components in the system, the system transfer function can be derived from
271 above as
i 1
Hy(s) =< = 4.2
((s) ve Ls+ R (42)

where H;(s) is the transfer function of the filter and the frequency domain is indicated by
using s-plane notation. Furthermore by assuming a higher frequency L2w? >> RZ the

1.(s

— Y AANA,—

+

ve($)

Figure 4.4: RL Filter circuit
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filter attenuation is given by
1
VLiw;

where H;(jwy,) denotes the L filter attenuation and wy, is the angular speed at the harmonic
frequency

| H(jwn)| =

(4.3)

4.2.3 Grid Side Converter

To maintain a constant dc-link voltage for the control side controller (CSC) the grid side
controller (GSC) needs to be adequately sized. For general applications, wind turbines
experience speed fluctuations of up to £30% of their synchronous speed. Thus it is
chosen that the converter should be one third the rating of the generator, allowing speed
variations of £33% [88]. To further perform decoupled control of the reactive power and
maintain a constant dc-link voltage, the model used to develop the vector controller is
now discussed.

The whole converter circuit including the final controller block diagram is shown in
Fig. B2. From this circuit the voltage equations can be derived using KVL,

ya a*

v g | v
| =(R+ L£> |+ (o™ (4.4)
,UC Z'C ,UC*

Converting to the dg-reference frame and aligning with the direct axis of the grid
voltage space vector, the following equations are obtained in the synchronous reference
frame[RY]

v d . [id —q4 v
o] = e [ vt [ [ &
vid

where w, is the electrical frequency of the power winding. By rearranging (£=3), the
command signals for the GSC are obtained

v = —v? 4 (w,Li? + v?)

*

/ .
v?* = —v? — w,Li"

The equivalent control strategy is shown in Fig.@. Furthermore the transfer function for
the current control loops are obtained as

B i%(s) 1
Cw¥'(s)  Ls+ R

H;(s) (4.6)

1.d R+X; d4*

v l v i; I,
E %} Cdc
G % Ude
u REX, g it
L] GSC

Figure 4.5: Inverter ac to dc power transfer dq



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 4. BACK TO BACK CONVERTER CONTROL 37
Grid GSC CWSC
R L i
—/\/\/\/_/\/\/\/\—
—/\/\/\,_/VW\—
Labc" jvabc
abc 0
dq
Ud
i “|Compen-
1! ;
» sation

Figure 4.6: Grid side converter block diagram

If the synchronous reference frame is aligned with the d-axis of the grid supply voltage
vector, the active (P) and reactive (Q)) power of the system is

P= gvdid (4.7)
= —gvdiq (4.8)

Further, from the law of conservation of energy, the dc power can be shown to be propor-
tionally equal to the magnitude of the voltage and currents on the ac side

3
2

Additionally the input voltage into the converter is proportional to the DC output-voltage
with a modulation index constant m,, where

Vaebin = =099 (4.9)

d_mav
2\/§dc

It follows that a relation between the ac-side input current and dc-side output current
can be derived

(4.10)

3mg 4

VG (4.11)
P Ry - (4.12)

This is shown in an equivalent circuit in Figure B=3. By treating the output current i, as
a negligible disturbance, a transfer function for the voltage loop is derived

Vae($) 3my,

“(s)  4v2Cs

4.2.4 Utility flux reference frame synchronization using a
phase locked loop

H, = (4.13)

For the alignment of the BDFIG with the utility a form of synchronization is necessary.
Phase locked loops are well known solutions for this problem as are widely used in ap-
plications where frequency matching is required, such as telecommunications, radio and
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motor control[90d]. There are conventionally three different types of PLL’s used in phase
synchronization:

o Zero crossing
« Stationary reference frame
e Synchronous reference frame

Furthermore there are more elaborate methods continually developed for sensitive tracking
purposes as well as quicker tracking. These methods also allow the PLL to track both
positive and negative frequencies thus providing even more stable phase extraction under
unbalanced conditions, as well as under grid faults[d1]. For this dissertation, a stable grid
supply can be assumed and such elaborate methods are not required. However, since there
are still minor imperfections in the grid and the phases are not spaced perfectly 120 deg
and their voltage amplitudes are not perfectly equal, some versatility is still required.
The synchronous reference frame PLL (SRF-PLL) provides such versatility. Based on the
principle to control the angular position of the dg-reference frame in using a feedback loop,
driving the g-component to zero, ensuring that only the direct axis carries the magnitude
of the voltage frame. Thus, when synchronicity is achieved, the d-axis component carries
the amplitude of the sinusoidal positive sequence vector and its angle determined by the
output of the PLL feedback loop[dl]. A great advantage of this is the PLL’s ability
to attenuate harmonic distortions in the grid voltage, with high order harmonic effects
almost completely rejected on the PLL output signals[91].

Since the exact transfer function for a PLL can be complicated to model, conventional
tuning methods such as symmetrical optimum criterion are used. This maximizes the
phase margin at a given crossover frequency, in this case the utility frequency of 50
Hz[92; G3]. Accordingly the gain selection is described by

1

= 4.14

=T (4.14)

Toprr = o°T, (4.15)
1

V. = 4.16

PLL = ChE (4.16)

where Uy is the peak grid phase voltage (311 V) and w, is the crossover frequency equal
to the grid frequency (314 rad/s). Lastly T, represents the control system sampling time
(200p seconds).

K
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Figure 4.7: Block diagram for a basic structure of SRF-PLL[03]
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4.3 Simulation of GSC

While the work presented in this dissertation is focused on control simplification for the
machine side of the back-to-back converter, for completion a simple design for a GSC is
now shown. In order to showcase a response to voltage change for the grid side converter,
a simulation is performed according to the following design criteria.

T,R
V, =2 4.17
QTUSC ( )
T, = 4T, (4.18)

where T} is the filter time constant defined by
L

T,:=— 4.19
g R ( )

T,sc is defined as the averaged time constant of the voltage side converter. The control
response of the DC bus with a step change in reference voltage from 540V to 700V is
shown in figure. The RL filter in the simulation shown has a resistance of 100uf) and
inductance of 20uH. The switching frequency is the same as that used on the inverters in
the experiments of 5kHz. The dc-bus consists of a 0.15F capacitor.
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Figure 4.8: DC Voltage response to reference voltage changes from 540V to 800V at t=0 and
800V to 750V at t=0.15

4.4 Control-Winding Side Converter Control

Various methods for control of the BDFIM exist. For most cases, the aim of these con-
trollers are to produce a similar end result - whether it be speed, active or reactive power,
torque or even current control. These control methods allow us to use these machines with
optimal performance for their implementation purposes. These methods can be further
extended for sensor-less purposes, by allowing state estimations or observations. One such
method which is already well researched is sliding mode control (SMC). This method of
control is well known for its robustness to parameter variations and load disturbances, as
well as its simple design[I6].

It has thus been shown in numerous findings that SMC can effectively and suitably
be used to control the BDFIM[94; 95; G6]. Due to its’ robustness against parameter
variations, SMC would overshadow the goal of obtaining reasonable machine parameters
suitable for further control development purposes.

As such, flux control (also referred to as vector control) has been chosen for its’
notoriously sensitive nature to machine parameters and complex nature. For this method
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of control a complex cascade of PI controllers are required with compensation terms to
keep the model linearized. However it will be shown that many of these parameters can
be considered insignificant for the PI controllers and as such can be significantly reduced.
It is still however necessary to show that a full controller is achievable using the parameter
estimations applied in chapter B, and accordingly these reductions are merely suggestions
to increase robustness to inaccurate measurements and sensor noise, without significantly
reducing the control accuracy nor stability in any way.

For the control to be applied to the control winding (CW) side of the machine, an
space vector pulse width modulation (SV-PWM) scheme is used[97; G8]. This requires a
reference input voltage from the controller, which is then optimally converted using a pulse
width modulation scheme to ensure that the inverter gates produces the same voltage on
the output gates allowing for the correct currents to be injected into the corresponding
phases of the control winding of the machine. This method of current injection is well
known and will not be discussed further throughout this dissertation[99].

Due to vector control requiring accurate model representations and linearizations of
the plant for optimal proportional and integrator (PI) control, complex systems such as
the BDFIM can require a complicated vector control solution, as cross compensation and
disturbance rejection terms are required to linearize the plant as far as possible. It has
also been noted in chapter 2 that although the steady state of the BDFIM can be linearly
approximated, it is still a parameter varying system. Meaning that during transient
operation the machine cannot be considered linear and considerations must take into
account for these variations. Whether it be designing the PI gains in a way as to ensure
stability throughout these variations or by approximation of these changes.

4.4.1 Control-Winding Side Controller

In order to obtain the required dc-equivalent transfer functions to adequately describe
the BDFIM, we start with the BDFIM model defined in section BZ4. This model is
chosen for its” dc-like transient characteristics, thus reducing computational intensity for
the controller. Additionally reductions to the controller will be suggested to reduce cross
compensation where possible. In doing so decoupled control between speed and reactive
power in the power winding is maintained and performance loss is negligible. The control
system derived here is similar to that derived in [I'7; 36], however after some derivations
it will be shown that the complexity of the control can reduced even further.

For alignment with the synchronous reference frame of the primary winding a PLL
will be used, and is discussed later on in this chapter. In doing so, the alternating current
characteristics of the BDFIM can be greatly simplified, with the stator operating in a
dc-machine-like fashion. Accordingly, reference frames for the rotor and control winding
stator can be obtained, allowing for dc-analysis of these components as well. The resulting
synchronous reference frame axis is defined as the rotating dq-reference plane.

When considering three phase machines they are typically framed in a 3-phase axis
referred to as the abc-axis. In this case, all three voltage vectors can be converted into a
single vector with a certain magnitude and frequency. These three axis can equivalently be
transformed into another stationary reference plane referred to as the alpha-beta-0 («/30)
reference plane by application of a Clarke transformation, equally capable of representing
the af80-components of the same voltage and magnitude vector. The advantage of this
transformation is that for balanced circuits, the zero component can be removed, allowing
for the original 3 phase vector components to be represented by two equivalent alpha-beta
vectors. Both of these vector components however will still be rotating in magnitude
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Bri

Figure 4.9: Park Transformation Reference Frames|fi]

with the fixed grid frequency. Finally, by further application of a Park transformation,
the stationary reference frame can be converted to a rotating equivalent reference frame.
Accordingly, the individual rotating dg-vectors can be fixed in relation to a reference vector
of constant magnitude. When a perfect alignment of either of the axis is made with the
rotating vector, the magnitude of the orthogonal axis will be zero, greatly simplifying
control components. This process of transformation is shown in Figure B29 above. This
process of transformation has also been discussed and used in chapter B and was applied
in great detail in order to obtain the equivalent circuit parameters of the BDFIM in this
frame of rotation.

The fundamental target of the control to be performed edges on the ability to control
active and reactive power. For torque and speed control, further derivations can follow
based upon these fundamentals, as will be shown. The real and reactive power in the
primary winding within the rotating stator reference frame is now defined

3 7 d
P,= 3 vl + 0l Q, = 51}3 » — g (4.20)
By aligning the stationary reference frame with the d-axis of the power winding stator
flux vector ¢?, these power equations simplify t0[99; 100

P = 3y

p 2 p p? Qp (421)

By substituting the flux of the rotor cage (8221) and power winding (829) into the control
winding flux relation (B250) the following control flux equation is produced

¢ = —d1 )7 + dpgp¥ + dit?, (4.22)

dy = Li";p—f”z;% (4.23)
LipLume

dy = LL—me | (4.24)

dy = Ly — #L_mpm (4.25)

Furthermore, by substituting the control flux equation (E=22) into the dynamic control
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winding voltage equation (B21), the voltage command signals can be expressed as

4 d . .
v = Ry + E(—dlﬁbﬁ + dog + dyil) — fdc(d%bg + dSZg)l (4.26)
o oy
d
Ve = Rucil + —(da + dsif) + wo(—di ), + dady; + dsi) (4.27)

q

c—comp
The dynamic disturbances caused by the rotor flux and the power-winding are considered
negligible for steady state to low transient behavior and therefore, they are omitted from
the inner loop transfer function. As such the voltage control function in the s-domain
becomes,

0¥ (5) = (Rye + d35)ie — we(dyd? + dsif) (4.28)
Wy
v (s) = (Ree + d3s)il + we(—d1 ¢ + dad? + d3il) (4.29)

q
c—comp

It can be seen that the transfer function for the plant can be approximated as,

1

R
— = 4.30
vl 1+ s (4:30)

‘dgq
e

Hi.(s) =

Remembering that the dg-axis is aligned with flux vector gbg and assuming that R,i, <<
Jwp®p, the power winding flux can be approximated as

ot~ (4.31)
p ™ Wy :

By considering (840) and (B29) an expression relating the rotor currents and flux can be
obtained, allowing the rotor flux to be estimated as,

1 L
By = ——, — —2i (4.32)
Lip © Ly "
Ly, — LLy o Ly
r = prpr + me'lc + L_Tnp¢p (433)

Now by substituting the rotor flux and rotor current into the rotor voltage equation (B2J)
and regarding the disturbances caused by the dynamic current changes to be negligible,
the relation between the power and control-winding currents is

. L,Ly, Ly . LgyR, .
le = — - ip
meme me wrmechp
L, ) R,
_ 4.34
* [ Lye Ly +jwrmechp] pr ( )
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It can be noted that the rotor to power-winding slip speed only becomes small enough
to have a significant influence at a maximum rotor speed of four times the natural oper-
ating speed.

wr(max) = p_ (435)
p
60
Wy, = _60f, (4.36)
Pp + Pe

Thus, for machines with poles in the power winding less than the amount of poles in the
control winding - to ensure that the rotor to power-winding slip only becomes considerable
at twice the natural operating speed, the imaginary terms above can be regarded as
negligible. Additionally, due to the dg-axis alignment, the quadrature reference current
¢l is zero and ¢Z remains near constant.

gt = 2 (4.37)
p wp :

This results in the complete removal of cross compensation between the winding currents,

for the power winding control loop. There is still however flux compensation (U;ﬁcomp) to
be added to the direct current control loop.
L,Ly, — L? L
id ~ L N p——— (4.38)
LmCme P LmCme
N—_——
U;C)lzcomp
L,Ly, — L?
1 P P44 4.39
T Ly, (439

The resulting transfer function used for PI control parameter sizing is approximated as
the following

'dq
Zp —~ meme
dg

44 " L,L,,— L2

mp

Hiy(s) = (4.40)
Due to the linearity of the zero-order function above, it is recommended to remove the PI
control for the power winding loop, since it can be compensated for by the PI controllers
up-stream, should the objective of the control not to be to directly control the power
winding currents.

Similarly to [I7] the torque and rotor speed transfer functions can be obtained to be

T, 3

i 5 Pp + pe) by (4.41)
p

Wy 1/J

ot 17 4.42
Te S+ b/J ( )

In order to control the reactive power in the power winding, it is necessary to determine
the reference reactive power as a function of the reference current ig. By substituting
the estimated power winding flux into the reactive power equation (E=21), the transfer
function for the control of reactive power is

Qp 3 4

=L = §wp¢p (4.43)

d
'p
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In order to tune the gains for the controller the Ziegler Nichols approach was used
with a controller sampling time of 5000 Hz and a desired settling time on a ramp of 100
rpm of less than 2 seconds with a maximum overshoot of 5%. The tuning parameters
obtained are[I]

Table 4.1: cwsc gains for practical machine parameters

Kp | Ki
CW Current Loop 9.64 | 268
PW Current Loop 15.51 | 164

Reactive Power Loop | 0.12 | 0.25

Speed Loop 0.15 | 0.2

In order to maintain stability in the controller, the cascaded PIs have to be tuned in
such a fashion that the leading PI has a faster response than the controller feeding into
it. An example of the pole-zero equivalent circuit for this plant is shown in appendix AT
Note that the parameters used in the specific plot is that of the machine used in [100]
and not the practical model used here.

4.5 Analysis and Simulation of a BDFIG System as
a WECS

The BDFIG model developed in chapter 2 is now used further in simulation software
Matlab Simulink to give an indication of the viability of the developed control algorithm.
The process of transformation and reduction was merely done in order to find accurate
equivalent parameters for control purposes. As such to maintain accuracy and viability,
the full state BDFIM model is now used as this is the closest representation of the real
machine with similar transient behavior.

4.5.1 Simulation Control Simplification

We now present in Figure B-10 the equivalent CWS control scheme, with circuits in red
indicating definite reducible terms, and orange optionals - depending on the application of
the machine. As for the reasoning behind these reductions see section E-4_1. Furthermore
tables describing the control circuits used for simulation and experimental results later on
can be found in appendix BT It will be shown that the gain parameters were set to target
performance rather than stability. The reason is that for the control reduction techniques
to be apparent, the controller has to be operating on the border of its’ capabilities. In
doing so indicating that the reduced control methods are not entirely unsuitable if insta-
bility is shown, and with some tuning could likely perform with great results. However,
instability is necessary to show the importance of certain compensation terms, but also
the flexibility of ignoring others.

In all of the simulations to follow PI gains were kept constant, designed for the full
controller. Re-designing the gains for each controller would change the stability of the
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Figure 4.10: Control Side Controller Schematic. Red indicates objects removed by the simpli-
fied control whilst optional simplifications are indicated in orange.

machine, reduce the impact that various portions of the controller have during the simpli-
fication process. Using key parts of the control of table BA=3 a comparison of the reduction
techniques for the experimental controller is obtained.

With the motor operating at its natural speed of 600 rpm, the response of the controller
to £50 rpm and 100 rpm step input speed references as well as reactive power step
reference changes of 100 VAr and 200 VAr respectively is shown. In Figure BT the
subscripts 3b, 4a, 4c and 5c¢ refer to the simplified single PI with compensation followed by
the dual PIs with no compensation, dual PIs with compensation and the full controller
with three PIs and compensation respectively. In doing so, a direct comparison of the
effects of removing voltage and current compensation as well as cascading the Pls in the
control response is possible. It can be seen from the speed response that the reduction of
voltage compensation terms in addition to the reduced PI structure results in instability
at super-synchronous speeds.

The following controller with voltage cross compensation shows a smoother and quicker
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Figure 4.11: Comparison of different controllers applied to the simulated machine while ap-
plying a varying amplitude step input to the speed reference
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Figure 4.12: Comparison of different controllers applied to the experimental machine while
applying a varying amplitude step input to the speed reference.

response, with much less instability. The controller settles in less than two seconds with
an overshoot of 15%, which is higher than the target of 5% achieved by the full controller.
It is apparent from 4a and 4c that the current compensation terms have little impact on
the speed loop, both showing near identical results. The controller with two PIs respond
very similarly to the full controller, with slightly more overshoot and marginal harmonics
present during the super-synchronous response.

From Figure the power output of the machine is shown. It can be seen that the
machine is drawing around 130 Watt of active power at synchronous speeds. Controller
4a and 4c shows great oscillations during step changes in speed and reactive power, which
are largely removed in 5¢ where the current of the primary winding is being controlled
as well. At time step 4 controller 3b shows small disturbances in Figure .12(b] due to
the reactive power step change. The effect hereof is largely removed in the rest of the
controllers, indicating that the cross compensation terms or cascaded Pls are capable of
correcting the cross disturbances of the orthogonal axis for the machine. The reactive
power of all three controllers indicate similar responses, with the expanded controller 5¢
indicating an overall transition curve which is less susceptible to unwanted harmonics.
To clearly indicate the advantages of the cascaded PI controllers, the g—axis (speed control
loop) of the current loops are now shown using Figure BI3. The current response to speed
and reactive power step changes at time step 8 can be seen to reduce in Figure f.13(a},
where the response overshoot reduces with an increase in cascaded PlIs. This is shown
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Figure 4.13: Comparison of different controllers applied to the experimental machine while
applying a varying amplitude step input to the speed reference.

u

22



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 4. BACK TO BACK CONVERTER CONTROL 47

again in Figure {.13(b). The effect of the addition of voltage compensation is again
clearly visible here, indicating great improvements in stability in all operating regions of
the machine.

4.6 Conclusion

For full control of the back-to-back converter various aspects were reviewed. It was noted
that a filter is necessary, to reduce the harmonics induced on the grid due to the high fre-
quency switching of the voltage source converter (VSC). A short discussion regarding the
choice of suitable filters and the design thereof was then discussed. The control theory re-
garding the GSC was then mentioned and it was noted that there is a need to implement a
phase locked loop in order to properly align the rotating synchronous reference frame with
phase voltage of the grid. One such design was presented and symmetrical optimum used
for the tuning thereof. The control winding side converter was also presented with a short
review of similar schemes and a description of the integration thereof with the SV-PWM
scheme. An introduction of the vector control to be implemented is presented. Followed
by an in depth derivation of the vector controller used and a discussion of compensation
terms that could be regarded negligible. It is mentioned that the reduction of these terms
can enhance the reliability of the controller during sensor / measurement errors. A sim-
ulation was done, accordingly indicating the potential advantages and disadvantages of
the reduction of various parts of the controller.
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Chapter 5

Laboratory Experiments of the

Grid-Connected CWSC

5.1 Introduction

An experimental setup is used to verify the theoretical predictions in this dissertation. The
goal is to show that the designed controller is able to respond similarly on the experimental
machine. This allows for both the validation the motor parameter estimation using the
proposed method in section B4=34 as well as the suggested control simplification of section

A,

5.2 BDFIG Test Bench Description

The BDFIG test bench consists of a custom designed three phase 3.4 kW bar cage BDFIG
directly coupled to a 22 kW driver induction motor. This allows for testing in both mo-
toring and generation modes. Furthermore the controller used is a National Instrument
(NI) PXIe-8115 embedded real-time controller. The proposed control strategies designed
in Simulink are implemented for the experimental test bench using LabVIEW. Addition-
ally the test-bench also includes two NI 7841R FPGA expansion modules that allows for
both input and output signals to or from the PXIe-8115 controller. Furthermore the back
to back converter consists of two 8.7 kVA custom-modified with a switching frequency
of 5 kHz commercially available SEW power converters. For the purpose of this setup
however, only the CWSC is connected as a stable GSC is already assumed and the DC
bus is powered using the onboard rectifier bridge. The measurement of the three-phase
voltages are gathered using LEM LV25-P sensors and that of the three-phase currents are
measured using LA55-P sensors. A GI341 BAUMER incremental encoder, mounted on
the rotor shaft is used to measure the rotor speed and angle.
The BDFIG electrical and mechanical parameters can be found in table B

5.3 Start-up procedure

Before the control system can be engaged, it is important to ensure that the machine is
at a stable operating point to allow for a seemless transition into vector control mode.
For the purposes of the control system designed there are two scenarios for this, motoring
mode and generation.

48
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Figure 5.1: Test Bench Setup

5.3.1 Motoring

When controlling the machine in motoring mode, independent speed and reactive power
control will be performed. However, before the control can be engaged, a constant refer-
ence frequency from the grid winding is necessary for a constant reference frame to align
the flux control. As such the startup procedure is as follows:

1. Activate the control winding side inverter with all outputs set to 0. This allows
current to flow through the IGBT’s of the inverter, acting as a short circuit on the
control winding side.

2. Ramp the machine up using a 3 phase variac, connected to the primary side of the
BDFIM, thus operating in cascade induction mode.

3. Ensure that there are output limits set on all PIs in the control loop, setpoint
bounding could also be used to allow for this.

4. Once at natural speed, the PI output to the CWSC can be increased allowing for
the controller ot take over.

5.3.2 Generation

When controlling the machine in generator mode, independent active and reactive power
control will be performed. However, before the control can be fully engaged a constant
reference from the grid winding is necessary to have a constant reference frame to perform
the flux control to accordingly. As such the startup procedure is as follows:

1. With the control winding side open circuited and a breaker between the primary
winding and the grid open, ramp the BDFIG up to natural speed using the 22
kW primary mover while monitoring the phase rotation between the grid and the
primary winding.
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2. Once at natural speed, activate the controller and perform current control of the
control winding, increasing the current until the voltage on the grid side matches
the voltage on the power winding. In order to match the phases, the generator
speed should be ramped up or down as necessary.

3. Once the phases are aligned and voltage amplitudes equal, the breaker between the
primary winding and the grid can be closed. The generator is now locked in and
synced with the grid.

4. The control winding current can be reduced and the desired control can be engaged.

5.4 Experimental machine mechanical parameter
identification

In order to verify that the developed model using chapter B is as accurate possible, curve
fitting is performed on the ramp curve of the experimental machine during cascade in-
duction mode. To achieve this, the machine is operated in motoring mode and a 3-phase
grid voltage of 220 V applied to the primary winding while short circuiting the control
winding. The same is done in simulation using the full state model as developed in B2
and then compared as shown in Figure b2 below. The full state dg-model is suggested
here as it is the most accurate dynamic model of the models suggested in the dissertation.
As such can it is the best representation of the machine during the curve fitting process.

600

400 | |

Speed [rpm]

12 14

____mpmerp___  sim
n, n,

Figure 5.2: Comparison of Experimental Machine versus Full state simulated machine with
the secondary stator windings short circuited

The electrical and mechanical parameters of the machine can be found in table BZI. The
machine friction and inertia is accordingly determined to be:

Table 5.1: Machine Mechanical Parameters

Parameter Symbol | Unit | Value
Moment of inertia J kg.m? | 0.154
Rotor friction coefficient b - 0.022
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5.5 Experimental machine compared to simulations

In order to gain insight into the validity of the experimental model compared to the ideal
simulated model, a few measurements are taken and compared. The first experiment is
a comparison during natural startup of the BDFIM in cascade induction mode. Hereby
a visual comparison can be made of the stator winding constants as well as the rotor
constants. Due to the physical limitations of accessibility to the rotor, measurements of
the rotor bar currents are impractical, and thus the induced currents into the secondary
stator windings are used for comparison, essentially visualizing the machine as a black
box with the primary winding as input and secondary winding currents as output.

\
i v
| | | | | | | \ | b

| |
01 02 03 04 05 06 07 08 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

a—exp _ _ _ ja—sim a—erp _ _ _ ja—sim
|1y [ 1

(a) Machine Primary winding currents during (b) Machine Secondary winding currents dur-
startup ing startup

Figure 5.3: Machine Stator currents during startup

From Figure a comparison between the simulated and experimental bar cage motor
primary stator phase a current is shown. It is noteworthy that the currents are oscillating
as expected at the grid feed frequency of 50 Hz. The currents start out with very similar
amplitudes of ~ 2.5 A and soon-after the simulated currents reduce to a peak amplitude
of 1.2 A compared to the peak of 1.7 A in the primary stator. It is important to note that
there are likely significant differences in the winding manufacturing of the primary stator
winding compared to the design estimates, obtained using finite element modeling (FEM)
software. It should also be noted that the stator windings of the particular BDFIM have
been skewed, as it greatly reduces manufacturing difficulty compared to the skewing of
the rotor. It is likely that the deviation from the expected measurements are due to the
skewing as this was difficult to model using the FEM software in the design phase. It is
standard practice to skew the rotor of induction machines as this helps the machines self
starting capability by reducing magnetic logging whilst also reducing torque ripple[I02;
103).
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(a) Machine Active Power during startup ~ (b) Machine Reactive Power during startup

Figure 5.4: Machine active and reactive power during startup
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Figure 5.5: Deviation of predicted current compared to measured current over the transient
operating region of the machine

The secondary winding induced phase a currents are shown in Figure below.
With very similar current peaks and periods, a small phase shift is notable, likely due
to the difference in rotor speed causing a drift in angular position during startup. The
active power output of the primary winding is indicated in Figure f.4(a)]. With an actual
input power starting at 220 W and peaking at 400 W compared to the simulated starting
power of 150 W peaking at 400 W it can be seen that the simulated machine has a larger
transient region for input power during startup, however settles at roughly the same
steady state power of 100 W active power.

A similar behaviour can be seen for the reactive power in Figure 5.4(b], however there
is a notable difference in the steady state reactive power, indicating slight differences in
the inductance of the stator windings. These losses are likely largely attributed to leakage
inductance not being accounted for in the initial model.

To easily visualize the measurements above, Figure 77 indicates the distribution in
simulated versus actual measurements over the sub-synchronous speed range of the motor.
With a mean deviation of 11.32% to the estimated readings for the primary stator winding
and 3.06% for the secondary stator windings. Additionally the standard deviation for
the primary winding was determined to be 8.71 and 16.34 for the secondary winding.
Indicating that although the model estimates for the primary winding currents are slightly
offset from the real values, the surety of the estimates are more reliable than for the
secondary windings as can be seen in Figure 64. To increase the accuracy of the reading,
the standard deviation can be greatly reduced by the addition of low pass filters. LPF
were not implemented on the control measurements performed in this dissertation as the
robustness of the controller would be increased with filtered measurements.

5.6 Current Control

Current control of the primary and secondary windings are first performed individually
to show that stable control using these measurements can be achieved. To ensure that
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Figure 5.6: Spread of deviation of simulated currents compared to experimental currents



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 5. LABORATORY EXPERIMENTS OF THE GRID-CONNECTED CWSC 53

the machine does not accelerate / decelerate this test is conducted in generation mode, i.e
with the BDFIM being driven by the IM driver, fixing the BDFIM to its’ natural speed of
600 rpm. Firstly control of the primary winding is performed. In this test a dual cascaded
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Figure 5.7: Current Control of primary winding fixed at natural speed 600 rpm

PI setup is used without current compensation, as it will later be shown that this can
be considered negligible. For the input reference decoupled dq-axis currents are selected
individually. The responses are shown in Figure b7, where the measured currents track
the input references with little overshoot and cross disturbances and very quick response.

As for the secondary winding a single PI is needed. The response of this control with
voltage compensation is shown in Figure b8 where the control winding current quickly
tracks the reference with good accuracy. The PI response shows little to no overshoot
with a settling time well below 100 milli-seconds which was the chosen design criteria as
it is important that the secondary winding responds in less time when compared to the
primary winding.

5.7 Speed and reactive power control

Using key parts of the control of table A3 a comparison of the reduction techniques for
the experimental controller is obtained. In this way a comparison of the stability of parts
of the controller can be shown, while showing that the removable components in chapter
@ are negligible for certain purposes.
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Figure 5.8: Current Control of secondary winding fixed at natural speed 600 rpm
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In all of the tests to follow PID gains were kept constant, designed for the full con-
troller. Re-designing the gains for each controller would change the stability of the
machine and muffle the impact that various portions of the controller have during the
simplification process. The gains used for the practical BDFIM are fine tuned from the
theoretical gains for the machine and found to be:

Table 5.2: cwsc gains for practical machine parameters

Kp Ki
CW Current Loop 9.75 | 203.47
PW Current Loop | 11.31 | 109.7

Reactive Power Loop | 0.15 0.24

Speed Loop 0.12 | 0.253

With the motor operating at natural speed, the stability of the controller according to
450 rpm and 100 rpm step input speed references as well as reactive power step references
of 142 VAr and 244 VAr respectively is shown. In Figure 63 the subscripts 3a, 3b, 4c and
5d refer to the completely simplified single PI followed by the simplified single PI with
compensation, simplified dual PIs with compensation and the full controller with three Pls
and compensation respectively. This allows for direct comparison of the effects of removing
voltage compensation, current compensation and cascading Pls in the control response.
It can be seen from the speed response that the reduction of voltage compensation terms
results in instability at sub-synchronous speeds - which is to be expected. The response
is quicker overall, with less overshoot.

The following controller with voltage cross compensation results in a very smooth and
quick response, with much less instability and little overshoot. It is worth noting that
the original PI response for the speed loop was designed and tuned for an overshoot of
less than 5% on a step of 100 rpm at natural speed. The settling time target was 2
seconds. The controller with two Pls responds very similarly to the full controller, with
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Figure 5.9: Comparison of different controllers applied to the experimental machine while
applying a varying amplitude step input to the speed reference
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Figure 5.10: Raw reactive power data compared to filtered reactive power data

slightly more overshoot and marginal non-linearities present during the sub-synchronous
response.

For analysis of measurements with high harmonic components, where the component
of interest is at lower frequencies a low pass filter (LPF) is applied. As an example for
the power measurements a LPF with a cutoff frequency of 5 Hz and a sampling frequency
of 500 Hz was applied to the measurement results in order to compare the results more
intuitively . An example of the actual measurements compared to the filtered measure-
ments is shown in Figure bT0.

The power output of the machine is shown in Figure b1 where the machine is drawing
around 80 W of active at synchronous speeds. at time step 4 controller 3a shows small
disturbances in Figure due to the reactive power step change. The effect is largely
removed in the rest of the controllers, indicating that the cross compensation terms or
cascaded Pls are capable of correcting the cross disturbances of the orthogonal axis for the
machine. The reactive power of all three controllers indicate similar responses, with the
expanded controller 5d indicating an overall transition curve which is smoother, however
the filtered response of the controller does indicate a lot of disturbance and noise. In order
to further evaluate this the unfiltered response is shown for comparison. In Figure 612 it
can be seen that controller 4c shows a quicker step response whereas the settling time for

— Q1Exp3, — Q1Exp3, — Q1Exps. —— Q1Expsq

— PiExp3, —— P1Exps, — PiExps. —— PiExpsa
€. nref o ref
n, Q1

med

ive Power [VAr]

,,,,,,,,, 1,000 K 4

, Reactive Power [VAr]
—
ot k=
o (==
o (=]
T
]

Time [s] Time [s]

Power [W] SFeed [rpm]
[
o
o o
T
Il
Power [W], Speed [rpm], React
(=2}
(e}
IS)
T

(a) (b)

Figure 5.11: Comparison of different controllers applied to the experimental machine while
applying a varying amplitude step input to the speed reference.
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Figure 5.12: Comparison of raw reactive power data

5d is slightly quicker. The expanded controller 5d does indicate more disturbances with
larger steady state oscillations, which is an important side effect of greater response to
disturbances. It is clear that measurement noise carry through to the cross compensation
components, indicating that over-compensation can become detrimental to a control sys-
tem and actually reduce robustness, making a system more vulnerable to sensor failures
as well as incorrect machine parameters. At time step 12 it is clear however that the ex-
panded controller 5d as well as the reduced controller show similar immediate responses
to the speed reference step input, however the expanded controller shows less overshoot
and a quicker settling time during the disturbance.

To clearly indicate the advantages of the cascaded PI controllers, the g—axis (speed con-
trol loop) of the current loops are now analyzed using Figure 513. The current response
to speed and reactive power step changes at time step 8 can be seen to decline in Figure
b.13(a), where the response overshoot reduces with an increase in cascaded Pls. This is
shown again in Figure p.13(b]. The effect of the addition of voltage compensation is again
clearly visible here, indicating great improvements in stability in all operating regions of
the machine.

As for the current cross compensation terms between controllers 4c and 5d it is rea-
sonable to conclude that the terms don’t carry any significant impact in the speed control
loop, nor in the reactive power control loops and as such the assumptions in =271 are
confirmed that their influence is negligible for stable control purposes.
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Figure 5.13: Comparison of different controllers applied to the experimental machine while
applying a varying amplitude step input to the speed reference.
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5.8 Fixed speed, active- and reactive-power control

The machine is now operated in generation mode in order to show the stability of the
various controllers using active and reactive power control loops. During this mode of
operation the prime mover is operated using a V/Hz frequency inverter.

610 |-

600 | .

Speed [rpm]

990 |- :

| | | | | | | | | | |
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Figure 5.14: Generator rotational Speed fixed to 600 rpm by a 22kW prime mover induction
motor

5.8.1 Controller Comparison

The prime mover is set to maintain a natural speed of 600rpm. Naturally during the
control phase of the BDFIG torque will be drawn from and supplied to the prime mover,
which will at all times attempt to return to natural speed with slight increases in slip,
accordingly applying a load to the BDFIG which results in a power output tracking the
reference power output. The speed variations during this phase is shown in Figure bT4.
In all the figures to follow, similarly as before the subscripts 3b, 4c and 5c¢ refer to control
typologies from table BA=3. During the first 12 seconds of control step changes in active
power are made, where the generator delivers between 0 kW and 1 kW into the grid. This is
then followed by step changes in reactive power of equivalent magnitude while maintaining
constant power output at 0.5 kW. It can be seen in Figures p.15(a)] and 5.15(b) that all
three controllers perform very similarly, with the reduced PI model showing marginally
more noise between all three controllers. The controller with two cascaded Pls show the
best response, with low noise and good stability as can be seen in Figure b4 where the
generator d—axis currents of the reactive power control loop are shown.
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Figure 5.15: Generator control while being fixed to a rotational speed of 600rpm
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Figure 5.16: Generator control while being fixed to a rotational speed of 600rpm with step
changes in power

5.8.2 Generator transition between generation and motoring
modes

In Figure B4 the active and reactive power of the machine while transitioning between
generation and motoring modes can be observed. Mechanical power is being drawn from
the prime mover and supplied primary winding. Conversely when active power is being
drawn from the grid then mechanical power is being supplied to the prime mover, which
dissipates it through heat or power on its’ stator windings.
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Figure 5.17: Generator control while transitioning between motoring and generation
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5.8.3 Generator operation in sub- and super-synchronous
speed

During sub- and super-synchronous operation the machine has two modes of power flow.
In sub-synchronous operation the machine is in motoring mode. In this mode power is
being drawn from the control winding. When in super-synchronous mode the machine is
in generation mode, where power is being supplied to the grid from the control windings.
When connected using a back-to-back converter that allows for the secondary winding

650
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Speed [rpm]

550

| | | |
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Figure 5.18: Generator rotational Speed transitioning from sub-synchronous to super-
synchronous speeds by a 22 kW prime mover induction motor

power to be converted back to grid frequency and is resupplied to the grid. In the setup
used however, a back-to-back converter without the GSC was used. Instead a rectifier
bridge supplied the DC-bus. This does not allow for bi-directional power flow and as such
a load should be added to the DC-bus when in motoring to avoid increases in the DC-bus
voltage. To reduce the effects of this the apparent power drawn from the grid was limited
to 450 VA. In Figure I8 the machine can be seen to transition between sub-synchronous,
super-synchronous and synchronous operation.

In Figure the active power can be seen to draw from the grid and then supply
to the grid. In Figure the reactive power adjusts accordingly to maintain a varying
power factor between 0.95 and 0.8 lagging.
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Figure 5.19: Generator control while in sub- and super-synchronous operation
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5.9 Conclusion

For the BDFIM model to be verified reliably as well as the control theory to be confirmed,
a practical implementation thereof was implemented. A National Instruments controller in
addition to Labview was used to peFrform real time control of the machine and obtain high
speed measurement results. These results were then presented and compared, allowing for
a direct comparison into the viability of using reduction techniques for state estimators to
predict the response of the controller on a theoretical machine. To match the mechanical
characteristics of the machine, a process of curve fitting was followed, ensuring that the
machine dynamics are similar to that of the practical one. Thereafter the output power
and currents were analyzed and compared, showing that the derived parameters are within
reasonable accuracy.

The experimental machine was operated in cascade induction mode to show the ac-
curacy of the theoretical model. It was found that the stator currents had a standard
deviation and mean of as low as 8.71 and 3.06% respectively. Current control was then
performed to show the response of the controller when step references were given to the
dg-axis primary and secondary winding currents. This was followed by a comparison of
different control methods, where the machine was run in motoring mode and generation
modes at sub- and super synchronous speeds.

During all of these tests it can be concluded that good control response and robustness
can be obtained using the control reduction methods shown in chapter B. Additionally it
was also shown that fairly accurate current state estimations could be made, when using
the appropriate transformation techniques.
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Chapter 6

Conclusions and Future
Recommendations

Various methods for modeling the brushless doubly fed induction machine are presented in
this dissertation. A parameter reduction technique presented in [I5] was applied to a bar-
cage rotor, showing its’ validity as a general solution for rotors of differing types. It was
decided to use a model presented in [A8] to simulate the machine responses for control. To
ensure accurate simulation results, the full expanded 23-state BDFIM model was used and
compared to actual experimental measurements performed using a National Instruments
controller in conjunction with Labview. The control performed covered various versions
of the ideal theoretical controller - simplified and reduced in order to increase robustness
while maintaining accuracy and detailed control. This was observed in real-time while
the control philosophy was applied to an experimental bar cage brushless doubly fed
induction machine. It was found that various portions of the controller, such as certain
cross compensation terms were negligible and could at times be detrimental to the control
system, causing instability if noisy / inaccurate measurements were observed.

6.1 Conclusion

In this thesis the modeling of the whole BDFIM, including the wind energy conversion
system, filter, wind turbine, back-to-back converter, GSC and CWSC was presented. An
in depth review of a suitable reduction technique was presented and applied to a physical
machine. It was noted that the reduction technique would be suitable for general types
of rotor structures, however only results for nested loop type rotors have been shown and
as such it was important to show that the procedure followed remains suitable for rotors
of other types, such as the bar-cage rotor used in this experiment. It was found that both
the full state and reduced order models showed satisfactory resemblance to that of the
physical machine during free acceleration. A control strategy of the grid-side converter
based on an L-filter was developed and implemented in Matlab Simulink. Furthermoer a
control strategy of the control-winding side converter was presented. This was followed
with various conditions under which the controller could be simplified. The controllers
showed good stability and similar response accuracy to that of the original controller. At
times promising to be less prone to sensor noise and disturbances.

Different modes of control were performed and shown to be very responsive. Starting
with current control of the primary and secondary windings up to speed, active- and
reactive-power regulation. All of these were performed on a physical machine and showed

61



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 6. CONCLUSIONS AND FUTURE RECOMMENDATIONS 62

satisfactory performance and great similarity to that of the simulated predictions. Control
under different modes of operation were performed, showing the machine response under
synchronous, sub- and super-synchronous speeds. In doing so power was drawn and
transferred to the grid using both the primary and secondary windings.

The controller of the proposed control strategy on the BDFIM was implemented in the
laboratory using LabVIEW. Through the various operating conditions and control strate-
gies performed, it was shown that the implemented controller had good performance and
the reduction techniques presented allowed for accurate approximations of the machines
current states.

6.2 Future Recommendations

There are many aspects of the control of BDFIG that can be further investigated. How-
ever, a few recommendations are as follows:

o The addition of physical and digital filters to reduce sensor noise. It was seen
throughout that inaccurate sensor measurements can cause the controller to respond
incorrectly, adding increased noise to the system.

« Sensor-less vector control by implementing an encoder-less controller. By estimating
the rotor speed and position, further improvements to the machines robustness can
be made.

o The automation of grid synchronization can be explored, allowing for a seamless
control system that automatically locks with the grid and is easily engaged.

« Stand-alone operation of the BDFIM where voltage and frequency control is neces-
sary can open the BDFIM to wider markets
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Appendix A

Vector Control and Transformations

Table A.1: cwsc gains

Controller
1 2 3
Kp T Kp T Kp T
CW Current Loop 9.64 |0.036 | 9.64 |0.036 | 9.64 | 0.036
PW Current Loop | 66.134 | 0.098 - - - -
Reactive Power Loop | 0.0011 | 0.055 | 0.0019 | 0.04 | 0.0019 | 0.04

Torque Loop 0.079 | 0.054 | 0.18 | 0.046 - -
Speed Loop 0.23 0.47 0.25 0.53 | 0.0746 | 0.3
Root Locus

100 ‘ d
;\
> P
E -50
-100 : ‘ ‘
35 30 25 20 <15 -10 5 0 5

Real Axis (seconds'1)

Figure A.1: Root locus for BDFIM presented in [61]
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A.1 Tables of control methods and reductions

performed

Table A.2: Table of experimental control simplifications performed

Id Subtest Approximation Assumptions
Category 0 | Expoq Vc‘fcomp ~0
EXpOb ‘/cq—comp ~ 0
Expoc | Expoa, Expoy
Expog (s
Expge | _PHi?
Expos | Expoa, Expoe
Expog | Expoe, Expofs
d
Category 1 | Expiq th; = I
Expy, | g =12
EXplc EXplaa EXplb
Expig U]q)_comp ~0
Expie | UL omp = 0
Expis | Expia, Expie
EXplg Expie, EXP1f
EXan /PI/ZZ[
Expyy | PI7 (see E2D)
Engc EXp2a7 EXpr

Table A.3: Table of experimental controllers

Id Subtest Removed | Description

Controller 1 | Exps, | Expog,Expig,Exps. | Single PI, no cross compensation
Expsy | Expos,Expig,Expe. | Single PI, V. cross compensation
Expsc | Expos,Expie,Expac Single PI, V;,U, cross compensation

Controller 2 | Exps, | Expoc,Expig,Expa. | Dual PI, no cross compensation
Expay | Expig,Expac Dual PI, V. cross compensation
Expse | Expie,Expac Dual PI, V,,U, cross compensation

Controller 3 | Exps, | Expoc,Expig Three PI, no cross compensation
Exps, | Expiy Three PI, V. cross compensation
Exps. | Expiec Three PI, V,,U, cross compensation
Expsqg Three PI, V,,U, cross compensation, Integrator
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A.2 Rotor reference frame sub-matrices

r ~dq0 dq0]
Qstll 0 ngl

MO 0 N0

srl
Q=0 Qu QM. MW—| o ME M
0o 0 0 | (MA)" (Mgh)™ My
[RY 0 0]
qu(): 01 Rdgo 0
0 0 R0
1.,.dM
T, = ~i"——i
2" a0,

A.3 Synchronous reference frame sub-matrices

dq0 [ -dq0]
Uk s a1y |sako
q — -1 — d - .dg
Vgo = (TsyncquTsync + WrTsyanqusync + TSynCqu dt Tsync) ts2
0 i7"
- . dg0-
|
-1 9 | 4q
+TsynCquTsync dt Z52
-dqr
1
Loy
dqo T 0 0 quo -dq0
i P [
_ -dq0 q - -dq
Te — 9 222 Tsync (?0 690 erQ Tsync 22
ydqr qU\T qU\T sdqr
by (erl) (er2) 0 (8
Equivalently...
dq0 -dq0 -dq0
ko o d |'sko
'Uszq - (Rsync + stnc) ng + Msync% ng
-dqr -dqr
0 " i
.dq0 T dq0
ko ko
T 5 | S it
sdqr sdqr
[ [
where...
A -1
Rsync = TsyncquTsync
A -1 d,
stnc(wla wr) = ersyanqusync + TsynCqu %Tsync
A -1
Msync = Tsynchquync
dq0
A 0 0 erl
=2 dq0 —1
Ssync - Tsync 0 C? erQ Tsync
dqO\T qO\T
(erl) (QST’Q) 0
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Appendix B

Machine Specifications and results
after simplification

B.1 Experimental Machine Parameters

Table B.1: Experimental Machine Parameters

Item Symbol | Unit | Value
Rated PW & CW Voltage Vir Vims 381
Rated PW Current I s 6.56
Rated CW Current I Ls 5.6
Grid frequency I Hz 50
PW pole pairs Dp - 2
CW pole pairs De - 3
Natural speed n, rpm 600
Moment of inertia J kg.m? | 0.154
Rotor friction coefficient b - 0.022
Rotor Bar resistance Ry 1S 26
Rotor lower end ring segment resistance R, 1S 2.89
Rotor upper end ring segment resistance R, 152 14.5
Rotor loop 2 resistance R, 152 60.7
Rotor loop 3 resistance R,3 182 54.9
Rotor Bar Inductance Ly wH 1.22
Rotor lower end ring segment inductance L. wH 0.169
Rotor upper end ring segment inductance Le, wH 0.845
Rotor mutual inductance between the bar and loop 2 Lo wH 2.95
Rotor mutual inductance between the bar and loop 3 L3 wH 2.61
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B.2

Full state machine paramaters

For a detailed breakdown on how the equivalent rotor bar matrices are calculated see [S1]]

RTII -

T22 T

T33

(4.1 0 0 0 0 0
0 41 0 0 0 0
0O 0 41 0 0 O
0 0 0 6.1 0 0
0 0 0 0 6.1 0

| 0 0 0 0 0 6.1_

[ 1,503 —-0,627 —-0,627 0,000 0,000 0,000 i
—0,627 1,503 —0,627 0,000 0, 000 0,000
—0,627 —0,627 1,503 0,000 0,000 0,000

0,000 0,000 0,000 1,602 —0,633 —0,633
0,000 0,000 0,000 -0,633 1,602 —0,633

i 0,000 0,000 0,000 -0,633 —0,633 1,602 i
R., Ry, Ry Ly, Ly, Lrg
R’Ij‘lg R?"zz RT23 ’ Ly = Lig LT22 LT23

_R77"13 RTT% RT33 LZIZ& Lrj‘;:s LT33

[ 80.972 —26.045 0.000 0.000 —26.045
—26.045 80.972 —26.045 0.000 0.000
0.000 —26.045 80.972 —26.045 0.000 | uf2
0.000 0.000 —26.045 80.972 —26.045
_—26.045 0.000 0.000 —26.045 80.972
[69.420  0.000 0.000 0.000 0.000 |
0.000 69.420 0.000 0.000 0.000
0.000 0.000 69.420 0.000 0.000 | u$2
0.000 0.000 0.000 69.420 0.000
i 0.000 0.000 0.000 0.000 69.420_
[57.867 0.000 0.000 0.000 0.000 ]
0.000 57.867 0.000 0.000 0.000
0.000 0.000 57.867 0.000 0.000 | 2
0.000 0.000 0.000 57.867 0.000
i 0.000 0.000 0.000 0.000 57.867_
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[8.664 0.000 0.000 0.000 0.000]
0.000 8.664 0.000 0.000 0.000
R, = [0.000 0.000 8.664 0.000 0.000| xS
0.000 0.000 0.000 8.664 0.000
0.000 0.000 0.000 0.000 8.664]

[2.888  0.000 0.000 0.000 0.000]
0.000 2.888 0.000 0.000 0.000
R,,, = 10.000 0.000 2.888 0.000 0.000] pf2
0.000 0.000 0.000 2.888 0.000
10.000 0.000 0.000 0.000 2.888]

[2.888  0.000 0.000 0.000 0.000]
0.000 2.888 0.000 0.000 0.000
R,,, = 10.000 0.000 2.888 0.000 0.000]| uf2
0.000 0.000 0.000 2.888 0.000
10.000 0.000 0.000 0.000 2.888]

[ 64.046 —16.198 —14.979 —14.979 —16.198
—16.198 64.046 —16.198 —14.979 —14.979
L,, = [—-14979 —-16.198 64.046 —16.198 —14.979| pnH
—14.979 —-14.979 -16.198 64.046 —16.198

| —16.198 —14.979 —14.979 —16.198 64.046

[42.998 —5.393 —5.393 —5.393 —5.393]
—5.393 42998 —-5.393 —5.393 —5.393
L,,, = |—5393 —=5.393 42998 —-5.393 —-5.393| uH
—5.393 —5.393 —5.393 42.998 —5.393
| —5.393 —5.393 —5.393 —5.393 42.998

[17.156  —0.599 —0.599 —0.599 —0.599]
—0.599 17.156 —0.599 —-0.599 —0.599
L,,,=1-0.599 —0.599 17.156 —0.599 -—0.599| pH
—-0.599 —-0.599 —-0.599 17.156 —0.599
| —0.599 —0.599 —0.599 —0.599 17.156 |

[36.458 —8.988 —8.988 —8.988 —8.988]
—8.988 36.458 —8.988 —8.988 —8.988
L, = [—8988 —8988 36458 —8.988 —8.988| uH
—8.988 —8.988 —8.988 36.458 —8.988
| —8.988 —8.988 —8.988 —8.988 36.458 |

[12.153 —2.996 —2.996 —2.996 —2.996]
—2.996 12.153 —-2.996 —-2.996 —2.996
Ly, =1-299% -2996 12.153 —-2.996 -2.996| pH
—2.996 —-2996 -2.996 12.153 —2.996
| —2.996 —2.996 —2.996 —2.996 12.153

[13.351 —1.798 —1.798 —1.798 —1.798]
—1.798 13.351 —1.798 —1.798 —1.798
L,,, = [—-1798 —1.798 13.351 —1.798 —1.798| uH
—-1.798 —1.798 —1.798 13.351 —1.798
| —1.798 —1.798 —1.798 —1.798 13.351 |
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Table B.2: BDFIM reduced model synchronous frame parameters

Value
PW | CW | Rotor
Resistance(£2) 4.1 6.1 112.5p

Self Inductance(H) 2.1299 | 2.2355 | 117.56u
Mutual Inductance(mH) | 11.9 9
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B.3 Parameter Derivation

2021/11/07 7:10 PM C:\Users\taint\Google Drive (em... 1 of 8
clear all;sympref ('FloatingPointOutput',true); digits(18)
%% Variables
syms Bl B2 phi thr t pl p2
%% Assumptions
assumeAlso (thr, 'real'); assumeAlso(Bl, 'real'); assumeAlso (B2, 'real'); assumelAlso¥
(phi, 'real'); assumeAlso(pl, "real');assumeAlso (p2, 'real');
%% Machine Parameters
poles = {2 3};
S = pl+p2; S = subs(S,{pl p2},poles);
N = 3;
$Bl = 0; B2 = 32*180/pi; phi = 0;
n = 1:S; %Srotor nests
m = 1:3; %phases
Rsl = (diag([4.1;4.1;4.11));
Rs2 = (diag([6.1;6.1;6.1]1));
Lsl = ([ 1.5033 -0.6266 -0.6266; ...
-0.6266 1.5033 -0.6266; ...
-0.6266 -0.6266 1.50331);
Ls2 = ([ 1.6022 -0.6333 -0.6333; ...
-0.6333 1.6022 -0.6333; ...
-0.6333 -0.6333 1.602271);
Rss = ([Rsl,zeros(3,3);...
zeros (3,3),Rs2]);
Mss = ([Lsl,zeros(3,3);...
zeros (3,3),Ls2]);
M = sym('M%d%d', [2,3]); assumeAlso (M, 'real');
= ([ 0.0049 0.0035 0.0013;...
0.0033 0.0031 0.00131);
% For simplified model (1 rotor loop)
s Rrr = 1.0e-04*[ 0.7982 -0.2604 0 0 -0.2604; ...
-0.2604 0.7982 -0.2604 0 0;...
0 -0.2604 0.7982 -0.2604 0;...
0 0 -0.2604 0.7982 -0.2604; ...
-0.2604 0 0 -0.2604 0.7982]
Mrr = 1.0e-03*[ 0.2444 -0.0508 -0.0495 -0.0495 -0.0508; ...
% -0.0508 0.2444 -0.0508 -0.0495 -0.0495; ...
% -0.0495 -0.0508 0.2444 -0.0508 -0.0495; ...
-0.0495 -0.0495 -0.0508 0.2444 -0.0508; ...
% -0.0508 -0.0495 -0.0495 -0.0508 0.2444]
%% For expanded model (3 loops 5 nests)
Rrr = 1.0e-04*[ 0.8100 -0.2600 0 0 -0.2600 0.0866 0¥
0 0 0 0.0289 0 0 0 0
-0.2600 0.8100 -0.2600 0 0 0 0.0866 ¢
0 0 0 0 0.0289 0 0 0
0 -0.2600 0.8100 -0.2600 0 0 0w
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0.0866 0 0 0 0 0.0289 0 0
0 0 -0.2600 0.8100 -0.2600 0 0w
0 0.0866 0 0 0 0 0.0289 0
-0.2600 0 0 -0.2600 0.8100 0 0w
0 0 0.0866 0 0 0 0 0.0289
0.0866 0 0 0 0 0.6940 o
0 0 0 0.0289 0 0 0 0
0 0.0866 0 0 0 0 0.6940 ¢
0 0 0 0 0.0289 0 0 0
0 0 0.0866 0 0 0 0w
0.6940 0 0 0 0 0.0289 0 0
0 0 0 0.0866 0 0 %
0 0.6940 0 0 0 0 0.0289 0
0 0 0 0 0.0866 0 0w
0 0 0.6940 0 0 0 0 0.0289
0.0289 0 0 0 0 0.0289 0w
0 0 0 0.5790 0 0 0 0
0 0.0289 0 0 0 0 0.0289 ¢
0 0 0 0 0.5790 0 0 0
0 0 0.0289 0 0 0 0w
0.0289 0 0 0 0 0.5790 0 0
0 0 0 0.0289 0 0 o
0 0.0289 0 0 0 0 0.5790 0
0 0 0 0 0.0289 0 %
0 0 0.0289 0 0 0 0 0.5790]
Mrr = 1.0e-04*[ 0.6405 -0.1620 -0.1498 -0.1498 -0.1620 0.3646 -0.0899 ¢
-0.0899 -0.0899  -0.0899 0.1220 -0.0300 -0.0300 -0.0300 -0.0300
-0.1620 0.6405 -0.1620 -0.1498 -0.1498 -0.0899 0.3646 ¢
-0.0899 -0.0899 -0.0899 -0.0300 0.1220 -0.0300 -0.0300 -0.0300
-0.1498  -0.1620 0.6405 -0.1620 -0.1498 -0.0899 -0.0899¥
0.3646 -0.0899 -0.0899 -0.0300 -0.0300 0.1220 -0.0300 -0.0300
-0.1498  -0.1498 -0.1620 0.6405 -0.1620 -0.0899 -0.0899«
-0.0899 0.3646 -0.0899 -0.0300 -0.0300 -0.0300 0.1220  -0.0300
-0.1620 -0.1498 -0.1498 -0.1620 0.6405 -0.0899 -0.0899«¢
-0.0899  -0.0899 0.3646 -0.0300 -0.0300 -0.0300 -0.0300 0.1220
0.3650 -0.0899 -0.0899 -0.0899 -0.0899 0.4300 -0.0539¢
-0.0539  -0.0539  -0.0539 0.1340 -0.0180 -0.0180 -0.0180 -0.0180
-0.0899 0.3650 -0.0899 -0.0899 -0.0899 -0.0539 0.4300 ¢
-0.0539  -0.0539 -0.0539 -0.0180 0.1340 -0.0180 -0.0180 -0.0180
-0.0899  -0.0899 0.3650 -0.0899 -0.0899 -0.0539 -0.0539¥¢
0.4300 -0.0539  -0.0539 -0.0180 -0.0180 0.1340 -0.0180 -0.0180
-0.0899 -0.0899 -0.0899 0.3650 -0.0899 -0.0539 -0.0539¢
-0.0539 0.4300 -0.0539 -0.0180 -0.0180 -0.0180 0.1340 -0.0180
-0.0899 -0.0899 -0.0899 -0.0899 0.3650 -0.0539 -0.0539«¢
-0.0539  -0.0539 0.4300 -0.0180 -0.0180 -0.0180 -0.0180 0.1340
0.1220 -0.0300 -0.0300 -0.0300 -0.0300 0.1340 -0.0180¢
-0.0180 -0.0180 -0.0180 0.1716 -0.0060 -0.0060 -0.0060 -0.0060
-0.0300 0.1220 -0.0300 -0.0300 -0.0300 -0.0180 0.1340 ¢
-0.0180 -0.0180 -0.0180 -0.0060 0.1716  -0.0060 -0.0060 -0.0060
-0.0300  -0.0300 0.1220 -0.0300 -0.0300 -0.0180 -0.0180«
0.1340 -0.0180 -0.0180 -0.0060 -0.0060 0.1716  -0.0060 -0.0060
-0.0300 -0.0300 -0.0300 0.1220 -0.0300 -0.0180 -0.0180«¢



Stellenbosch University https://scholar.sun.ac.za

2021/11/07 7:10 PM C:\Users\taint\Google Drive (em... 3 of 8

-0.0180 0.1340 -0.0180 -0.0060 -0.0060 -0.0060 0.1716 -0.0060
-0.0300 -0.0300 -0.0300 -0.0300 0.1220 -0.0180 -0.0180 ¢

-0.0180 -0.0180 0.1340 -0.0060 -0.0060 -0.0060 -0.0060 0.17161];

Msr = [1;

for k = l:size(m,2)

Msr = [Msr, [M(1l,k)*cos(pl*(thr-(n(:)-1)*2*pi/S-Bl))"'; ...

M(1,k)*cos (pl* (thr—(n(:)-1)*2*pi/S-B1-2*pi/ (3*pl)))"'; ...
M(1,k)*cos (pl* (thr—(n(:)-1)*2*pi/S-Bl-4*pi/(3*pl)))"'; ...
M(2,k) *cos (p2* (thr-(n(:)-1)*2*pi/S-B2))"'; ...
M(2,k) *cos (p2* (thr=(n(:)-1) *2*pi/S-B2-2*pi/ (3*p2)))"'; ...
M(2,k) *cos (p2* (thr—(n(:)-1) *2*pi/S-B2-4*pi/ (3*p2)))"'1];

end

Msr

%% Rotor plane transformation matrix's
Csl = [];
for i = 1:3
tmpl = [cos(pl* (thr-(i-1)*2*pi/ (3*pl)))1;
tmpl = [tmpl;sin(pl* (thr-(i-1)*2*pi/ (3*pl)))]1;
tmpl = [tmpl;1/sqrt(2)];
Csl = [Csl,tmpl];
end
Csl

sqrt (2/3) *Csl;

Cs2 = [1];
for i = 1:3
tmpl [cos (p2* (thr-(i-1) *2*pi/ (3*p2)))1;
tmpl = [tmpl;sin(p2* (thr-(i-1)*2*pi/ (3*p2)))]1;
tmpl = [tmpl;1/sqrt(2)1]1;
Cs2 = [Cs2,tmpl];

end
Cs2 = sqrt(2/3)*Cs2;

Crl = [1;
for i = 1:S
tmpl = [cos (2*pi* (i-1)*pl/ (pl+p2))]1;
tmpl = [tmpl;sin(2*pi* (i-1)*pl/(pl+p2))];
tmpl = [tmpl;1/sqrt(2)1]1;
Crl = [Crl,tmpl];
end
Crl = sqgrt(2/ (pl+p2))*Crl;

Subsitute pl and p2 with actual pole numbers,
don't do this for Csl and Cs2 as they are already inversable (so simple)

o
o

clear thr; syms thr

Csl = simplify(subs(Csl, int(wr(t), t), thr))

% Cs2 = simplify(subs(Cs2, int(wr(t), t), thr))

Csl = simplify(Csl); Cs2 = simplify(Cs2);

Crl = (double(simplify(subs(Crl, {pl p2}, poles)))):

Crorth = null(Crl)"';
Cr temp = [Crl;Crorth];
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order = size(Cr_ temp);

Cr = ( [Cr_temp, zeros (order),zeros (order); ...
zeros (order) ,Cr_ temp, zeros (order); ...
zeros (order) , zeros (order),Cr_temp]) ;
Cs = [Csl,zeros(3,3);...
zeros (3,3),Cs2]
C = [Csl,zeros(3,3),zeros(3,15)
zeros (3,3),Cs2,zeros (3,15)
zeros (15,3),zeros (15,3),Cr

17
Cr = double(Cr); Mss = double (Mss);
% Resistance matrices in rotor reference frame

Rsdgr = simplify(Cs*Rss*Cs"')

Rrdgr = Cr*Rrr*Cr' % (This may be slightly incorrect, we expect a multiple of an¥
identity matrix here)

% Inductance matrices in rotor reference frame

Msdgr = simplify(Cs*Mss*Cs')

Mrdgr = Cr*Mrr*Cr'

% Mutual inductance matrices in rotor reference frame

Msrdgr = simplify(simplify(Cs*Msr)*Cr')

Msrdgr transp = simplify(simplify(Cr*Msr')*Cs"')

clear thr; syms wr(t);

thr(t) = int(wr(t),t); assumeAlso(wr(t), 'real'); assumelAlso(thr(t), 'real');

Cs = subs(Cs,sym('thr'),thr); Msr = subs(Msr,sym('thr'),thr);

% Derivative Inductance matrices in rotor reference frame
dMsdgr = simplify(simplify (Cs*Mss)*diff (Cs'))/wr;
QOsdgr = dMsdgr

dMrdgr = diff (Cr*Mrr*Cr',t);
Qrdgr = dMrdgr

% Derivative mutual inductance matrices in rotor reference frame
dMsrdgr = simplify (simplify (Cs*diff (Msr))*Cr'")/wr;

QOsrdgr = dMsrdgr

dMsrdqr transp = simplify(Cr*simplify(diff (Msr'*Cs')/wr));
Qsrdqr_transp = dMsrdqr_transp

% Equivalent matrices in rotor reference frame after removing unobservable parts
Resistance matrices in rotor reference frame

Rrdgr = [Rrdgr([1:3,6:8,11:13,4:5,9:10,14:151,:)1; $rearrange rows

Rrdgr = [Rrdgr(:,[1:3,6:8,11:13,4:5,9:10,14:15]1)1; $rearrange columns
Rrdgr_obs = Rrdqr(1:9,1:9)

Rrdgr unobs = Rrdgr (10:size(Rrdqgr,1),10:size(Rrdqr,2)); %Remove unobservable#
components

% Inductance matrices in rotor reference frame

Mrdgr = [Mrdgr([1:3,6:8,11:13,4:5,9:10,14:15]1,:)1; $rearrange rows

Mrdgr = [Mrdgr(:,[1:3,6:8,11:13,4:5,9:10,14:151)1; $rearrange columns
Mrdgr_obs = Mrdqr(1:9,1:9)

Mrdgr unobs = Mrdqr (10:size (Mrdqr,1),10:size (Mrdqgr,2)); S%Remove unobservable¥

components
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% Mutual inductance matrices in rotor reference frame

Msrdgr = [Msrdqr(:,[1:3,6:8,11:13,4:5,9:10,14:15])]; S%rearrange columns
Msrdgr_obs = Msrdqr(:,1:9)
Msrdgr unobs = Msrdqr(:,10:size(Msrdqr,2)); %Remove unobservable components

Msrdqr_transp = [Msrdqr transp([1:3,6:8,11:13,4:5,9:10,14:15],:)]; Srearrangek¥
columns

Msrdqgr transp obs = Msrdqr transp(l:9,:)

Msrdgr transp unobs = Msrdqr transp(1l0:size(Msrdqgr transp,2),:); S%Remove¥
unobservable components

% Derivative mutual inductance matrices in rotor reference frame

Qsrdgr = formula (Qsrdqgr) ;

QOsrdqr = [Qsrdgr(:,[1:3,6:8,11:13,4:5,9:10,14:15])]1; Srearrange columns
Qsrdgr_obs = Qsrdgr(:,1:9)
Qsrdgr unobs = Qsrdqr(:,10:size(Qsrdqr,2)); SRemove unobservable components

Qsrdgr_transp = formula (Qsrdgr_transp);

Qsrdqr_transp = [Qsrdqgr transp([1:3,6:8,11:13,4:5,9:10,14:15],:)]; Srearrange¥
columns

Qsrdgr transp obs = Qsrdgr transp(l:9,:)

Qsrdqr_transp unobs = Qsrdqr_transp(1l0:size(Qsrdqr_ transp,2),:); SRemove¥

unobservable components

Qrdgr = [Qrdgr([1:3,6:8,11:13,4:5,9:10,14:15],:)1;
Qrdgr = [Qrdgr(:,[1:3,6:8,11:13,4:5,9:10,14:15])1;
Qrdgr_obs = Qrdqr(1:9,1:9)
Qrdgr unobs = Qrdgr (10:size(Qrdqr,1),10:size(Qrdqgr,2)); S%Remove unobservable¥
components
% Final Matrices
Qdgr = [Qsdgr,Qsrdgr; ...
Qsrdqgr transp,Qrdqgr]

Mdgr = [Msdqgr,Msrdqr; ...

Msrdgr_transp,Mrdqgr]

Qdgr_obs = [Qsdqr,Qsrdgr_obs; ...
Qsrdgr transp obs,Qrdgqr obs]
Mdgr obs = [Msdgr,Msrdgr obs; ...
Msrdgr_transp_obs,Mrdgr_obs]
Rdgr obs = [Rsdqr, zeros (6,size(Rrdqr obs,2)); ...

zeros (6, size (Rrdqr obs,2))',Rrdqr obs]
$Convert to formula equivalent
Qdgr = formula(Qdqr); Mdgr = formula (Mdgr); Qdgr_ obs = formula (Qdgr_ obs); Mdgr_obs ¥
= formula (Mdgr_obs); Rdgr_obs = formula (Rdgr_obs) ;
Qsdgr = formula (Qsdqgr) ;
% size(Qdgqr), size(Mdqgr), size(Qdqr obs), size(Mdgr obs), size(Rdgr obs)

% New BDFM Rotor State Reduction Technique
First remove 0 vectors

Rrdgr eq = Rrdgqr obs(1:9,:);

Rrdgr_eq = Rrdgr_eq(:,1:9)

de oo

Mrdgr eq = Mrdqgr obs(1:9,:); %Reduce Mrr to just dg order
Mrdgr eq = Mrdqgr eq(:,1:9) S%Reduce Mrr to just dg order
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Qrdgr eq = Qrdgr obs(1:9,:); %Reduce Mrr to just dg order
Qrdgr_eq = Qrdgr_eq(:,1:9) %Reduce Mrr to just dg order

Msrdqgr eq = Msrdqr obs(1l:6,:);
Msrdqgr eq = Msrdqr eq(:,1:9)
Qsrdgr_eq = Qsrdqr_obs(1:6,:);
Qsrdqgr_eq = Qsrdgr_eq(:,1:9)

Msrdqgr transp eq = Msrdgr transp obs(1:9,:);

Msrdqr_transp_eq = Msrdgr transp eq(:,1:6)

Qsrdqr_transp _eq = Qsrdqr_transp obs(1:9,:);

Qsrdgr transp eq = Qsrdgr transp eq(:,1:6)

% Calculate eigen values and vectors in decending order of Mrdgr eq

[u,v] = eig(double (Mrdgr eq))
Tl = [ 0.7954 -0.0000 -0.0000 0.5693 -0.0000 -0.0000 0.2080 ¥
-0.0000 -0.0000

-0.0000 -0.7954 -0.0000 -0.0000 -0.5693 -0.0000 -0.0000 ¥
-0.2080 0.0000

-0.0001 0.0000 -0.0227 0.0001 -0.0000 -0.8584 0.0001 ¥
-0.0000 -0.5124] %By inspection of u with v sorted descending left to right

% The simplified equivalent model parameters in the rotor reference frame are:
Rsdqr eq = Rsdqr(1:6,1:6)
Msdgr eq = Msdqr(1:6,1:6)
Qsdgr_eq = Qsdqr(1:6,1:6)

Msrdqgr eq = eye(6)*Msrdqr eqg*Tl';

Msrdgr eq = collect (simplify(Msrdgr eq),{'sin' 'cos'})
Qsrdgr_eq = eye(6) *Qsrdqr_eq*T1';
Qsrdqgr_eq = collect (simplify(Qsrdgr eq),{'sin' 'cos'})

Msrdqgr transp _eqg = T1*Msrdqr transp eg*eye(6)';

Msrtrtransp eq = collect(simplify(Msrdgr transp eq),{ 'sin' 'cos'})
Qsrdgr_transp eq = T1*Qsrdqr_ transp eg*eye (6)';

QOsrtrtransp eq = collect(simplify(Qsrdgr transp eq),{ 'sin' 'cos'})
Mrdgr_eq = Tl1*Mrdqr_eqg*T1'

Qrdgr _eq = T1*Qrdqr eq*T1l'

Rrdgr eq = T1*Rrdqr eg*T1l'

o

% Final simplified matrices

Rsrdqr eq = zeros(size (Msrdqr eq))

Rsrtrtransp eq = zeros(size(Msrtrtransp eq))

Qdgr_eqg = [Qsdgr_eq,Qsrdqr_eq; ...

Qsrdqgr_transp_ eq,Qrdqr_eq]

Mdgr eq = [Msdqgr eq,Msrdqgr eq; ...
Msrtrtransp eq,Mrdgr eq]

Rdgr_eqg = [Rsdgr_eq,Rsrdqr_eq; ...

Rsrtrtransp_eq,Rrdqr_eq]

%% Primary Stator reference frame equivalent

syms wl w2 $ pl p2% phil phi2

assumeAlso (wl, 'real'); assumeAlso (w2, 'real'); assumeAlso(t, 'real');

phil = Bl*pl; phi2 = -B2*p2 %Choose opposite direction to earlier definition

Tsyncl = [cos(pl*thr-wl*t+phil), sin(pl*thr-wl*t+phil), 0; ...
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-sin(pl*thr-wl*t+phil), cos(pl*thr-wl*t+phil), 0; ...
0, 0, 11;

Tsync2 = [cos (pl*thr-wl*t+phi2),-sin(pl*thr-wl*t+phi2), 0; ...
sin(pl*thr-wl*t+phi2), cos(pl*thr-wl*t+phi2), 0; ...
0, 0, 11;

Tsyncr = [cos(pl*thr-wl*t), sin(pl*thr-wl*t), 0; ...
-sin(pl*thr-wl*t), cos(pl*thr-wl*t), 0;...
0, 0, 11;
% Tsync2 = simplify(inv (subs (Tsyncl,phil,phi2))); %or Tsyncl'
% Tsyncr subs (Tsyncl,phil, 0);

Tsync = formula ([Tsyncl,Tsync2,repmat (Tsyncr,1,1)1);

temp = []
k=0
for i = 1:3:size(Tsync,?2)
temp = [temp;zeros(3,i-1),Tsync(:,1i:1+2),zeros(3,size(Tsync,2)-1-2)1;

size (temp) ;
end
Tsync = simplify (temp)
% Tsync = Tsync(l:end-1,1l:end-1)
dTsync = simplify(diff (inv(Tsync),t))

o

Rsync = simplify(Tsync*Rdgr eg*inv(Tsync)) % Re-organise this

Msr sync = collect (simplify(Tsync(1:6,1:6)*Mdgr eq(l:6,7:end)*Tsync(7:end,7:end) '), ¥
{"sin' 'cos'})
Msync = collect (simplify(Tsync*Mdqr eg*inv(Tsync)),{ 'sin' 'cos'})
Osync = simplify(wr*Tsync*Qdgr eqg*inv (Tsync)+Tsync*Mdgr eqg*diff (inv(Tsync),t)) ¥
verify this
Qdgsrl eq = Qdgr_eq(l:3,7:end)
Qdgsr2_eq = Qdqr_eq(4:6,7:end)
Ssync = simplify(Tsync*[zeros(size(Qdgsrl eq,1)),zeros(size(Qdgsr2 eq,1)), ¢
Qdgsrl eq;...

zeros (size (Qdgsrl eq',2)),zeros(size(Qdgsr2 eq',2)), ¥
Qdgsr2_eq; ...

Qdgsrl eq',Qdgsr2 eq', zeros(size(Qdgsrl eq,2))]*inve
(Tsync))

% Subsitude values

Msr_sync = subs(Msr_sync, {pl p2 Bl},{2 3 0})

Msync = simplify (subs (Msync, {pl p2 B1l},{2 3 0}))

QOsync = formula (simplify (subs (Qsync, {pl p2 Bl},{2 3 0})))
Ssync = simplify (subs(Ssync, {pl p2 Bl},{2 3 0}))

% Controlled test / confirmation of above result

% Qsync_confirm = formula (simplify (subs (subs(diag([1,2,0,0,01),{1,2},{pl*wr*[0,1,0; ¥
-1,0,0;0,0,0],p2*wr*[0,1,0;-1,0,0;0,0,0]})*Tsync*Mdgr_obs*inv (Tsync)+ (-pl*wr+wl) ¥
*Tsync*Mdgr_ obs*inv (Tsync) *subs (diag([1,2,1,1,11),(1,2},{[0,1,0;-1,0,0;0,0,0], ([0, ¢
-1,0;1,0,0;0,0,01}),{pl p2 B1},{2 3 0})));

$Ssync_confirm = formula(simplify (subs (subs (subs(diag([1,2,0,0,0]),{1,2},{pl* ¥
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f0,1,0;-1,0,0;0,0,01,p2*10,1,0;-1,0,0;0,0,011})) *Tsync*Mdgr obs*inv(Tsync) ¥
+Tsync*Mdgr obs*inv (Tsync) *subs (diag([1,2,0,0,01),{1,2}, {p1*([0,-1,0;1,0,0;0,0,0], ¥
p2*[0,-1,0;1,0,0;0,0,01}),{pl p2 B1},{2 3 0})))
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B.4 Model overview
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Before running first time, copy Msr and Qsr functions from parameters.m file into simulink function blocks Msr and dMsr/dthr
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Should phase sequence influence torque?
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B.5 Vector control
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B.6 Mutual Inductance calculation

function M =
M =[[

fcn (thr)

-0.6266,

-0.6266,
0
0,

0
0.0049*cos (2*thr) :
0.0049*cos (2*thr - 5.0265),

0.0049*%cos (2*thr - 7.5398),
0.0049*cos (2*thr - 10.0531),

1.5033,

0.0049*cos (2*thr
0.0049*cos (2*thr - 2.5133), 0.
0
0

0049*cos (2*thr

.0049*cos (2*thr
.0049*cos (2*thr
0.0049*cos (2*thr -

0.0035*cos (2*thr

0.0035*cos (2*thr - 2.5133), 0.0035*cos(2*thr
0.0035*cos (2*thr - 5.0265), 0.0035*cos(2*thr
0.0035*cos (2*thr - 7.5398), 0.0035*cos(2*thr
0.0035*cos (2*thr - 10.0531), 0.0035%*cos(2*thr -
0.0013*cos (2*thr), 0.0013*cos (2*thr
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APPENDIX B. MACHINE SPECIFICATIONS AND RESULTS AFTER SIMPLIFICATI(MZ
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