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ABSTRACT

The present work examines a modelling approach for space harmonics in low-power off-the-shelf in-
duction machines. These cost-saving machines usually exhibit a radial flux density distribution over
the air-gap circumference far from sinusoidal. The flux density harmonics give rise to additional stator
current components resulting in unwanted torque oscillations. At the same time, they also provide
instrumental information for condition monitoring or rotor speed estimation. Taking advantage of
these properties to achieve better drive performance necessitates a more accurate, yet simple ma-
chine description. These aspects are challenging, as generally no information about internal structure
and magnetic characteristics is available for off-the-shelf machines, whereas the physical phenomena
considered are complex.

The approach presented in this thesis constitutes a trade-off between these requirements. We primar-
ily focus on space harmonics arising from the non-sinusoidal conductor distribution over the air-gap
circumference and assume linear magnetic properties and a constant air-gap length. Using the winding
function theory and key mathematical properties of Fourier series, we obtain a simple relation between
currents and flux linkages including the contribution of flux density harmonics. The concept of in-
terconnection matrices allows us to account for various types of winding configurations and therefore
greatly simplifies the derivation of state-space models including flux density harmonics for specific
machines.

In a further step, we derive a coordinate transformation combining interconnection matrices with the
discrete Fourier transform to reduce the model order. The transformation allows for a substantial
decrease of computational effort and makes the modelling approach presented promising for torque
ripple reduction applications. More broadly, it provides a general means of analysing space harmonics
and potentially opens new possibilities for multiphase drive applications.
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KURZFASSUNG

Die vorliegende Arbeit untersucht einen Modellierungsansatz fiir Raumharmonische in handelstiblichen
Asynchronmaschinen kleiner Leistung. In diesen kostengiinstigen Maschinen ist die radiale Flussdi-
chteverteilung tiber den Luftspalt meistens nicht sinusférmig. Die Oberwellen der Flussdichtever-
teilung verursachen zuséatzliche Statorstromharmonische, die Drehmomentschwingungen hervorrufen.
Gleichzeitig stellen sie eine hilfreiche Informationsquelle fiir Zustandsdiagnose und Drehzahlschiatzung
dar. Die Nutzung dieser Eigenschaften zur Erhohung der Antriebsperformanz erfordert eine genauere,
jedoch simple Maschinenbeschreibung. Im Falle handelsiiblicher Maschinen stellen diese Aspekte auf-
grund fehlender Daten iiber internen Aufbau sowie magnetische Eigenschaften eine Herausforderung
dar, zumal die betrachteten physikalischen Phanomene komplex sind.

Der in dieser Dissertation beschriebene Ansatz stellt einen Kompromiss zwischen diesen Anforderungen
dar. Wir befassen uns vorrangig mit Raumharmonischen, welche von der nicht sinusférmigen Leit-
erverteilung am Luftspaltumfang herriihren. Lineare magnetische Eigenschaften werden vorausgesetzt
und die Luftspaltlinge wird als konstant angenommen. Der Ansatz der Wicklungsverteilungsfunktion
sowie entscheidende mathematische Eigenschaften von Fourier-Reihen ermdglichen die Herleitung eines
einfachen Zusammenhangs zwischen Stromen und Flussverkettungen, welcher den Beitrag der Flussdi-
chteoberwellen beriicksichtigt. Die Verwendung von Verschaltungsmatrizen bietet die Moglichkeit,
verschiedene Arten von Wicklungskonfigurationen in Betracht zu ziehen. Dies vereinfacht die Herlei-
tung von Zustandsraummodellen unter Berticksichtigung Harmonischer der Flussdichteverteilung fir
spezielle Maschinen deutlich.

Im Weiteren wird eine Koordinatentransformation durch Kombination der Verschaltungsmatrizen mit
der diskreten Fourier-Transformation zur Reduzierung der Modellordnung hergeleitet. Die Transform-
ation bietet eine wesentliche Verringerung des Rechenaufwands und macht den beschriebenen Model-
lierungsansatz vielversprechend fiir Anwendungen zur Verringerung von Drehmomentschwankungen.
Im Allgemeinen stellt die Transformation eine systematische Methode zur Analyse von Raumhar-
monischen dar und eréffnet unter Umsténden neue Moglichkeiten fiir Anwendungen mit Mehrphasen-
maschinen.
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INTRODUCTION

Induction machines are omnipresent in our modern society, with applications in the residential, indus-
trial as well as the transportation sector. Although showing lower power densities as their permanent
magnet synchronous counterparts, induction machines are highly robust, comparatively cheap and not
depending on rare earth materials, a criterion of crucial importance with respect to the development
of electromobility. Simultaneously, the currently raising concerns about climate change and the need
for a more responsible use of energy motivates the development of more efficient control strategies for
electric drives.

The present work focuses on a particular, yet extremely common case in this wide context which
is applications involving off-the-shelf induction machines in a power range of up to around ten kilo-
watts. The radial flux density distribution over the air-gap circumference of these low-power machines
generally displays a high amount of harmonics which produce unwanted stator current components,
torque oscillations and losses. Simultaneously, they also provide useful information for monitoring the
machine condition or estimating the rotor speed.

The consideration of these so-called ‘space harmonics’ in control schemes to achieve better drive per-
formance creates interesting challenges as Park’s modelling approach to AC machines is not applicable
anymore and a more precise machine model is required. In addition, usually no information about
internal structure and magnetic properties is available for off-the-shelf machines. Moreover, the new
model must be real-time compliant to meet an essential need of drive control applications. The
modelling strategy described in the thesis aims at finding a compromise between these constraints.

After presenting the context and setting the objectives of the study in the first chapter, we will
introduce the fundamental modelling concepts in chapter 2 and propose the first version of an extended
model including the effect of space harmonics in induction machines.

In chapter 3, we will concentrate on space harmonics caused by the non-sinusoidal conductor distri-
bution over the air-gap circumference. We assume linear magnetic properties and a constant air-gap
length. These hypotheses will allow for simplifications and are a first step towards real-time compli-
ance.

We will then propose and discuss a coordinate transformation for the magnetically linear model in
chapter 4. We will show by means of concrete examples that this transformation enables a substantial
reduction of the model complexity.

The practical potential of the transformed model will be assessed in chapter 5 and conclusions will be
drawn on its ability to fulfil the initial objectives.







CHAPTER 1
SCOPE AND OBJECTIVES OF THE THESIS

Overview of chapter

This introductory chapter presents the context of the investigations carried out in the frame of the
thesis. This aspect includes the existing applications in the considered field. As we focus on off-the-
shelf machines with unknown internal structure, the use of methods such as finite element analysis
is not possible. We will therefore review alternative modelling techniques for taking space harmonics
into account and discuss their benefits and drawbacks.

This will allow us to set the objectives of the present study.




1.2. AIR-GAP FLUX DENSITY HARMONICS IN INDUCTION MACHINES

1.1 Considered problem and general assumptions

The considerations in the present work essentially focus on inverter drives featuring off-the-shelf squir-
rel cage induction machines for which no information about internal geometry or magnetic properties
is available. These inexpensive yet robust machines often exhibit a radial air-gap flux density distri-
bution far from sinusoidal and thus do not satisfy the fundamental hypothesis of Park’s modelling
approach.

The harmonics present in the air-gap flux density distribution, known as space harmonics, induce
additional voltage and current components in the electrical conductors of the machine (see for instance
[1, chapt. 10]). On the one hand, this results in increased iron losses as well as unwanted torque
oscillations leading to vibrations and noise. On the other, some of the extra stator current components
arising from the presence of space harmonics can provide valuable information to detect the rotor speed
or position.

As we will see next, these characteristics provide the foundation for real-time control applications
such as encoderless control (commonly known as sensorless control), machine condition monitoring
and current (or torque) harmonic reduction. The present study targets:

1.) current and torque harmonic reduction primarily;
2.) encoderless control applications to a lesser extent.

We presume that the power of the drive is low enough to allow for the use of inverters with a switching
frequency of at least 10kHz, a condition typically met by IGBT inverters up to a few tens of kilowatts.
This enables us to consider the inverter dynamic performance as sufficiently high to generate the
voltage reference waveforms needed in order to damp the current harmonics mentioned above. We
will therefore regard the inverter as ideal and ignore the parasitic high-frequency components in its
output voltages. The modelling approach will be centred on the machine.

1.2 Air-gap flux density harmonics in induction machines

1.2.1 Physical origin

The nature, origin and impact of air-gap flux density harmonics in induction machines have been in-
vestigated since the beginning of the 20" century and are well-documented in the literature. Extensive
analyses of the phenomenon can be found in particular in the works of Kron (cf. [2], [1, chapt. 10]),
Liwschitz [3], Alger [4] or White and Woodson [5, chapt. 10 and 11]. We will therefore only briefly
mention a few important facts here.

The non-ideal distribution of the air-gap flux density in real induction machines results essentially
from two effects:

1.) the discrete distribution of electric conductors, concentrated in slots on the stator as well as on
the rotor;

2.) the variation of permeance due to slot opening, eccentricity or saturation of the lamination stack.




1.2.2. SPACE HARMONICS RELATED TO THE DISCRETE CONDUCTOR DISTRIBUTION

1.2.2 Space harmonics related to the discrete conductor distribution

In a machine with uniform air-gap, fed by a set of balanced sinusoidal voltages in which only the
first of the aforementioned effects is considered, the fundamental of the resulting stator currents
produces a stepwise magnetomotive force (MMF) distribution along the air-gap circumference. This
results in a rotating air-gap flux density distribution being the superposition of many waves with
different wavelengths (or pairs of poles), some of which induce voltages and currents in the rotor
conductors. The latter generate a stepwise MMF and air-gap flux density contributions inducing
current components in the stator conductors which in turn generate a stepwise MMF etc. Kron has
described this process of harmonic generation in detail in [1, chapt. 10] and proposed an equivalent
machine representation in which the different waves of the air-gap flux density distribution are modelled
as virtual machines with corresponding pole pair numbers, all rotating at the same speed. We will
take a closer look at this approach in section 1.4.

References [6] and [7] present a concise mathematical description of flux density waves arising from
the discrete conductor distribution and summarize the conditions for them to generate additional
frequency components in the stator currents. Of major interest are the well-known principal slot
harmonics (PSH), the frequency of which depends on the rotor angular velocity. In the case of three-
phase cage induction machines, the corresponding frequencies are [7]:

e Lower principal slot harmonic:

N,

fupsg = |1— 7’"(1 —5) (1.1a)
L P ]
e Upper principal slot harmonic:
_ N ;
fupsn = |1+ =-(1—3s)|f (1.1b)
L P i

where N, represents the number of rotor bars, Z,, the machine pole pair number, s the slip and f
the supply frequency. As flux density waves can only induce currents on the stator side if their pole
pair number corresponds to an harmonic order present in the stator winding MMF, the lower and
upper PSHs will not appear for any number of rotor bars. In a three-phase machine, the conditions
to be met by N, for a lower PSH to show up is N, € Rypsy = {k € N* | k= Z,(6p+2),p€ N}. In
contrast, an upper PSH will be visible if N, € Rypsy = {k € N* | k = Z,(6p — 2), p € N}. Both PSHs
may appear if N, is multiple of 62, [7].

1.2.3 Influence of permeance variations

In a real machine, slot openings, eccentricity and magnetic saturation cause the permeance to depend
on the position considered along the air-gap circumference. The interaction of MMF waves with the
variable permeance distribution leads to additional flux density waves. The non-constant permeance
resulting from slot openings on the stator and the rotor leads to specific stator current components
with the same frequency as the lower and upper PSH, thus impacting on their amplitude [7].

Besides slot openings, an eccentric rotor will also influence the permeance distribution and give rise
to additional stator current components. This effect has been investigated in detail in [8—10)].

The impact of magnetic saturation occurring in the lamination stack can be modelled as a periodic
permeance distribution function with a number of periods over the air-gap circumference equal to the
number of poles of the machine [7, 8, 11]. Saturation may produce stator current harmonics as well.
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1.3 Significance of space harmonics for drive control applications

This section is intended to provide a brief overview of drive control applications with off-the-shelf
induction machines, in which harmonics of the air-gap flux density play a significant role. There are
predominantly three types of applications of interest:

e encoderless speed or position control;
e machine condition monitoring;

e current, torque and vibration suppression.

1.3.1 Encoderless control

Since the frequency of some additional stator current components caused by air-gap flux density
harmonics is directly related to the rotor speed, the latter may be gained from a spectral analysis of
the stator currents. The authors of [12] proposed a rotor speed detector extracting the frequency of
slotting and eccentricity harmonics in stator currents, in order to extend encoderless control schemes
based on Park’s model which are known for being unreliable at low-speed due to measurement noise
and inverter non-linearities. They compared the performance of several signal processing techniques
to perform the required spectrum analysis in [13]. The detection of the rotor speed by processing
current harmonics was reported more recently in [14] and [15].

As the current components arising from air-gap flux density harmonics vanish at zero-speed, tradi-
tional encoderless control methods for off-the-shelf induction machines at low speed detect permeance
variations using an additional high-frequency test signal to estimate the rotor speed or position [16—
19]. An alternative consists in using the voltage transients generated by the inverter pulse width
modulation (PWM) [20-22].

1.3.2 Condition monitoring

Changes in the machine structure such as winding faults, broken rotor bars and eccentricity affect
the air-gap flux density distribution and the time harmonics present in the stator currents. The
analysis of stator currents in induction machines for the purpose of condition monitoring, known as
‘motor signature current analysis’ goes back to the 1990s with the publication by Toliyat and Lipo
of an extended model based on the winding function approach which enables to take defective stator
windings and rotor cages into account [23].

The research in the field includes the processing of stator current harmonics to detect inter-turn short
circuits [24, 25], broken rotor bars [26-28], bearing faults [29] or rotor eccentricity [10, 30]. [31]
proposes a method of detecting rotor bar failures in inverter-driven induction machines making use
of a transient voltage excitation. Recent research activities appear to concentrate on improving the
performance of the signal processing algorithms to enhance the identification of the current harmonics
associated with specific types of faults [32, 33].

1.3.3 Current and torque harmonic reduction

Besides providing instrumental information for encoderless control and fault detection, current har-
monics resulting from the discrete conductor distribution and permeance variations also generate




undesirable torque oscillations leading to vibrations and noise [2]. Although time harmonics originat-
ing from inverter supplies are the primary matter of concern with respect to current and torque ripple,
some recent applications reported in the literature address the compensation of oscillations produced
by space harmonics, in particular in the context of fault-tolerant drives [34, 35].

In a broader context going beyond the scope of the present study, the recent work presented in [36]
discusses modelling strategies for reducing noise and vibrations in induction machine drives using time
and space harmonic compensation. This shows the interest of the industry in the topic.

1.4 Review of modelling methods of interest

1.4.1 Context-related constraints

Since Park’s model does not account for air-gap flux density harmonics (see for example [37, chapt. 2]),
it is not appropriate for designing control algorithms intended for the aforementioned applications.
Thus, a more accurate representation of magnetic and geometric characteristics is necessary, in order
to derive a relation between currents and flux linkages taking into account the discrete conductor
distribution as well as permeance variations. Owing to the considerations in section 1.1, the use of
finite elements analysis for this purpose is not realistic, as the required machine data is not available.

Potentially effective modelling approaches to overcome this limitation are:
e the extension of Park’s model to account for specific space harmonics;
e Kron’s approach to modelling space harmonics;
e the winding function theory.

We will review them briefly in the next sections.

1.4.2 Extension of Park’s model to account for space harmonics

Park’s model, also known as ‘fundamental model’, since it assumes a sinusoidally distributed radial
component of the air-gap flux density and therefore sinusoidal and continuous conductor distributions
over the rotor circumference, has been extremely popular in drive control applications in the past
decades. It relies on the concept of space vector and the Clarke transformation, which allow to
represent the machine using a set of two orthogonal windings, one on the stator, the other on the
rotor. We will only summarize the main features of the model. An in-depth description may be found
for instance in [37, chapt. 2].

The model equations, using the stator and rotor current space vectors as state variables, are given
below:

de? dz?
s _ Rs -S LS;S M;T’ 1.2
Us = fds o e gy Mg (1.22)
da”. da”
0=R +L,—L+M= 1.2b
R e P (1.2b)
3 3T 1.8
My = EZngs Ji; (1.2¢)
dw, 1
= —(My — M 1.2d
I JM( M L) (1.2d)




1.4. REVIEW OF MODELLING METHODS OF INTEREST

where
0 -1
1 0

S T

Qi = [usa usﬁ]—r € RZ; iy = [isa isB]T € R2; i, = [ird z‘z‘q]—r € R2; J= [

M s and w, represent the electromechanical torque and the rotor angular velocity, respectively. The
model parameters are: the stator resistance and inductance, (Rs and L resp.), the rotor resistance
and inductance (R, and L, resp.), the mutual inductance M as well as the rotor inertia, Jys.

Considering the above relations, the success of Park’s approach in drive control applications becomes
apparent:

1.) the model involves few state variables (in the present case, the stator and rotor currents as well
as the angular velocity and the rotor angle). Hence, it is not computationally demanding, a key
criterion in real-time control applications;

2.) it has few parameters which can be determined easily in practice, for instance by means of a
no-load and blocked rotor test.

In addition, Park’s model provides a straightforward understanding of the transient and steady-state
machine behaviour.

The above characteristics make Park’s model ideal for drive control applications and constitute prob-
ably the reason why empirical extensions have been proposed to take specific air-gap flux density
harmonics into account. This is mainly the case in encoderless control at low speed where air-gap
permeance variations provide instrumental information about the rotor and flux position. A common
technique consists in replacing the scalar inductance parameters in (1.2) by matrices to account for
permeance differences in the main and quadrature axis (see for instance [16-18, 20]).

While these strategies are efficient and successful in tackling the problems of the respective applica-
tions, the empirical extension of concepts relying on very specific assumptions may appear as a limiting
factor and raise concerns about general validity. The notion of space vector, the Clarke transformation
and therefore Park’s model equations are indeed inherently dependent on the hypothesis of sinusoidal
air-gap flux density distribution.

These observations suggest giving up this assumption in the first place might be valuable to develop
more general and potentially new solutions for control applications in which space harmonics play a
crucial role.

1.4.3 Kron’s method

Besides a generalized theory of electric machines based on tensorial analysis published in [38], Kron
proposed a description of the current harmonic generation process caused by air-gap flux density waves
arising from the discrete conductor distribution and slot openings (cf. [1, chapt. 10]). Kron’s approach
models each wave as a virtual machine with a number of pole pairs equal to the one of the wave. All
virtual machines rotate at the mechanical speed of the real machine. Each of them features a set of
two orthogonal sinusoidally distributed windings on the stator as well as on the rotor and its electrical
equations are thus of the same form as the ones describing Park’s model (compare eq. (1.2)). The
inductances of a virtual machine are gained from the Fourier series representation of the air-gap flux
density [39].

In a second step, the windings of the virtual machines are interconnected to account for the behaviour
of the real machine, a process illustrated in fig. 1.1. The parameter P represents the pole pair number
of the real machine, while @) is twice the product of the pole pair number and the number of stator
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1.4.4. WINDING FUNCTION THEORY
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Figure 1.1: Interconnection of virtual machines to account for space harmonics [1, p. 183]
(P =2y, Q=2Zyws, R=N,)

windings ws. R corresponds to the number of rotor bars. The top layer in the diagram models the
presence of air-gap flux density waves generated by the fundamental stator currents and which induce
currents in the rotor cage. This is achieved by connecting the stator windings of the virtual machines
in series (on the first layer) and their rotor windings in parallel (on the second layer). The interaction
of induced rotor currents with the stator is accounted for by introducing further virtual machines, the
rotor of which is connected in series on the second layer, whereas their stators are connected in parallel
on the third layer. The influence of the new stator current components on the rotor is considered by
means of a fourth layer etc.

Note that the approach relies on the superposition principle and therefore assumes magnetic linearity.
Originally intended for steady-state analysis, the method was extended by Vernet to obtain a state-
space model of the induction machine including space harmonics [39, 40]. The strategy offers the
possibility of considering the current components arising from space harmonics as specific states in
the model. An application including the design of a Kalman filter to estimate the current component
induced on the rotor side by a stator space harmonic is presented in [40].

Vernet’s method appears particularly promising for torque ripple reduction or encoderless control,
since it isolates the effect of given space harmonics in dedicated model states. A model for encoderless
control could include for instance extra states assigned to rotor speed-dependent current components,
while a torque ripple reduction scheme might feature states modelling unwanted current components
with the aim of eliminating them through proper controller design.

One should, however, be aware of the increase in parameter number with each additional virtual
machine required to model a particular current component. While clear rules apply to the inductances
of the virtual machines (see above), the determination of their resistances is challenging. Modelling
a stator current harmonic component requires at least three virtual machines, leading to roughly 15
parameters. In a context involving off-the-shelf machines with no structural data available, the tuning
of such a set of parameters is problematic.

1.4.4 Winding function theory

The winding function approach started to gain importance in the 1990s and its use to model machines
with concentrated windings or non-uniform air-gap [11, 23, 41, 42]. Tt consists in a simplified analysis of
magnetic processes which are considered in a machine cross-section along the air-gap. The fundamental
assumptions of the winding function theory are summarized as follows:

e the air-gap field and flux density have no component along the machine axis [42, 43]. This
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justifies the restriction of the magnetic analysis to a cross-section;

e the permeability of iron is assumed infinite. Magnetic saturation is modelled with a variable
air-gap length [7, 11].

As we will see in chapter 2, the conductor distribution is represented using ‘turn functions’ (compare
[44]). The radial component of the air-gap flux density is computed by means of Ampere’s law.
The flux linking each winding with the others and the corresponding inductances are calculated by
integrating the product of the turn function and the radial flux density distribution over the rotor
circumference.

The principal advantage of the method is that it allows to adjust the degree of precision depending
on the situation considered. In case the geometric characteristics of the machine are known, they can
be taken into account in the model (cf. [45, 46]). Furthermore, the technique offers the possibility to
model various types of machines. References [47, 48] investigate for instance axial flux machines. It
also plays an essential role in fault analysis [9, 49, 50].

The winding function theory seems to be also an interesting modelling strategy if only basic information
about the machine under investigation is available, such as the number of rotor bars and a rough
estimate of the stator winding configuration. In the context of off-the-shelf squirrel cage machines,
this is an option worth considering.

1.5 Objectives of the present work

The considerations in section 1.4 have pointed out some concerns about the general validity of extended
Park models when space harmonics are relevant. An alternative, state-space models based on Kron’s
method, seems difficult to realize with off-the-shelf machines owing to the numerous model parameters.

The primary goal of the investigations to be discussed in the following chapters is to develop a math-
ematically consistent and systematic method of modelling air-gap flux density harmonics in induction
machines with respect to the targeted applications, especially the reduction of current and torque
harmonics. Thus, the model proposed should meet the subsequent requirements:

1.) real-time compliance;
2.) state controllability and observability;

3.) if possible, the model should only have a limited number of parameters which should be easy to
determine.

The assessment of the results presented in this study will be carried out by means of simulations
and experiments. The latter were performed using two 2.2 kW inverter-fed induction machines, in the
following referred to as induction machine 1 (IM1) and induction machine 2 (IM2). The characteristics
of the respective machines are given in appendix A.1. The inverter was controlled using a dSPACE
DS1006 real-time system and inverter dead-time effects were compensated appropriately.

Summary

This first chapter was intended to put the study in context, the aim of which is to develop an in-
novative modelling strategy taking into account space harmonics in off-the-shelf induction machines
with unknown internal structure. The main applications targeted are the compensation of current and
torque oscillations caused by space harmonics and, in a longer term perspective, encoderless control.
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A Dbrief review of existing modelling approaches pointed out the possible limitations of empirical
extensions of Park’s model to integrate space harmonics. A potentially interesting alternative, Kron’s
method, appears to be difficult to implement owing to the number of parameters involved. The
winding function approach seems to be the most promising option and will be the foundation of the
subsequent investigations.
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CHAPTER 2
A WINDING FUNCTION BASED MACHINE MODEL

Overview of chapter

Among the modelling methods discussed in the previous chapter, the winding function theory appears
to be the most encouraging with respect to our objectives, as it constitutes a compromise between
accuracy and simplicity. We will therefore derive the first version of an extended model of induction
machines using this method and assess its ability to meet our requirements.

The present chapter introduces the fundamental concepts and the methodology to develop a model
taking into account conductor distribution, slot, eccentricity as well as saturation harmonics. We
will only briefly review the geometric and magnetic aspects, as they have already been addressed
extensively in the literature. In contrast, we will focus on the more challenging matter of winding
interconnections.

A model of the machine IM1 is to be discussed from the perspective of accuracy and efficiency. The
results will provide valuable information to determine which strategy to follow in further steps.

~13 -



2.1. GENERAL ASSUMPTIONS AND MODELLING STRATEGY

2.1 General assumptions and modelling strategy

2.1.1 Considered problem

In order to derive a general model first, we consider the case of an induction machine having Z, pairs
of poles and w; stator windings distributed in Ny slots. The machine might have a wound rotor with
w, windings and N, slots or a cage with N, rotor bars.

The magnetic behaviour of the machine is described using the winding function theory mentioned in
section 1.4. Consequently, the following fundamental simplifying hypotheses are made:

1.) the air-gap field and flux density have only a radial component, magnetic effects are analysed in
a cross-section of the machine;

2.) neither magnetic hysteresis nor eddy currents in the iron core are considered.
Magnetic saturation is accounted for by means of a variable air-gap length, while the permeability
of the iron core is assumed infinite (see [11] and [7]).

The above assumptions might appear restrictive but they constitute a compromise between the model
accuracy and the need for computational efficiency in a context with unknown internal machine struc-
ture.

2.1.2 Concept of electrical circuit

The w; stator windings are modelled as a set of m; electrical circuits. Such an electrical circuit might
only represent a subset of the coils belonging to a specific winding rather than the whole winding itself.
This approach provides additional degrees of freedom with respect to the geometric description of the
machine and will prove to be instrumental when optimizing the model in chapter 3 and 4. Similarly,
the w, windings of a wound rotor are described as an electrical network consisting of m, circuits. For
squirrel cage rotors, each circuit corresponds to a coil having one turn and a pitch equal to the rotor
slot pitch, the number of circuits then being equal to the number of bars, i.e. m, = N,. We will see
later on why this representation of a rotor cage makes sense.

In a first step, we will assume each electrical circuit to be independent, i.e. the voltage at the
terminals of stator circuit number m € [0, ms — 1], usy (or the voltage at the terminals of rotor
circuit number n € [0, m, — 1], uy,) can be impressed freely. The current flowing through each
circuit is an independent variable as well. Fig. 2.1 shows a schematic of a stator (resp. rotor) circuit
for this virtual machine configuration.

[ /7'/1

_;H_|:

N
o N

@

Rsm
Usm dwsm Uypn ddjrn
dt dt
(a) stator circuit m € [0, my — 1] (b) rotor circuit n € [0, m, — 1]

Figure 2.1: Schematics of the electrical circuits considered in the model

This approach allows us to derive the model of a virtual machine configuration with the same geometric
and magnetic properties as the real machine but without electrical constraints. The subsequent
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determination of the equations describing the behaviour of the real machine is straightforward using
the interconnection transformation defined by Kron in [38, pp. 230-232]. This technique is particularly
convenient as the relations between currents and flux linkages can be determined based exclusively on
the machine geometry. The model of the virtual configuration forms the basis for a given geometry
and is then adapted to account for the specific characteristics of the machine under investigation.

2.2 Model of the virtual machine without circuit interconnections

2.2.1 Electrical equations

We start by setting up the equations describing the electrical behaviour of stator and rotor circuits
without interconnections. Table 2.1 provides an overview of the quantities involved.

Symbol Meaning

Voltage at the terminals of stator circuit m € [0, mgs — 1]

Usm

Urn Voltage at the terminals of rotor circuit n € [0, m, — 1]
Tsm Current flowing through stator circuit m

Irn Current flowing through rotor circuit n

Ysm Flux linkage of stator circuit m

Vrn Flux linkage of rotor circuit n

R Resistance of stator circuit m

R Resistance of rotor circuit n

Table 2.1: Overview of the electrical quantities used in the model

Applying Kirchhoff’s second law to stator circuit number m yields the following differential equation:

d
Vm € [0, ms — 1], Usm = Rsmism + ﬁtm (2.1)
Similarly, the voltage at the terminals of rotor circuit n is:
d
Vi € [0, mr — 1], trn = Ronin + ﬁt" (2.2)
Introducing the vectors:
- T . T
Us = [USO o Usm usmsfl] Uyr = [UTO v Upp urmrfl]
- . . . T - . . . T
s = [150 v lsm 'Lsms—l] by = [ZTO E 70 A lrmr—l]
> T > T
s = [¢30 o Ysmo oo ¢sms—1] U = [1/)7»0 o Yy e wrmr—l]
as well as the stator and rotor resistance matrices:
Ry 0 Rro 0
Rs = 0 - ;o Re= 0 '
Rsm5—1 R'f'm'r_l
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2.2. MODEL OF THE VIRTUAL MACHINE WITHOUT CIRCUIT INTERCONNECTIONS

leads to the systems of differential equations:

—

- d
stator voltage: s = Rgis + quis (2.3a)
. - = dJr
rotor voltage: Uy = Rypty + v (2.3b)
Using the definitions:
_, = 11T - - >71 7T = - —
u:[u;r u:] ; ZZ[ZST ZrT] ; q’:[ibg er] )
Rs O
R =
0 R,
eq. (2.3a) and (2.3b) can be combined into one:
. dU
u=Ri+ — 2.4
i i+ (2.4)

The differential system (2.4) describes the electrical behaviour of the virtual machine configuration
without interconnections. A relation between the current and flux vectors as well as an expression
of the electromechanical torque need to be found. This step requires the machine geometry and its
magnetic properties to be taken into account and will be discussed next.

2.2.2 Relation between currents and flux linkages

Air-gap flux density distribution

Figure 2.2: Definition of stator and rotor air-gap coordinates as well as rotor angle

A basic model of magnetic processes is derived using the winding function approach. According to the
hypotheses formulated in section 2.1.1, the magnetomotive force (MMF) O as well as the air-gap field
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2.2.2. RELATION BETWEEN CURRENTS AND FLUX LINKAGES

H and flux density B depend only on the position along the air-gap. In addition, H and B exhibit
only a radial component, denoted by H and B respectively.

We introduce the stator (and rotor) normalized air-gap coordinate s (7, resp.) according to fig. 2.2
and with values in the interval [0, 27]. Note that s and -, are positive when moving clockwise from
their respective origin.

The schematic of the machine cross section in fig. 2.2 shows the case of one stator and one rotor coil
as an example. In order to illustrate the concept of electrical circuit introduced in section 2.1.2, we
assume that the red coil centred on the origin of the stator air-gap coordinate s has Wg turns and is
the geometric equivalent of stator circuit number 0. We assign to this circuit the conductor distribution
function Wy depicted in fig. 2.3 which represents the turn number of the coil as a continuous function
of the coordinate v;. Wyg is equal to Wg on the coil axis and decreases linearly to 0 when moving past
the coil side towards m. Such a conductor distribution function therefore assumes a constant current
density within the slots in which the coil sides are located.

PP U P S

WSO(’VS)A
Ws
- 0 7'r 7
Figure 2.3: Example of conductor distribution function for stator circuit 0
U U U U U U u Ty U U U u U uu
WTO('YT)A
1
—_— - |_>
-7 0 s Yr

Figure 2.4: Conductor distribution function of rotor circuit 0

Similarly, the orange coil centred on the origin of the rotor air-gap coordinate ~, in fig. 2.2 corresponds
to rotor circuit 0. The conductor distribution function assigned to this circuit, W,q, is shown in fig. 2.4.
As we will see in section 2.3.4, this particular shape for Wy, with a maximum Wg = 1, is used for
modelling a section of a rotor cage consisting of two consecutive bars and the end ring segments joining
them. Notice that the shape of W,q also suggests that the current density distribution is non-zero
outside the relevant slots. This provides a basic way of accounting for the rotor skew.
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2.2. MODEL OF THE VIRTUAL MACHINE WITHOUT CIRCUIT INTERCONNECTIONS

Remark:

The conductor distribution function is generally referred to as ‘turn function’ in the literature, such as
in [43]. We prefer the former terminology as it avoids confusion, given that the corresponding function
can also have non-integer or negative values (see for instance fig. A.8).

Figure 2.5: Integration path for determining the air-gap flux density generated by a circuit at a
given instant

Following the above examples, we assign to each stator circuit m € [0, ms; — 1] (and each rotor circuit
n € [0, m, — 1]) the conductor distribution function Ws,, (W,,, resp.). For a given magnetic state of
the machine and a given rotor angle 6,., the air-gap field Hg,, produced by current i, flowing through
stator circuit number m is determined using Ampere’s law [43]:

Oum (1) = Wam (1) ism = 7({ Fa - AT’ = Hopn (1)5(7, 1) — Ham (0)5(7, 0) (2.5)

where Oy, represents the MMF distribution generated by current i, and d the air-gap length function.
Owing to the considerations in section 2.1.1, the shape of 4 depends on the saturation state of the
machine, i.e. on the total current vector, g, and on the rotor angle due to the relative position of stator
and rotor slots as well as possible rotor eccentricity.

From (2.5) follows:

Hsm(’)/s) = 5(;77) [@sm(%) + Hsm(o)d(;a 0)] (2'6)

In order to determine the value of the term Hg,,(0)d(0), we use the condition

ﬁﬁ-d§:0 (2.7)
S

and integrate on the surface S of a cylinder of radius equal to the air-gap mean radius r and length
corresponding to the lamination stack length [, which leads to

2
rel- / /J'OHsm(’Ys) des =0
0
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2.2.2. RELATION BETWEEN CURRENTS AND FLUX LINKAGES

2 1 .
— / O (3) + Hon(0)5, 0)] dyy = 0 (2.8)
0 5(’% ’78)
From the above relation follows:
2m
/ ?S:ﬂ(’ys) d/)/s
Hom(0)6(7, 0) = =22 _ <Z’1%) (2.9)
/ =— dvs
0 6(i,7s)
Consequently, the flux density distribution B, generated by current isp, is
2m Wsm(ﬁ)/s) d
' 66, 7s)
1o tsm 0 s Vs
BSTH(’YS) = sm( s) - (210)

8(i, s S
(i) [
0 6(7'a 78)
Remark:

The term in square brackets in relation (2.10) is called ‘winding function’ of circuit m (see [}3]).

For a specific rotor position and magnetic state of the machine, assumption 2 in section 2.1 allows to
make use of the superposition principle, as the magnetic state is entirely defined by the air-gap length
function §. Thus, the total air-gap flux density B generated by all the currents flowing through the

stator and rotor circuits is:
ms—1 my—1

B(ys) = Y Bam(ys)+ > Bin(7s) (2.11)
m=0 n=0

where B!, denotes the contribution of rotor circuit n to the air-gap flux density as a function of the
stator coordinate ~s.

Flux linkage of a single circuit

The main flux linkage of a coil is the surface integral of the air-gap flux density distribution over the
area spanned by the coil multiplied by the number of turns. In the case of a circuit, we can take
advantage of the conductor distribution function to account for the number of turns and integrate
over an interval of 27 since the conductor distribution function is zero outside the area spanned by

the coils associated with the circuit. Thus, the main flux linking stator circuit m is:
2

Gom =1-1- [ Wan(06) B3 (2.12)

Similarly, the main flux linkage of rotor circuit n is given by the relation:
2

Jrn =r-l- o Wrn(%‘)B/(’W) dyr (2.13)

where B’ represents the air-gap flux density distribution as a function of the rotor coordinate ;.

Relation between current and flux linkage vectors

Relations (2.12) and (2.13) allow to determine the components of the main flux vector, ¥, defined as
follows:

—

= - - - - - ~ T
V=0 = om0 Demet B0 G D] (2.14)
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2.2. MODEL OF THE VIRTUAL MACHINE WITHOUT CIRCUIT INTERCONNECTIONS

Assuming that small variations of the currents around the operating point do not influence the mag-
netic state of the machine and that the leakage flux of a circuit does not link with others, we in-
troduce the leakage inductances Ly, of stator circuit m € [0, ms — 1] and Ly, of rotor circuit

n € [0, my — 1]. Thus, the total flux linkage vector, \17, is the sum of ¥ and the leakage flux vector,
U,: . B

U=U+U,=V+L,i (2.15)
where L, = diag[Lss0 ... Losm --- Losme—1, Loro -+ Lorn ..  Lorm,—1].

Using the above relations, the Jacobian matrix O / 8;, i.e. the differential inductance matrix, can
be determined for the considered operating point. We denote the differential inductance matrix by
L(i, 6,) and obtain the subsequent relation between the current and flux linkage vectors:

U =L(i, 0,)7 (2.16)
Owing to the reciprocity property of magnetically coupled circuits, L(Z, 6,) is symmetric. Moreover,

S -
since the quadratic form %z L(z, 6,)i represents the instantaneous value of magnetic energy stored
in the field generated by the electrical circuits, L(;, 0,) is positive definite. It is therefore invertible,
which yields:

—

i, 6,) =L~ YT, 6,)¥ (2.17)

Relations (2.16) and (2.17) constitute a simplified model of the magnetic and geometric properties of
the machine.

2.2.3 Mechanical equations

The electromechanical torque Mp; produced by the machine can be derived from an energy balance
equation applied to the magnetic field coupling the different electrical circuits [51]. This approach leads
to the subsequent expression given the above hypothesis of magnetic linearity (refer to appendix A.2.1
for a detailed proof):

1.1 0¥
My =i 2.1
M=5" 5, (2.18)
The rotor angular velocity, w,., is determined by the following equation:
dw, 1
=— (M —-C - M 2.19
a0~ 7y M= Cwer = M) (2.19)

where Cyy denotes the coefficient of friction and My, the external load torque. The rotor angle 6, is
obtained by integrating the angular velocity.

2.2.4 State-space equations of the model without interconnections

The components of \I_}, the rotor angular velocity w, and the rotor angle 6, are chosen as state variables.
Combining equations (2.4), (2.17), (2.18) and (2.19) leads to the subsequent state-space model of the
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machine:

[ av L
T RLY(T, 6,)¥ (2.20a)
dw 1|1 L AT Ov
LA | PR 17] [t . — M 2.2
at T 2{ ( ’9)} gg, ~ Cwer =M (2:200)
d(i’" = wy (2.20c)

The model dimension is ms + m, + 2. It can already be seen from the form of the equations that
the implementation of the model in a simulation will require the inverse of the differential inductance
matrix L™! to be calculated at each time step. This is not of particular concern as L is symmetric
positive definite. Consequently, there exists a unique upper triangular matrix A with strictly positive
diagonal elements such that: .
L= _ATa (2.21)
0i
The factorization (2.21) is known as Cholesky decomposition. It enables a more efficient way of
computing L~! than general methods of solving linear systems of equations [52, p. 96].

2.3 Accounting for electrical connections between circuits

2.3.1 Impact of electrical connections on the model

The considerations so far have focused exclusively on geometric and magnetic aspects and assumed
that the currents flowing through the electric circuits as well as the voltage at their terminals were
independent. However, in order to obtain a valid model, the circuits must be interconnected to
account for the actual arrangement of electric conductors existing in a real machine. For example,
stator windings are typically connected in star or delta, while rotor windings might be short-circuited
(as are the conductors of a rotor cage).

The interconnection process will introduce constraints between the electrical quantities associated with
each circuit, expressed by Kirchhoff’s laws. Therefore, the mgs + m, components of the current vector
i are not independent. Neither are the components of # which can therefore not easily be used as
model inputs in general. For these reasons, the previous method which led to the differential system
(2.20) is not applicable without performing a change of variables.

In available literature references, the crucial step of selecting appropriate variables is either performed
empirically using an application specific approach, as in [24, 42, 53], or not addressed explicitly (see
for example [49, 54-56]). In contrast, we will use the systematic method of electrical circuit analysis
developed by Kron [38, pp. 230-232].

2.3.2 Definition of new electrical variables

Interconnecting the circuits introduced in section 2.2.1 to build a network representing a specific
winding configuration results in a set of constraints between the components of the current vector i
These constraints are obtained by applying Kirchhoff’s first law, an operation which can be described
mathematically by a vector-matrix relation:

i=C7 (2.22)
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2.3. ACCOUNTING FOR ELECTRICAL CONNECTIONS BETWEEN CIRCUITS

in which the original or old current vector iis expressed as the product of a rectangular interconnection
matriz C and a new vector 7. The components of i represent the independent currents in the network
of interconnected circuits and will be referred to as new currents. C has mgs+m, rows and m’ < mgs+m,
columns while its rank is equal to m’. Eq. (2.22) enables to compute the set of old currents required
in the above magnetic and geometric analysis using the new independent currents.

The definition of a new voltage vector is achieved using the expression of the electric power of the
network [38, p. 231] which is given by:
P,=a'i (2.23)

Combining (2.22) and (2.23) leads to:
. T
Py =d CP = [a’Tci’] —7TCTq

_ i/Tﬁ/ _ ﬁ/Ti/

where
i =C'a (2.24)

The processes described by (2.22) and (2.24) constitute a change of variables. As in general
rank(C) < mgs + m,,

C is not invertible and i’ cannot be calculated from Zby means of (2.22). Conversely, it is not possible
to determine @ from @' using (2.24). Such operations are, however, not necessary to establish the
model of the machine with interconnected circuits, as we will see later on.

For the sake of clarity, it is often useful to handle stator and rotor circuits separately. Following the
foregoing procedure, the vectors Z; and o, of independent stator currents and voltages are introduced
alongside a stator interconnection submatrix Cs. Cg has mg rows and m/, columns with m/ < m.
Similarly, Z’T, u,. and C, are used for describing interconnections on the rotor side, C, being an m, x m/.
matrix with m/. < m,. In such case, (2.22) and (2.24) become:

— -, —,

Lo s Cs o][d] A
i=|_| = =i =C|_ | =i (2.25a)
iy 0 Gy |3 i
and
i, cl o ||a,
i = = =C'a (2.25b)
i, 0 C/||a,

We will examine next how to make use of the above considerations to describe the practically relevant
case of star-connected stator windings as well as the one of squirrel cage rotors.

2.3.3 Example of star-connected windings

We consider a set of wg stator windings connected in star, each of them modelled using one circuit as
depicted in fig. 2.6. In this particular case, ms = w, stator circuits are necessary.

Applying Kirchhoft’s first law to the network in fig. 2.6, the current in circuit mg — 1, igp,—1, can be
expressed as a linear combination of the currents flowing through the others:

ms—2

lsmg—1 = — g Tsm

m=0

- 292 —



2.3.3. EXAMPLE OF STAR-CONNECTED WINDINGS

d%o

dt

US m

dqzbsms —1
dt

Figure 2.6: Schematic of star-connected stator electrical circuits

Thus, the vector of stator currents is can be written as follows:
. 1 .
150 ) 0 150

. 1 .
Lsms—1 1 ... 1 Lsms—2

Owing to the considerations in section 2.3.2, we introduce a new vector of independent stator currents,
i, and a stator interconnection matriz, Cg, as follows:

1
. .
ts0 250 0
i = = and Cs= 1|0
" . 1
Lsme—2 Lsms—2 -1 --- =1

The old vector of stator currents, fs, is expressed using the new one, Z’S
is = Cql, (2.26a)

Cs is a matrix of dimension mg x (ws — 1), while ¢, has the dimension wy — 1.

The new voltage vector i, corresponding to the star-connection is defined using relation (2.25b):
Uy 1 0 —L1|| wuso Us) — Usmy—1
dy=| ¢ | =Cgis= |y . L= : (2.26D)
W, —2 L =1 [usm,—1 Usp—2 — Usmg—1

i.e. (2.26b) refers the potential of the free terminals m € [0, ms — 2] to the one of terminal m, — 1.

It is important to remember that the number of stator circuits ms does not have to be equal to the
number of stator windings ws. In practice, a winding might for instance consist of a set of coil groups
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2.3. ACCOUNTING FOR ELECTRICAL CONNECTIONS BETWEEN CIRCUITS

connected in series, each of the latter being itself a series connection of coils. In this case, a circuit
could be defined as a coil or as a coil group. Depending on the situation, one alternative can appear
more convenient than the other when it comes to determining the flux linking a circuit to the others
using the method described in the previous sections. We will make use of this degree of freedom when
establishing the model of IM2 in section 3.7.1.

50,0 150,po—1 <2
Us0,0 . Us0,po T
i.s/.'.(') i.s/.;(/ /‘(s‘/,‘.p;, —1 \j:
I A - »w —
Usk,0 Usk,q Usk,pp—1 i
/‘s[’ur,‘fl]A(J ) jl
Us[w,—1],0 - us[u,',,»fl].pws,l -1
dwsk,q
R dt
—— ] >
Usk,q o Usk,q

Figure 2.7: Star-connected windings modelled as a set of circuits connected in series

Fig. 2.7 illustrates the concept of modelling each of the w; star-connected stator windings of a machine
as a set of circuits. Let winding number k € [0, ws — 1] be the series connection of py € N* circuits.

The total number of circuits to be used in the model is therefore:
ws—1

mg = Z Dk
k=0

The application of Kirchhoff’s first law to the circuits of winding & yields:
Vq € [[Oa Pk — 1]]7 2‘sk,q = isk

Tk = [iako - dskpo1] = [1 ... 1] ig = Cacily,

where i, represents the current flowing through winding k£ and Cgi the related py x 1 interconnection
matrix.

Owing to relation (2.24), the voltage at the terminals of winding number &, u., is
T
uly, = C;—k [Usk’o . usk,pk—l]
which is equivalent to the result provided by Kirchhoff’s second law, i.e. the sum of the voltages at
the terminals of the py circuits.

Kirchoff’s current law applied to the star point again enables us to represent i;[ws_l] as a linear
combination of the current flowing through the other windings:

ws—2

-/ _ -/
Yslws—1] — Z sk
k=0
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2.3.4. MODELLING A SQUIRREL CAGE AS A SET OF INTERCONNECTED CIRCUITS

ws—2

- Zs[ws—l} = _Cs[ws—l] Z Z{sk
k=0

The vector fs, the components of which are the currents flowing through each single circuit, is expressed
as follows:

o N S o T
B _ .T B T .T
ls = [ZSO ER N AR sts—l]
r ws—2 T
— T 41 T 2 T -/
- CSOZSO e Cskzsk U Cswsfl Z Lok
L k=0
CSO —— -
0 tso
Csk : =
= 0 : = Cqi, (2.27)
Cs[ws—2} i
L”s[ws—2] ]
__CS[WS—].] ............. _CS[WS—].]_

Hence, splitting the windings into several circuits increases the number of rows, mg, of the intercon-
nection matrix Cg while its number of columns, m/, remains unchanged and equal to ws — 1 in case
of a star connection.

The approach developed in this section can straightforwardly be applied to machines with wound
rotors. It can also be easily extended to handle for instance winding configurations with multiple star
points.

2.3.4 Modelling a squirrel cage as a set of interconnected circuits

As the two machines investigated in this thesis feature a squirrel cage rotor, a modelling scheme for
the cage relying on the preceding considerations is to be discussed in detail.

A modelling strategy for rotor cages was proposed by Wallace and Wright in [57] and extensively used
in models based on the winding function approach (see for instance [23, 42, 54, 58]). It consists in
describing the cage as a set of magnetically coupled loops made of two consecutive bars and the end
ring segments joining them (see fig. 2.8). The magnetic flux through such a loop exhibits a main as
well as a leakage component. In order to take the latter into account, leakage inductances L, and L,
are assigned to each segment of end ring and each rotor bar respectively. The resistance of an end
ring segment is R, the one of a bar Rp.

Fig 2.9 presents the resulting electrical model of a cage with N, bars as network of 3N, circuits.
Applying Kirchhoff’s current law to each of the nodes Ay and By (k € [0, N, —1]) results in the
subsequent 2N, relations between the 3NV, currents:
e For k=0:
irl — iT[ZNr—l} - irO =0 (node Ao) (2.28&)

ir[2N,] — Ir[3N,—1] + @0 = 0 (node By) (2.28b)
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2.3. ACCOUNTING FOR ELECTRICAL CONNECTIONS BETWEEN CIRCUITS

Figure 2.8: Schematic of the rotor cage visualizing the definition of the rotor loops

N
2N, — 1

Y

U"r‘[?k] ur[Qk]

Figure 2.9: Model of the rotor cage as a set of 3N, electrical circuits

e For k € 1, N, —2]:

Grf2k1] — ir2k—1] — Gr2e) = 0 (node Ay) (2.28¢)
ir[3N,—k] F Gri2k] — iraN,—k-1) =0 (node By) (2.28d)
e For k=N, —1:
brfaN,—1] — ir2(N,—1)] — ir2n,—3] = 0 (node Ay, 1) (2.28e)
Ur[2N,+1) = Ur2N,) T ipy,—1)) = 0 (node By, 1) (2.28f)

The matrix associated with the above system of equations having rank 2/N,. — 1, the electric behaviour
of the network represented in fig. 2.9 can be fully determined using N, + 1 independent currents chosen
among the 3N,. Thus, we introduce a vector of independent currents

=

A Y ./ ./ Ny+1
zr_[zro cen U e ZrNT]GRT
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2.3.4. MODELLING A SQUIRREL CAGE AS A SET OF INTERCONNECTED CIRCUITS

where for all k € [0, N — 1], i}, = di,o541) and 7.y = i,on,]- Expressing the 3N, currents in the
network as linear combinations of the components of .. provides the relations:

. o -/
tr0 = b0 = [N -1
. i

ir1 = 1

. ./
Lr2N,] = N,

. y y (2.29)
/LT[Qk} = ’er. — Z’I‘[k‘—l]’ \V/k S [[1, NT — ].]]
brfok41] = by,
. o ./ ./
Lr[BN—k] = trN, — YN, —1] T Ue[k—1]
which enable the definition of an interconnection matrix C, such that:
ip = Cyi. (2.30a)
To be consistent with (2.24), a vector of independent voltages,
ﬁ{r = [u;“O . u;k . ’U,LNT] € RNT+1
is defined as follows:
i, = C, i, (2.30b)

In order to understand the meaning of the components of .., we make use of eq. (2.29) to derive the
form of the matrix C, whose columns relate the voltage at the terminals of each circuit in fig. 2.9 to
the components of .:

k-1 k Ny.—1 N,
0 1 0 v «ov v vocv 0 =1 01
| S 0 D P ¢
2% O --- 0 —-1 1 0 - - 0
Ci= 2% (O -~ O O 1 O - - 0 (2.31)
2N, [0 I 0 1
3N~k LO -~ O 1 O --- 0 -1 1 |

We can deduce from (2.31) that for & € [0, N, — 2], only four entries in column k of C, will be
different from 0, i.e. the entries in row 2k, 2k + 1 and 3N, — k — 1 will be equal to 1 and the one in
row 2k + 2 equal to —1. As the columns of C, correspond to the rows of C,, for k € [0, N, — 2],
the new voltage u) represents the sum of the voltages at the terminals of each circuit within loop &
in anticlockwise direction (see fig. 2.9). As a result, for k € [0, N, — 2], v}, = 0.

The coefficients of C, in column N, — 1 and row 0 as well as 2N, + 1 through 3Nr — 1 are equal to
—1 whereas the ones in row 2N, — 2 and 2N, — 1 are 1. Hence, the voltage u;[N_l] is the sum of
the voltages at the terminals of circuit number 2(N, — 1), 2N,, 0 and 2N, — 1 added in anticlockwise

direction. We have: u/ v,—1 = 0-

The entries in column number N, are 0 except for k € [2N,, 3N, — 1]. Thus, u/ w, is the sum of the
voltages at the terminals of circuit number 2N, through 3N, — 1 in anticlockwise direction and is also
equal to 0. As we assume no axial magnetic field in the machine, there is no main flux across the loop
formed by circuit 2N, through 3N, — 1. Furthermore, each of these circuits having the same resistance
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2.3. ACCOUNTING FOR ELECTRICAL CONNECTIONS BETWEEN CIRCUITS

and the same leakage inductance, there will be no current flowing through this loop, i.e. i/, N, = 0.

In this context, N, independent voltages and currents are sufficient to fully account for the electrical
behaviour of the network in fig. 2.9. This observation is consistent with [54]. We will therefore
substitute the squirrel cage for a set of N, coils having one turn and a pitch equal to the rotor slot
pitch. In all models considered from now on, each of these equivalent coils will be modelled as a
separate circuit. We will therefore use m, = N, rotor circuits, unless otherwise specified.

As our primary focus is on obtaining a model with a restricted number of parameters, we will assign
a resistance R, and a leakage inductance L, to each of the N, equivalent coils instead of using
distinct quantities for the cage bars on the one hand and end ring segments on the other. Although
being less accurate, this approach offers the possibility of determining the parameters of the N, rotor
circuits more easily. Nonetheless, the previous considerations clearly demonstrate that interconnection
matrices would make the use of bar and end ring segment quantities possible, if a more accurate cage
model is required for a particular application.

2.3.5 Equations of the machine model including circuit interconnections

The equations of the general model built in section 2.2 can easily be adapted to match the winding
configuration of a specific machine by means of an interconnection matrix C. Multiplying both sides
of the voltage equation (2.4) by the transpose of C and making use of relations (2.22) and (2.24), we
obtain:
. 4w
C'li=C'Ri+C'—
dt
dcTv

«— i =C'RC/ + "

(2.32)

We introduce a new flux linkage vector W’ as well as a new resistance matrix R’ for the model with
circuit interconnections as follows:

UV =Cc'y (2.33)
R = C'RC (2.34)
Note that the relation between U’ and ¥ is of the same nature as the one linking @ to @ and that R/

is not diagonal. The dimension of R’ is determined by the number of columns of C and is therefore
m' x m/.

Using the above notations, the voltage and torque equations holding for the model with interconnec-
tions are:

(2.35)

) 5 =5

T/
=i (2.36)

A comparison of (2.35) and (2.36) with (2.4) and (2.18) shows that the circuit interconnections do
not affect the form of the voltage and torque expressions.
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In the same manner, a relation between ¥ and 4’ is derived from the one between ¥ and i:

V'@, 0,)=CT¥(CP, 0,) (2.37)

Assuming a linear magnetic behaviour for small variations around the operating point as in section
2.2.2, (2.37) becomes:
(7, 0,)=C'L(i, 0,)Ci' =L/'(7, 0,)7 (2.38)

The Jacobian matrix of ¥/ with respect to f’, i.e. the differential inductance matrix in presence of
circuit interconnections, is:

oV’ = CT@;I’
o’ 0i

C (2.39)

The above results demonstrate that the process of interconnecting the electrical circuits in the model
does not alter the general form of its equations. The new flux and voltage vectors resulting from
the interconnection process are determined by pre-multiplying the corresponding old vectors in the
model without interconnections by CT. In contrast, the old current vector is computed by multiplying
the new one by C. The transformation of matrices involves a pre-multiplication by C'T as well as a
post-multiplication by C.

2.4 Continuous-time state-space model with interconnections

2.4.1 Inverting the differential inductance matrix

Recalling section 2.2.4, the continuous-time machine model without circuit interconnections involves
the inverse of the differential inductance matrix 0W/0i which can be determined using a Cholesky
decomposition, as in (2.21). Combining (2.39) and (2.21) provides the subsequent expression of the
differential inductance matrix for the model including circuit interconnections:
v’
- C'ATAC=(AC)"(AC) (2.40)
i

For all 7 € R™,
7T (AC)T(AC)Z = [ACT][ACT]

= ||acz|?

WV

0

which means that ¥’ /8;’ is symmetric positive semidefinite. o’ /B;’ is even positive definite as
rank(C) = m/ implies that for all # € R™ \ {0}, CZ # 0 and, A being invertible, ACZ # 0. Hence,
the interconnection of the electric circuits does not alter the positive definiteness of the differential
inductance matrix. Its remains invertible and its inverse and can still be calculated using a Cholesky
decomposition.
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2.5. DISCUSSION

2.4.2 State-space model with interconnected circuits

Under the assumptions formulated in section 2.1.1, the state-space model of the machine with inter-
connected circuits is described by the following set of equations:

3 L
ddT =d —R'L~YV, 0,)0 (2.41a)
dw, 1 |1 - LT v
b s ¥ )
do,
I dt :w,r (241C)

The components of the flux vector o’ , the rotor angular velocity as well as the rotor angle are the state
variables. The model has dimension m/, + m/. + 2 and forms the basis for all modelling considerations
to come. We will refer to it as geometric model, since the computation of the relation between currents
and flux linkages relies on geometric considerations.

2.5 Discussion

The procedure described in the present chapter was applied to the test machine IM1. Each of the
three star-connected stator windings was modelled using a specific circuit, i.e. ms; = ws = 3. This
leads to the stator interconnection matrix, Cs 11, having the form:

1 0

Comvi=1|0 1
-1 -1

while in this particular case, m, = 2. Hence, the vector @, (or 7,) has two components, u’, and u/,;
(i%y and 7, respectively). The benefits resulting from an appropriate choice for the number of circuits
in the model will be discussed in greater detail in section 3.7.

Owing to the considerations in section 2.3.4, m, = N, = 16 circuits are required to represent the rotor

cage. The rotor interconnection matrix, C, 1wz, is thus the identity matrix of dimension m,. Hence
/

m,. = N, = 16.

Consequently, the model represented by (2.41) has order 20. Its implementation requires the discret-
ization of the air-gap coordinates 75 and ~, to perform the flux computations (2.12) and (2.13).

Simulation results reported in [59] show that the model is principally able to generate the stator
current components arising from winding distribution, slotting, eccentricity and saturation effects.
However, the flux computations necessitate far too much time to be performed in real-time, even on a
powerful computer. In addition, the many parameters needed to account for each type of flux density
distribution harmonics and their difficult practical estimation make the model in its current form not
suitable for the targeted applications. For this reason, we will focus on developing a strategy to avoid
the discretization of the air-gap in the next chapter.
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Summary

The considerations in the present chapter laid the foundation for an extended model of the induction
machine taking into account the space harmonics present in the air-gap flux density distribution. The
approach adopted is based on the winding function theory and consists of two distinct steps. First, the
conductor arrangements on the stator and the rotor of the investigated machine are modelled as sets
of electrical circuits. We then assign a conductor distribution function to each circuit which represents
the geometric distribution of the conductors belonging to said circuit. This allows us to work out the
relation between currents and flux linkages in the virtual case where no interconnection exists between
the circuits.

In a second step, we connect the circuits to each other in order to correctly account for the actual
conductor configuration of the machine. This process is accomplished by means of interconnection
matrices and does not affect the positive definiteness of the inductance matrix which can be inverted
efficiently using a Cholesky decomposition.

The resulting geometric model was investigated in the case of IM1. Simulation results show its ability to
reproduce the additional stator current components arising from the flux density harmonics. However,
the necessary discretization of the air-gap coordinates in order to calculate the flux linkages makes the
model inappropriate for real-time applications. Hence, our next task consists in finding an alternative
method to determine these quantities.
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CHAPTER 3
MAGNETICALLY LINEAR GEOMETRIC MODEL

Overview of chapter

The winding function based model introduced previously relies on the discretization of the air-gap
coordinate to determine the magnetic flux through the electrical circuits. This time-consuming process
makes a real-time computation of the model impossible. The considerations in the present chapter
aim at overcoming this limitation by making use of the periodicity of air-gap quantities which can be
expressed as Fourier series.

The expressions of the flux linkages are gained from the Fourier coefficients of the conductor distribu-
tion functions as well as the ones of the air-gap flux density distribution using Parseval’s identity. As
the corresponding Fourier coefficients decrease rapidly with the order, only a few of them have to be
considered to achieve a fair approximation of the flux linkages.

Further simplification is obtained when assuming a linear magnetic behaviour and a constant air-
gap length, since the flux density distribution can then be expressed as a linear combination of the
conductor distribution functions. As a result, simple analytical approximations of the flux linkages can
be found. In a first step, we consider a configuration in which no electrical interconnection is present.
It is shown that, in this particular case, the resulting inductance matrix is symmetric positive definite.

Interconnections between electrical circuits on the stator as well as on the rotor side are taken into
consideration by means of interconnection matrices. New electrical quantities are introduced for the
system with interconnections. A continuous-time state-space model of the induction machine including
the effect of space harmonics arising from the conductor distribution is gained.

Finally, two strategies for discretizing the state-space equations are examined. On the one hand,
the continuous-time equations are solved using numerical methods. On the other, a zero-order hold
is assumed and the exponential of the system matrix is approximated by means of a power series
expansion. The two approaches are assessed experimentally with respect to their accuracy and com-
putational performance.
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3.1. IMPORTANT RESULTS ON FOURIER SERIES

3.1 Important results on Fourier series

This section provides a summary of results on Fourier series which will be instrumental in determining
computationally efficient approximations of the flux linkages. For the sake of brevity, detailed proofs
of theorems and propositions are omitted. The interested reader is invited to refer to the references
provided.

3.1.1 Properties of Fourier coefficients

Let Ea, be the set of 2w-periodic piecewise continuous functions from R to C.

The transformation
I': Fop X By — C

2
(f, 9) — % i FMg(v)dy
is a positive Hermitian form on the C-vector space Foa.
For h € Z, we define:
e, :R—C
v &M

Vh € Z,e, € Ear and T'(ep, e) = 1. For (hg, h1) € Z? such that hg # hy, T(ep,, en,) = 0. As a
result, the list (ep)nez is orthonormal and linearly independent.

Definition 1: Fourier coefficients
For f € Eor and h € Z, we denote

1 2w »
en(f) =Tlen, f) = 5= [ 1) dy
T Jo
Definition 2: Fourier partial sum
For f € Eor and N € N, we define N
Sn(F) =Y cnl(f)en
h=—N

Proposition 1: Results on Fourier coefficients
For (f. g) € E3,, for h € Z,

1.) Let X € C. ¢,(f + Ag) = en(f) + Aen(9)

2.) Yy eR, g(v) = f(=7) = cn(g) = c-n(/)
In particular, if f is even, c_p(f) = cn(f). If f is odd, c_p(f) = —cn(f)

3.) Let v € R. -
Vv €R, g(7) = f(v+)] = cnlg) = e"0cy(f)

4.) If f is real-valued, c_p(f) = cp(f)

Proof. The above results follow directly from definition 1. O
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3.1.2. CONVERGENCE CONSIDERATIONS

3.1.2 Convergence considerations

Theorem 2: Dirichlet conditions
If f € Foy is piecewise continuously differentiable and 2w-periodic, then

N
. 1
— Jhy - ; _
Yy ER, Sn(£)(7) h_Z_NCh<f>e or 2 [ plm O A+ F (- A)]
In particular, if f is continuous at a point vo € R, Sn(f)(70) ﬁ f(v)
—+00

A proof of the Dirichlet conditions of convergence of the Fourier partial sum can be found in [60].

The functions describing air-gap quantities satisfy the Dirichlet conditions. Their Fourier series repres-
entation therefore exists. Owing to the modelling assumptions made, the current density distribution
is the only quantity exhibiting discontinuities. In contrast, conductor distribution and slot profile
functions as well as MMF and flux density distributions are assumed to be continuous on the inter-
val [0, 27]. For this reason, we examine in the following section a few more instrumental properties
applying to continuous 27-periodic functions.

3.1.3 Parseval’s identity

Let Cy; be the set of 27-periodic continuous functions from R to C.

The map
<|> 1 Con X Con — C
27

(Fo9)— (o) = 3= [ ety

is a Hermitian inner product on Ca,. The norm associated to (-|-) is
Il : Cor — RY

1 2m 9
f = Iflly = VAT = \/2/0 ) dy

Let F be the vector subspace of CZ consisting of the sequences (up)nez such that the partial sum
p g q

N
Z lup|? converges. The map
h=—N
xX:FxF—C
400
((wn), (va)) — x((un), (vn)) = > Tpvn
h=—o00

is a Hermitian inner product on F. The corresponding norm is denoted

N:F—R"
“+o0o
(u) — N ((un)) = v/x((un), (wn)) = > |upl
h=—oc0

We introduce the linear map

¢: (027” H”Q) — (f7 N)
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3.2. GENERAL EXPRESSIONS OF FLUX LINKAGES USING FOURIER COEFFICIENTS

2 )
P (ath) =5 [ fe0e )
T Jo heZ
Theorem 3: Parseval’s identity
Vf€Con,  IIFI3 =N
1 21 +oo
= gn [ HOFdy= 2 len(NF (3.1)
h=—o00
Corollary: V(f, g) € C3,
(flg) = x(¢(f),<(9))
1 2 too
o ), T dy= > en(fenly) (3.2)
h=—o00

Proof. Use the polarization identity on the inner product space (Car, ||-||,) and the fact that ¢ is a
norm-preserving map. O

From eq. (3.2) and Proposition 1.4 follows that if f is a real-valued function, i.e. f = f,

+o00
2177 f( Jg(dy = D" cn(f)enlg) (3.3)
h=—oc0

3.2 General expressions of flux linkages using Fourier coefficients

Owing to relation (2.12), the magnetic flux linking stator circuit m € [0, ms — 1] with the others (i.e.
the main flux) is gained by integrating the product of the conductor distribution function Ws,, and
the air-gap flux density distribution over the whole air-gap circumference:

. 27
Yom =11 ) Wem (7s) B(7s) dvs (3.4)
Wsm and B being real-valued functions, relation (3.3) leads to:
1 2w +oo
o_ sm\'Vs s s = — sm B .
om | Wam(1:)B(3s) dy h_zooc n(Wam)n(B) (3.5)

Hence, the main flux of circuit m can be rewritten involving the Fourier coefficients of Ws,, and B
rather than an integral with respect to the stator air-gap coordinate:
2 +o0o

Ysm =71 | Wan(3:)B(ys) dys =270l > c_p(Wam)en(B) (3.6)

0 h=—o00

Since B does not have a DC component, ¢o(B) = 0, which leads to:
—1

Jsm = 27”4[[ Z th( sm Ch +ZC r(Wam Ch )

h=—o00

= 27rl Z Ch sm C h ) + C—h(Wsm)Ch(B)]
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+oo
=271y [ch(Wsm)ch(B) n ch(Wsm)ch(B)]
h=1

+oo
= 4mrl Y Relon(Wam)e_p(B)] (3.7)
h=1

Similarly, the magnetic flux linking rotor circuit n € [0, m, — 1] with the others is:

. 2m +oo
wrno =7l Wrn('yr)B/(’Yr) d’)/r = 2mrl Z C—h(Wrn)Ch(B/)
0 h=—00
+oo
= 4mrl Y Re[cn(Wrn)c_n(B')] (3.8)
h=1

where B’ represents the total main flux density distribution as a function of the rotor air-gap coordinate
~r. Eq. (3.7) and (3.8) do not impose any particular restriction on the flux density distribution apart
from the fact that the functions B and B’ should not have discontinuities on the interval [0, 27].

The two equations show that a space harmonic of order h may have an effect on the flux linkage only
if the considered conductor distribution function has a coefficient of order h. Thus, even if the air-gap
flux density displays space harmonics other than the ones arising from the conductor distribution,
for instance as a result of saturation or eccentricity, they will not have an impact on flux linkages.
Eq. (3.7) and (3.8) are the mathematical justification of the fact that waves with different numbers
of pole pairs do not interact with each other (see for instance the assumption of Kron’s modelling
approach in [1, chapt. 10]). In particular, the two above relations explain the existence of conditions
for PSHs to appear in an induction machine (cf. section 1.2).

In order to avoid confusion with time harmonics which refer to the harmonics present in the waveforms
of quantities such as currents, torque and angular velocity with respect to time, we will use the term
wavelengths to denote the space harmonics which appear in the distribution of air-gap quantities.
Hence, the space harmonic of order h will also be called wavelength of order h or simply wavelength
h to emphasize the distributed character of the considered quantity.

3.3 Necessity of simplifying assumptions

Relations (3.7) and (3.8) are potentially interesting for the computation of the flux linkages if the
Fourier coefficients of the conductor distribution functions and the ones of the flux density distribution
are known.

Stator conductor distribution functions being time-invariant, their Fourier expansion can be determ-
ined without much effort during the model initialization procedure. The same applies to the conductor
distribution functions of rotor circuits which can be precomputed for a specific rotor position when
the model is being initialized. The phase-shift property (see Proposition 1.3) enables us to efficiently
recover the Fourier coefficients for any rotor position.

The flux density distribution, however, not only depends on the conductor distribution functions but
also on the stator and rotor slot profile as well as saturation distributions. As the latter change with
the rotor angle, their Fourier coefficients cannot be precomputed and must be calculated during model
execution. This time-consuming task does not offer any benefit in comparison to a direct integration
with respect to the air-gap variables.
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3.4. FLUX LINKAGE EXPRESSIONS INCLUDING THE EFFECT OF CONDUCTOR DISTRIBUTION
HARMONICS

Bearing in mind that the fundamental objective of the modelling approach is the derivation of a
real-time compliant model, we decide to focus exclusively on the influence of conductor distribution
harmonics. For this reason, the following additional assumptions will apply to the rest of the document:

1.) The air-gap has a constant length. As a result, the influence of stator and rotor slots on magnetic
paths is not taken into account. Neither is magnetic saturation;

2.) the winding arrangements on the stator and the rotor are symmetric over the air-gap circumfer-
ence. This also applies to the conductors of rotor cages.

We will demonstrate in the following sections that these hypotheses are instrumental in finding com-
putationally efficient approximations of the flux linkages which will allow the design of a real-time
compliant model.

3.4 Flux linkage expressions including the effect of conductor dis-
tribution harmonics

3.4.1 Stator air-gap flux density

Assuming a current is9 flowing through stator circuit number 0, the following relations hold between
the conductor distribution function of stator circuit 0, Wy, the resulting MMF, O, and the radial flux
density distribution, By, when these quantities are expressed as functions of the geometric coordinate

Vs:

Os0 = is0 - [Wso — co(Wso)] (3.9)
Bo =50, =£0 iy (Wso — co(Wso)] (3.10)
do do
As a result, for all h € Z*, the Fourier coefficients of ©4 and By can be related to the ones of Wyg:
Ch(@SO) =0 - Ch(WSO) (311)
Ko .
cn(Bso) = 5, 0 cn(Wso) (3.12)

Making use of the symmetric arrangement of stator windings, we define stator circuit m € [0, ms — 1]
so that its conductor distribution function, Wy, is equal to the one of circuit 0 shifted by an angle
Vs0,m (see fig. 3.1):

V'Ys S R’ Wsm(’}/s) = WSO(’YS + Vso,m)

Following Prop. 1.3, the Fourier coefficients of the distributed quantities of a circuit m € [0, ms — 1]
are given by the subsequent relations:

VheZ, c,(Wen)=es0me (W) (3.13)
VheZ*, cn(Owm)=ism - ch(Wem) = isme?M750m ey, (W) (3.14)
Ho

and cp(Bgm) = -ismejh%“*mch(Wso) (3.15)

do
Owing to the hypothesis of magnetic linearity, the total radial air-gap flux density component origin-

ating from stator currents is the sum of the contributions of each stator circuit:

ms—1

Bi(vs) = Y Bem(7s) (3.16)
m=0
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3.4.1. STATOR AIR-GAP FLUX DENSITY

10 11 12 ;13 14 15 16 17 18 1 2 3 4 5 6

’\/5(), m Wsm (75)A

]~

0 T

—T

Figure 3.1: Definition of the phase shift angle between stator circuit m and 0, vs0,m

The Fourier coefficients of B, result from Prop. 1.1 and can be related to the ones of W:

ms—1
Ch(BS) = Z Ch(Bsm)
m=0
ms—1 '
VheZ, cn(Bs) = ?Ch(Wso) S dgmedhon
0
m=0
co(Bs) =0

Consequently, the air-gap flux density wave produced by stator currents, expressed as a function of

the stator air-gap coordinate ~s, is described by the equation:
+00

Bs(vs) = Z Ch(BS)ejh%

h=—c

+oo L ms—1
I L
— § : eIhvs 5 E : ism€ M50 e (W) (3.17)

h=—occ m=0

Considering the relationship between stator and rotor air-gap coordinates as illustrated in fig. 3.2,
(3.18)

75:'7r_0r
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3.4. FLUX LINKAGE EXPRESSIONS INCLUDING THE EFFECT OF CONDUCTOR DISTRIBUTION
HARMONICS

I Do Ferw )

0 11 12 13 14 15 16 17 18 1 2 3 4 5 6 7 8 9

WSO(’YS)A
—1/2 0 /2 >
“.

—r/2 ol /2 >

Figure 3.2: Definition of stator and rotor air-gap coordinates, exemplified for the case of IM1

the expression of the stator flux density wave as a function of the rotor air-gap coordinate ~,, denoted
B, is:
B (v) = Bs(vs) = Bs(vr — 0r)

+oo
— Z cn(Bs)er=0r)

h=—o00

+oo
= > cu(By)e i

h=—00

ms—1

= 3 IEE N MO0 (W) (3.19)
hez* 0 m=0

3.4.2 Rotor air-gap flux density

The Fourier coefficients related to the distributed quantities of rotor circuit n € [0, m, — 1] are derived
similarly to section 3.4.1. In case the distributed quantities are expressed as functions of the air-gap
coordinate ~,, the following relations result:

VheZ, cp(We)=eMrmone (W) (3.20)
VheZ cn(Om)=rim  ch(Wpn) = imme?m0m e, (W) (3.21)
Fo

and  cp(Bp) = <A edron cn(Who) (3.22)

do

where 7,0, represents the shift angle between the conductor distribution functions W,,, and W;g.
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3.4.3. TOTAL AIR-GAP FLUX DENSITY DISTRIBUTION

As a consequence of the superposition principle, the total radial air-gap flux density generated by
currents flowing through rotor circuits is

mye—1
BT(’W) = Z Brn(')’r) (3.23)
n=0
and its Fourier coefficients are:
my—1 [ my—1 '
Ch(BT) = Z Ch(Brn) = ?Sch(WTO) Z irneﬂwro’n (324)

Therefore, the air-gap flux density component resulting from rotor currents has the following Fourier

representation:
+o0

Biw)= 3 en(B)e*r

h=—00

my—1

-y ejh%? 3" ey (Wio) (3.25)
heZ* 0 =0

The same quantity expressed as function of the stator air-gap coordinate is referred to as BJ and
satisfies the relation:

B,.(vs) = By() = Br(7s + 0;)

“+o0o
= Z Ch(Br)ejh(’y?+9T)

h=—o0

my—1

_ Z ejh’)’s? Z @700 H00) 0 (W0 (3.26)
hez* 0 n=o

3.4.3 Total air-gap flux density distribution

The assumption of magnetic linearity allows to sum the contributions of stator and rotor circuits to
obtain the overall air-gap flux density distribution at a given time instant. These two contributions
have to be expressed using the same coordinate, i.e. vs or ;.

Hence, the total air-gap flux density wave, B, has the following form in stator coordinates:
B(’)/S) = BS(’YS) + B;(VS) = Bs(f)/s) + Br(')/s + 97")

ms—1 my—1
= Z Bsm(’)/s) + Z Brn(’)/s + 97")
m=0 n=0
ms—1 [ my—1 [
?Oismwsm (75) + Z ?Oirnwrn('}/s + 97“)
m=0 0 n=0 0
ms—1 [ my—1 "
= Z ?sismws()('}/s + ’Ys(],m) + Z FsirnWrO (’}/s + 07" + 'YTO,n)
m=0 n=0

The Fourier coefficients of B are computed using the ones of the conductor distribution functions Wy
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3.4. FLUX LINKAGE EXPRESSIONS INCLUDING THE EFFECT OF CONDUCTOR DISTRIBUTION
HARMONICS

and W,q:
ms—1 ) ] my—1 )
VheZr, cp(B) = % Z ismejmso’mch(Wso) + %((])e]her Z irnejh'Yv»O,nch(Wro) (3.27)
n=0

In the same manner, the results obtained in the previous section enable us to work out the expression of
the total air-gap flux density distribution in rotor coordinates, B’, based on the conductor distribution
functions of stator and rotor circuit number O:

B,('Yr) = By(w) + B;('Yr) = By(v) + Bs(vr — 6r)

my—1 ms—1
= Z Brn Yr + Z Bsm (’Yr 07’)
m=0
my—1 [ ms—1 [
0 0
= Z ?Zrnwrn<’)’r) + Z 5 ZsmWsm(7 97")
n=0 0 m=0
my—1 1 ms—1 [
= Z ?siTnWTO (7r + '}’TO,n) + 5(()) ZsmWSO( - 9 + Vs0, m)
0 m=0

Consequently, the Fourier coefficient of order h € Z* of B’ is:

m’!‘]- ms—1

B') Z zmejhwo"ch(Wro) NO e Ih0r Z 1s ejh%o*”ch(Wso) (3.28)
m=0

As we will see in the upcoming sections, relations (3.27) and (3.28) provide the information necessary
to calculate flux linkages based on (3.7) and (3.8).

3.4.4 Contribution of a specific wavelength to the main flux

Flux through stator circuits

For h € N*, we consider the contribution of the wavelength of order h to the main flux through a
specific stator circuit mg € [0, mg — 1]}, Y¥gmq, n, defined in accordance with relation (3.7):

Dsmo, h = AmrIRe[cr(Wimg )e—n(B)] (3.29)

The results listed in Prop. 2 in combination with eq. (3.27) allow us to express Jsmo, n using the Fourier
coefficients of W49 and W,y only:

Ch(Wsmo)C—h(B) = ejh’yso,mo Ch(Wso)C,h(B)

ms—1
_ Mo jn Z C o jhys
5 e] 7Ys0, mOCh(WSO) Tsme J ’YbO,mC_h(WSO)
0 m=0
my—1
+ eijhoT E irne’JhWO»”c,h(Wro)
n=0
ms—1
— —\ch(W 0)‘ 2 o3hs0,mg § : Gsme —Jhvso,m
m=0
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3.4.4. CONTRIBUTION OF A SPECIFIC WAVELENGTH TO THE MAIN FLUX

my—1

%3Ch(Wso)c_h(Wro)ejh(%O»mo —or) Z ippe ITOm (3.30)

n=0

Let ¢so,n = arg [cn(Wso)], ¢ro,n = arg [ea(Wro)] and @ = ps0,n — ©ro, h-
ms—1
0 ; o
Ch(Wsmo)c—h(B) = /;0 ’Ch(WSO)Izejh%o’mO E 1sm¢€ Fhys0,m

m=0

my—1
+ %2|Ch(WsO)|‘Ch(WTO)|€jh(750’m070T)6j§0h Z irneijh%ﬂo’n
n=0

As a consequence:

ms—1
mz[ch(Wsmo)c—h(B)] = ?|Ch(Ws())|2m€ lejh’yso,mo Z ismejh’yso’m]
0

m=0

my—1
+%‘ch(W50)Hch(Wr0)’me lej[h(%o”"o_er)w’l] Z irnejhmﬁn]
0

n=0
where
) mgs—1 A mg—1 mg—1
Re [eﬂwso,mo Z isme_]h%o*m] = cos(h7s0,my) Z ism c08(hys0.m) + sin(hvYs0,mg) Z Gsm SIn(hyso m,)
m=0 m=0 m=0
ms—1
T .
cos(hs0,mq) Z tsm cOS(hYs0,m,)
— m=0
ms—1
Sin(h’YSO,mo) Z Z‘sm Sin(h'}’so,m)
m=0
and
my—1
me [ej[h('YSO,mOeT)+§0h] Z Z'Tne_jh"/ro,n]
n=0
my—1 my—1
= cos[h(Vs0,mo — Or) + @1 Z irn c0S(hyro n) + sin[h(vs0,me — Or) + ©nl Z irn SIN(hyro )
n=0 n=0
my—1
. T .
cos(¢p — hO,) sin(en — hb,) | [cos(hyso,me) Z irn cOS(hyron)
= %17.:—01
sin(pp, — hby)  cos(ep — hoy) Sin(thSO,mO) Z lrn Sin(h"yr(),n>
n=0
We define the subsequent matrices:
_ 1 - cos(hysom) -+ cos(RYs0,me—1)
TCsh = (3.31&)
_() cooosin(hvsom) -0 sin(hysome—1)
_ 1 ... cos(hyron) -+ cos(hvyrom,—1)
Torn = (3.31b)
_O wo-osin(hyron) -0 sin(hYrom,—1)
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3.4. FLUX LINKAGE EXPRESSIONS INCLUDING THE EFFECT OF CONDUCTOR DISTRIBUTION
HARMONICS

cosp —siny
Vo e R, T(p) = (3.31c)
sing cosgp

This enables us to express gy, using the stator and rotor current vectors, is and ,:

-
cos(hys0,mo )

Demo.h = 4ﬂrl%§16h(Wso)!2 Tcsnis
sin(hys0,m)
.
cos(hys0,mo )
+ 47rrl?|ch(Wso)Hch(Wro)| T(h6y — ¢n)Torhis (3.32)
0 sin(hys0,mg)

At this stage, it is convenient to introduce the stator and rotor main inductances as well as the coupling

inductance between stator and rotor circuits for the wavelength of order h, L 1, L, n, and Lpz, p:

Lon= 4ﬂrz?ych<wso)yz (3.33a)
0

L= 47rrl?|ch(Wro)\2 (3.33b)
0

Lain = 47rrl§—§|ch(Wso)Hch(Wro)| (3.33¢)

Using these notations, the expression of the main flux through stator circuit mg arising from the

wavelength of order h becomes:

-
cos(hys0,mp)

Jsmo,h = [Es,hTCs nis + Lo nT(hby — op)Tor hzr} (3.34)
sin(hys0,mg)

The vector of stator main flux linkage for wavelength of order h,
Tz;s,h = [Jso,h e Jsm,h e TZsmth}T
results directly from eq. (3.34):
{Zs,h = T&en [zs,hTCs nis + Lo ' T(h, — on)Ter hzr:|

= z&hTEShTCShZS + LM,thshT(her — @h)TCr hfr (3.35)

The main inductance matrix of the stator circuits, I~Jsh, and the coupling inductance matrix between
rotor and stator circuits, Lysn(6;), both associated with wavelength h, are defined as follows:

Lsn = zs,h'i‘(T;s hTCsh (3.36)
iersh(er) = LM,hTEShT(hHT - ‘Ph)TCrh (3'37)

Using these notations,
ws,h = Ls h;s + Lrsh(er);r (338)

Note that since ish is square and iSTh = ish, ish is symmetric.
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3.4.4. CONTRIBUTION OF A SPECIFIC WAVELENGTH TO THE MAIN FLUX

Flux through rotor circuits

The space harmonic of order h of the flux density distribution generates a flux through rotor circuit
no € [0, m, — 1] denoted 4, ;, and defined according to (3.8) as follows:

{Emo,h = 4mriRe [Ch(Wrno)cfh<B/)] (339)

Following the same considerations as for stator circuits,

myr—1

0 . i

Ch(WTnO)C,h(B/) 'l(;o ejh'm ”Och(Wro) Z lrn€ Jh’yro’ncfh(W'rU)
n=0
. ms—1 .
+ e]her Z ismefjh'YsO,mcih<WSO)
m=0
m,—l
7’6};{ Z Z n€ ]h ’YrOn Yro, "0)
) ms—1
+ ?‘Ch(WTO)"Ch(WSO)‘ej[h(’yro’nOJreT)ﬂph] Z isme_]h’yso’m (3'40)
0 m=0
As a result,
T
cos(hyro,n)
¢rn0 h = 471’7“[ 0 |Ch( )|2 TCr hir
Sin(h'YTOJIo )
T
cos(hys0,mg)
+ 47T7“l |Ch( TD)”Ch( 50)’ TT(hQT — SOh)TCshis (3.41)
sin(hys0,mq)

The vector of rotor main flux linkage for wavelength of order h,
= . - - T
w'r,h = |:wr0,h e ¢rn,h T wrmrfl,h]
follows directly from eq. (3.41) and the definitions (3.33):

Jr,h = Tgrh [Er,hTCr hzr + LM, hTT(her - Soh);sz h;s:|

g En hT—érhTCr h;r + iJIT& h(ar)zg (342)

Introducing the notations
Lenh = Lo 1 TéonTorn (3.43)
f‘srh(e ) Lrs h(e ) (3'44)

provides a compact expression for the vector of rotor main flux linkage arising from wavelength h:

1/}7“ h = rhlr + Lsrh(9 ) (345)
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3.4. FLUX LINKAGE EXPRESSIONS INCLUDING THE EFFECT OF CONDUCTOR DISTRIBUTION
HARMONICS

Inductance matrix associated with a specific wavelength

Depending on the context, it might be useful to merge eq. (3.38) and (3.45) together and define the
vector of main flux linkage associated with wavelength h,

—

Wi = [Qplh ﬂh}

‘I/h is determined using the current vector i= [;ST ZTT ] i by means of the following relation:
= Js,h f‘sh fJrsh(‘gr) Zs ~ R
Uy =1 =1 _ _ _ | = Ln(0) (3.46)
QZT h Lsrh(‘gr‘) Lrh ir

The matrix Ly (6,) introduced in eq. (3.46) links the currents with the main harmonic fluxes generated
by wavelength h.

Proposition 4: Properties of the matrix Ly (6,)
1.) Ln(6y) is symmetric

2.) Ln(6,) is positive semidefinite

Refer to page 142 for the proof.

3.4.5 Total flux linkage

Using the relations gained in the previous sections, the vector of total main flux linkage
= ~ ~ ~ ~ ~ ~ T
U= |:1;Z)s[) ¢sm stmsfl d}r[) ¢rn "brmrfl}

can be expressed as a function of the current vector ¢ as follows:

V=Y 0, = Y L6, = [Z Tn(0,)

heN* heN* heN*

i (3.47)

Eq. (3.47) enables us to define a total main inductance matrix, L(6,):

~ ijs Ers(er) ~ hZN iSh hZN f‘I'Sh(HT)
L(6,) = = Ln(6,) = e S 3.48
( ) Lsr(er) f:r hgj\;* h( ) Z Lsrh(‘gr) Z Lrh ( )

heN* heN*
Proposition 5: Properties of the matrix L(6,)
1.) L(6,) is symmetric
2.) L(8,) is positive semidefinite
The symmetry of L(6,) results from its definition. The positive semidefiniteness is gained from pro-

position 4 and the convergence of the sum in (3.48), while making use of the fact that the sum of
positive semidefinite matrices is also positive semidefinite.

Eq. (3.47) and (3.48) include the contributions to the flux linkage of all wavelengths present in the flux
density distribution but do not consider magnetic leakage occurring in the stator and rotor circuits.
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3.4.5. TOTAL FLUX LINKAGE

The leakage flux through stator circuit m is accounted for by adding a further contribution ¥ssm to
the main flux vg,,, depending exclusively on the current ig,,. In the same manner, the leakage flux
through rotor circuit n is denoted by 1, and depends only on the current %,,,.

Owing to the assumptions made in section 3.3, neither the magnetic state of the machine nor the
rotor angle have an influence on the leakage flux. For this reason, we will make use of a single leakage
inductance value, L., for all stator circuits. The same applies to the rotor circuits, for which we
introduce the leakage inductance L,,.. Upon these considerations, the leakage flux vector \I_;U results
in:

[ Yos0 ] [Los 11 @0 7
5 _ L 7 _ Los 0 'Zs .
\Ifg _ wasms 1 _ os 37'ns 1 _ e Lai (349)
1/’07‘0 Lm." 1r0 0 Lar i
_warm,«fl_ L LU”’_ _Z.rmrfl_
The expression of the total flux linkage follows from (3.47) and (3.49):
U(J, 0,) = > Uy + Ty = L(6,)i + Loi = [i(er) + LU]Z (3.50)
heN*

The total inductance matrix, L(6,), is computed as the sum of the main and the leakage inductance
matrices: _ _
Le  Lu(6,) Ls +Los  Lys(0r)
L(,) = = (3.51)
Loo(0r) Ly Ler(6,) Ly + Los

We had already established in chapter 2 that L(6,) must be symmetric positive definite for physical
reasons. This property is verified in the present case as L(6,) is the sum of a positive semidefinite
main inductance matrix and a diagonal leakage inductance matrix with positive diagonal entries.

The expression of L(6,) according to (3.48) is of theoretical nature as it involves infinite sums and
can therefore not be computed in real-time on a digital controller. For this reason, it is necessary to
approximate L(6,) by means of a partial sum, i.e. to consider only a finite number of wavelengths in
the conductor distribution functions and the air-gap field density distribution. This is generally not a
limiting factor as the magnitude of the Fourier coefficients of Wy and W, decreases rapidly with the
wavelength order h [61]. As we will see for the machines IM1 and IM2, very few space harmonics need
to be taken into consideration to fairly account for the time harmonics they give rise to in current and
torque waveforms.

Based on these observations, we introduce the finite set of considered wavelength orders H C N*.
In all simulations and test bench implementations, we will restrict the sums appearing in (3.48) and
(3.50) to the subset ‘H and compute the following approximation of W:

Uy(i, 0p) = > Wy + Uy = Lyy(0,)i + Loi = |Lyy(0,) + Lo | i = Lyy(6,)i (3.52)
heH

The approximation of the total inductance matrix used in (3.52), Ly/(6,.), remains symmetric positive
definite.

We have worked out a simple relation between the current and flux linkage vectors accounting for the
presence of conductor distribution harmonics under the assumption of a constant air-gap length and
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3.5. VOLTAGE AND TORQUE EQUATIONS IN PRESENCE OF INTERCONNECTED CIRCUITS

linear magnetic behaviour. Together with the voltage and torque equations obtained in chapter 2,
this will enable us to establish a real-time compliant state-space model of induction machines which
includes the effect of conductor distribution harmonics.

3.5 Voltage and torque equations in presence of interconnected cir-
cuits

Combining the specific flux linkage expression (3.50) with the general relations set up in chapter 2, we
obtain the following voltage equation for the model including conductor distribution harmonics and
taking into account circuit interconnections:

d[CTL(er)C?}
ac At dt

. di d[CTL(6,)C] -
= R/Z/ + CTL(HT)CE + wr[ae(rr)]?
In accordance with definition (2.39), we introduce the total inductance matrix for the model with

interconnections as:

L'(6,) = CTL(,)C

(3.53)

L. L.(6,) C/ LsC; C/ L.s(0,)C;
_ — (3.54)
L..(0,) L. C/Ls(0,)Cs C]L.C,
The dimension of L'(6,) is m’ x m/. The voltage equation (3.53) simplifies into:
7’ L' (6,)
—/ 177 / )
= L'(0;)— r .
a =R+ (H)dt—i-w a0, i (3.55)
Substituting the expression of the flux linkage (3.50) into the torque relation (2.36) results in:
T Y,
o 1?Ta[c L(HT)CZ'} 1o, 50
M 90, T2 96, '
Since the leakage flux is considered independent of the rotor angle, (3.56) is equivalent to:
T ~
My — lnga[CL(er)C]gv _ 17 0L (0r) 5 (3.57)
M= 00, 2 96, ‘
where B _ _ _
- - Ly Li(6r) C/LCs  CILL(6,)C:
L'(6,)=C'L(6,)C = | _ N = N N (3.58)
L. (0;) L C/Ly(0,)Cs  C/LIC;

is the main inductance matrix of the model with interconnected circuits.
Proposition 6:
1.) For h € N*, iil(ﬁr) = CTLy(6;)C is symmetric positive semidefinite.
2.) T/'(6,) is positive semidefinite.

3.) L'(6,) is positive definite.
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Refer to page 143 for the proof.

Depending on the context, it might be practical to use separate voltage equations for stator and rotor

quantities as follows:

, - i di. AL, (0,)
stator voltage: i, = Rii, + L'Sd—tS + LQS(GT)d—tT #TT 4 (3.59a)
, 5 i di,  OLL.(6,)-
rotor voltage: . = Ryi, + L;d—tr - L;r(eT)d—; #E@ (3.59b)
In this case, the torque relation becomes:
1 - -
My = 3 [T i;nT]T ~, % _’s
aLsr(GT) 0 74
00,
_ Lm0l (On)y | LorOL(0r) s 197 0Lis(0n) 5 | 17 0L (0) 4
2° 90, " 2" 96, ° 2° 96, " 2" 090, °
~ ~ T
_ Lm0l (Br) 7 11 a7 OLas(Br) 5
2° 090, " 2|° 00, T
OLL (0
=i Helle)y (3.60)
T

3.6 Continuous-time state-space machine model

Relations (3.55), (3.56) and (2.19) enable us to build a continuous-time state-space model of the
induction machine which includes the effect of conductor distribution harmonics. Using the currents

alongside the rotor angular velocity and the rotor an
of equations:

gle as state variables leads to the subsequent set

i = _ L/ N . -
% =-L'7Y6,) [R’ +M8 6éf )]i’ + L6, (3.61a)
dw, 1 [L57IL(6,)
AT [21 a0, i — M — Cww, (3.61b)
dé,

@ e (3.61c)

Introducing the notations
_ L'(6, _
A(w,, 6,) = —L/ 1(er)[R’+wraaé)} B(6,) =L"""(6,)
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(3.61) becomes:

—,

di’
dit — A(w,, 0,)7 + B(0,)d (3.62a)
dw, 1 [1570B7'(6,)

= — | — —_— - M - r . 2
& Tu 5 2, i L — Cww (3.62b)
dé,

—w, .62

T w (3.62¢)

The above equations are of theoretical nature. The implementation of (3.62) on a digital controller
requires the following additional steps:

1.) computation of the Fourier coefficients of the conductor distribution functions;
2.) determination of the wavelength orders to be considered in the model,

3.) sampling of the state-space equations (3.62) to obtain a discrete-time model representation.

These aspects are best discussed with practical examples. We will therefore work out specific models
for the machines under investigation, IM1 and IM2, next.

3.7 Case study

3.7.1 Deriving specific models for the investigated machines
Representation of the stator windings as sets of electrical circuits

To obtain the model equations of a particular machine, we first determine a representation of the
stator windings and the rotor cage using the concepts of electrical circuit and interconnection matrix
introduced in chapter 2. As both IM1 and IM2 feature three star-connected windings on the stator
and a rotor cage (cf. appendix A.1), we will apply the general method for modelling a star-connection
of windings presented in section 2.3.3.

A straightforward option is to introduce an electrical circuit for each of the windings. This is the choice
we already made in chapter 2 for IM1. Using the notations of section 2.3, the number of circuits my is
then identical to the number of windings ws = 3, which results in the following stator interconnection

matrix for IM1:
1 0

Csmmi=|0 1
-1 -1

Consequently, the vector ;’S has m/ = 2 components, i\, and i/;, representing independent stator
currents. Similarly, the components of @', u), and u};, are the two independent line-to-line voltages
depicted in fig. 3.3(a).

Although the same strategy could be used with the stator windings of IM2, which would lead to an
interconnection matrix identical to the above one, we adopt a slightly different perspective to illustrate
the flexibility of the method. As IM2 features two pole pairs, half of the coils belonging to a stator
winding lies within a pole pair pitch, the rest within the other. For this reason, each winding is
modelled as a set of two circuits connected in series, a circuit being composed of the winding coils
within a specific pole pair. Following the schematic in fig. 3.3(b), circuit 0 represents the coils of
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(a) Induction machine 1 (b) Induction machine 2

dvosm
dt

ISIIZ, Sm /v‘J'Hl
-—>—| —

Usm W

(c) Stator circuit m € [0, m, — 1]

/

Figure 3.3: Schematics of the stator circuits used in the models of IM1 and IM2 and definition of
corresponding electrical quantities

winding 0 within the first pole pair, circuit 3 the ones within the second. Hence, the series connection
of circuit 0 and 3 in the model is equivalent to winding 0 in the real machine. The tremendous benefit
resulting from the choice of the circuits according to fig. 3.3(b) will become apparent during the model
optimization in chapter 4. Consequently, the model of IM2 includes ms = 6 stator circuits and the
stator interconnection matrix is defined as follows:
coo Lo 110 -1 !
sIM27 00 1 -1 0 1 -1

Rotor circuits and rotor interconnection matrix

Owing to section 2.3.4, a rotor cage with N, bars can be represented as a set of N, coils, each
of them having one turn and a pitch corresponding to the rotor slot pitch. In this context, it is
convenient to introduce a specific circuit in the model for each rotor coil, the total number of rotor
circuits being m, = N,. The currents flowing through the circuits and the voltages at their terminals
constitute independent variables. Thus, the rotor interconnection matrix is simply the identity matrix
of dimension m,..

The underlying assumptions of the linear geometric model listed in section 3.3 imply that in fact only
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3.7. CASE STUDY

m, — 1 rotor currents are independent. Under these circumstances, the current in rotor circuit m, — 1
can be expressed as a linear combination of the others. This leads to the rotor interconnection matrix
becoming an m, x (m, — 1) matrix of the form:

The rotor interconnection matrix of IM1, C, 1w, has m, = 16 rows and m,. = 15 columns while the
one of IM2 possesses m, = 28 rows and m, = 27 columns. The vector of independent rotor voltages
. (and the vector of independent rotor currents 4,.) has therefore 15 components in the case IM1 and

27 in the case of IM2.

Order of the models

Following the above considerations, the total number of independent currents in the model of IM1,
i.e. the components of the vector 7, is m/, +m,. = 17. Taking into account the rotor angular velocity
and angle, the number of state variables necessary to describe the dynamic behaviour of IM1 is 19. In
contrast, 29 independent currents appear in the model of IM2, leading to 31 state variables in total.

These results show that the model complexity is directly impacted by the number of stator windings
and rotor bars. Apart for machines with an integer number of bars per pole pair pitch, in which case
it is common practice to use an equivalent model of reduced order by introducing an ‘electrical angle’,
the model order cannot be further decreased.

Practical determination of the inductance matrix coefficients

Having chosen the electrical circuits in the model, their associated conductor distribution functions
have to be derived from the winding configuration and rotor bar number of the machine. As explained
in section 3.4, only the conductor distribution functions of stator and rotor circuit number 0, Wy and
Wyo, are necessary, since the remaining ones are shifted copies of Wy and W, respectively. Note
that the choice of the electrical circuits in the model has to ensure that this requirement is met (see
section 3.4.1). The conductor distribution functions Wyy and W, of the machines IM1 and IM2 are
provided in appendix A.l alongside the related current density and MMF' distribution functions.

WO (’7) A a

1

— >
- 0 b—a/2 b+a/2 7" 7

Figure 3.4: Basic function allowing for a straightforward computation of the Fourier coefficients of
conductor distribution functions

The Fourier coefficients of Wy and W, have to be calculated in order to determine the inductances
associated with each wavelength order defined in (3.33). This potentially arduous task can be greatly
simplified when considering Wyy and W, as linear combinations of shifted copies of the simple func-
tion Wy depicted in fig. 3.4. The Fourier coefficients of Wy are easily computed as functions of the
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parameters a and b while the results in Proposition 1 enable us to infer the ones of Wy and Wiy
without difficulty. Note that this method provides general analytical expressions of the Fourier coef-
ficients of W49 and W, which can be adapted effortlessly to match a specific machine configuration.
In addition, these expressions turn out to be instrumental when doing parameter tuning, as we will
see in chapter 5.

The main inductance matrix for the wavelength of order & € N* is calculated in accordance with
(3.46) using the corresponding inductance values. This process involves the matrices Tcsn and Tern
defined in (3.31a) and (3.31b) in which the angles 50, and vy, appear. ysom, m € [0, ms — 1] is
the angle with which Wy has to be shifted in order to obtain the conductor distribution function of
stator circuit m. In the case of IM1, 4, = m - 2m/3 while for IM2, v59,, = m - /3. Similarly,
Yrons 1 € [0, my — 1], determines how W, has to be shifted to get the conductor distribution of rotor
circuit n. y,0,, = n - 27w/16 for IM1 and 7, = n - 27/28 for IM2.

The only remaining task to have all the information needed to calculate the coefficients of the total
inductance matrix Ly (6, ) is to select the wavelengths to consider in the model. This topic is discussed
in the next section.

3.7.2 Selecting the wavelengths to be included in the model

An aspect of crucial practical importance which remains to be addressed concerns the choice of
wavelengths accounted for in the model. A compromise must be found as a high number of terms in
the flux linkage approximation (3.52) will result in a more accurate but slower model.

To gain insight into the matter, we will first examine the impact of the conductor distribution func-
tion spectral content on the stator current, torque and angular velocity waveforms obtained from the
model. Fig. 3.5 shows the conductor distribution functions Wy and W,g of the two machines under
investigation as well as their normalized Fourier spectra. The base wavelength order used for normal-
izing the Fourier coefficient amplitudes is selected according to the machine pole pair number, i.e. 1
for IM1 and 2 for IM2. As expected, the coefficient magnitude decreases rapidly with the wavelength
order and drops below 1% of the base value for orders greater than 60.

The diagrams in fig. 3.6 illustrate the influence of the considered wavelengths on the shape of the
conductor distribution functions Wy and W,3. The approximation including all wavelengths up to
order 60 provides a fairly accurate representation of the actual conductor distribution functions. This
observation is supported by the simulation results shown in Fig. 3.7, obtained with two variants of
the state-space model (3.62) in the case of IM1: one with 60 wavelengths, the other with 500. The
latter is considered as reference model given that the number of terms in the partial sum (3.52) is
sufficiently high to correctly represent the actual conductor distribution function.

The simulations were performed using Heun’s method and a step size 6t = 107°s. The two models
were supplied with the same input quantities, i.e. balanced sinusoidal voltages and a rated load
torque step applied at time ¢t = 0.5s. Hence, any discrepancy in the results generated by the two
models can be regarded as approximation error originating from the neglect of wavelength orders.
According to Fig. 3.7, the approximation error in the stator current, torque and angular velocity
reaches its maximum in each case during the starting transient and slightly increases with the slip.
This is likely to be linked to the increased weight of neglected space harmonics in the air-gap flux
density distribution due to higher rotor currents. The steady-state error in all three quantities arises
primarily from a small phase-lead while the amplitudes generated by the model with 60 wavelengths
remain accurate. The overall error remains however rather insignificant, making the 60 wavelength
model precise enough for most applications.
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Figure 3.5: Waveforms of conductor distribution functions Wy and W
alongside their normalized spectra

Note that for both machines, Wy, does not exhibit even wavelength orders. Owing to the discussion
in section 3.2, wavelengths of even order potentially present in other distributed quantities (e.g. W)
will not influence stator flux linkages and can therefore be ignored to lessen the computational effort.

We now examine a model with the minimal set of wavelength orders, H,,, necessary to generate the
principal slot harmonic (PSH) in the stator currents. In the case of IM1, H,, = {1,17}, while for
IM2, H,,, = {2,26}. The corresponding approximated conductor distribution functions are depicted
in fig. 3.6.

A comparison of the stator current, torque and angular velocity waveforms with the 500 wavelength
reference model under the conditions described above shows a notably larger error both during transi-
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Figure 3.6: Impact of the number of wavelength orders on the shape of the conductor distribution
functions Wyo and Wi

ents and in steady-state (see fig. 3.8). The steady-state error in current and torque is the combination
of an incorrect estimation of phase and amplitude of the PSH, while the angular velocity error also
shows the presence of an offset.

Notwithstanding these imprecisions, a model with only two space harmonics offers the advantage
of being computationally particularly efficient and constitutes therefore the first choice for real-time
applications, especially the ones involving model predictive control schemes. Depending on the context
and requirements, additional wavelength orders can be added to improve the model accuracy. We will
therefore narrow down our subsequent investigations to models with a handful of wavelength orders
and examine the minimal models of IM1 and IM2 with two space harmonics extensively.
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3.7.3 Determination of appropriate sampling methods

A discrete-time representation of the model (3.62), for which the total inductance matrix has been
determined using a finite number of wavelength orders as explained previously, has to be found to
enable its execution on a digital controller. The sampling process consists in estimating the state
variables repetitively at time intervals T, a task for which diverse methods are available and which
differ from each other in respect of their accuracy and complexity.

The easiest and for this reason in drive control applications most popular sampling technique relies
on the explicit Euler method to work out an estimation of the state variables at the next sampling
instant (see for example [62, 63]). The other side of the coin is the requirement for a sufficiently
small sampling period T to ensure an acceptable state estimation. The sampling period is, however,
often dictated by the inverter switching frequency or the controller performance. As a result, Euler’s
method may under certain practical conditions lack of precision.

Various strategies for drive control applications based on Park’s model have been reported in the lit-
erature to overcome this limitation. These include solving the continuous-time model equations under
the assumption of a zero-order hold and approximating the required exponential of the continuous-
time system matrix (cf. [64-66]) or performing a Taylor expansion of the state vector [67]. In [68] a
state feedback was used to achieve an exact model discretization. [69] proposes a discrete-time model
based on variational integrators.

In any case, the choice of the sampling method constitutes a trade-off between the estimation accuracy
and the computational effort. The performance of the following approaches in solving the system (3.62)
is to be examined with respect to these two criteria:

e numerical methods for ordinary differential equations: forward Euler (order 1), Heun (order 2)
and Bogacki-Shampine (order 3);

e zero-order hold assumption and solving of the resulting linear system of differential equations.
The matrix exponential in the expression of the solution is approximated by means of a partial
sum.

The interested reader may refer for instance to [70] to obtain detailed information about the math-
ematical background of above methods. The most appropriate strategy will be determined based on
simulation and experimental results.

3.7.4 Computation of the state variables by means of numerical methods

Accuracy assessment of the selected methods

First insight into the performance of each preselected numerical method can be gained from offline
simulations. Consequently, we simulate a model of IM1 with wavelength orders 1 and 17 (H = H,,)
using Euler’s, Heun’s as well as the Bogacki-Shampine method and a step size 6t = 10~*s, which
corresponds to the sampling period of the real-time system used in the experiments. A further, more
accurate simulation with the Runge-Kutta method of order 4 and a step size 6t = 107%s is used as
reference. The waveforms of the stator current i, the torque and the angular velocity delivered by
each of the methods under test are compared to the ones of the reference model.

Fig. 3.9 presents the responses of the different model variants to a balanced sinusoidal voltage supply
(frequency f = 50Hz, line-to-line voltage U = 400V) and a rated load torque step applied at time
t = 0.5s. The poor performance of Euler’s scheme during transients as well as in steady-state even
regarding the fundamental of the stator current is striking, which makes it unsuitable for the purpose.
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3.7. CASE STUDY

Heun’s method performs much more satisfactorily and provides decent waveforms overall. A closer look
at the stator current and the torque under load shows that the scheme is however unable to correctly
estimate the phase of high-frequency harmonic components, leading to an oscillating error. This error
is still present in the results computed with the Bogacki-Shampine method, yet to a markedly lesser
extent.

In order to validate these preliminary observations, the model with H = {1,17} was implemented
on the test rig using Euler’s, Heun’s and the Bogacki-Shampine method. A second model of IM1
including the additional wavelengths 5 and 11 and a model of IM2 with H = {2,26} were examined
experimentally as well (compare [71, 72]). The induction machines IM1 and IM2 were operated by
means of a feedforward U/f control with balanced sinusoidal reference voltages of frequency f = 40 Hz.
These reference voltages were also used as model inputs alongside the torque measured at the machine
shaft. The mechanical topology of the test bench consisting of the two rotor masses and the one of
the torque sensor constitutes a three spring-mass system. This results in complex torque waveforms
with rich harmonic content. This aspect alongside noise impacting the signal transmission creates
parasitic oscillations of the electromechanical torque and the rotor angular velocity computed by the
machine models (see for example fig. 3.13). For this reason, in all steady-state investigations, the DC
component of the torque signal was extracted using a moving average filter and fed into the model.

The steady-state comparison in fig. 3.10 of the calculated stator current, torque and rotor angular
velocity waveforms with the corresponding measured quantities clearly highlights the insufficient ac-
curacy of Euler’s method. The amplitude of the fundamental stator current component is seriously
underestimated as well as the DC component of the rotor angular velocity.

In contrast, Heun’s and the Bogacki-Shampine methods provide similar, notably more realistic results
in this regard. The erroneous phase estimation delivered by Heun for the stator current PSH in the
simulation results depicted in fig. 3.9 appears to be much less serious in practice (see fig. 3.10 and
3.11). The no load current spectrum in fig. 3.11 shows a reasonable performance of Heun’s method
at estimating the amplitude of the PSH. A significant overestimation of the latter occurs however at
rated load. As this phenomenon is also observed with the Bogacki-Shampine scheme, its origin is
not related to the sampling process but likely to be found in the model assumptions, especially the
hypothesis of magnetic linearity which has only limited physical validity. Note that this issue is less
severe in the case of IM2 for which only a minimal increase of the discrepancy between predicted and
measured PSH magnitudes is observed at rated load (compare fig. 3.12).

A consequence of the incorrect amplitude estimation of the PSH at rated load is the suspiciously
high computed magnitude of the torque harmonic component associated with it in the case of IM1.
This problem appears clearly in the traces in fig. 3.13 which were obtained by applying a rated load
torque step. The amplitude of said torque harmonic drastically increases with the fundamental torque
component, yet an experimental evidence of this phenomenon is nowhere to be found in the measured
torque. Nonetheless, no hasty general conclusion should be drawn from this fact about the pertinence
of the modelling approach as the results regarding the magnitude of the relevant torque harmonic look
much more encouraging in the case of IM2 (cf. fig. 3.14, Heun’s and Bogacki-Shampine methods).

Another important factor impacting on the electromagnetic torque and rotor angular velocity pre-
dictions is the use of the measured torque signal as load torque input of the model. In contrast to
steady-state measurements, the signal had to be fed directly to the model as any filter delay would
have been unacceptable. Thus, the parasitic oscillations present in the measured load torque generate
additional frequency components in the model waveforms. Leaving aside this aspect, the traces in
fig. 3.13 attest to an acceptable overall dynamic behaviour of the model variants based on Heun’s or
the Bogacki-Shampine method. Conversely, Euler’s approach yields, yet again, poor results in the case
of IM1 and even leads to the model of IM2 becoming unstable under no load conditions (see fig. 3.14).
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3.7. CASE STUDY

The investigations so far examined the performance of the three numerical methods exclusively from an
accuracy point of view. In this regard, Euler’s method does not constitute a viable option which makes
imperative the use of higher order schemes under the considered experimental conditions. Heun’s and
the Bogacki-Shampine methods appear to be promising candidates. However, careful considerations
would have to be made for each specific application, as the simulation results presented in fig. 3.9 have
shown inaccuracies with respect to the phase of current and torque harmonics.

Evaluation of the complexity of each model variant

The suitability of the models discussed above regarding practical applications highly depends on the
time required to compute the state variables. Although it is in theory sufficient to ensure that the
state variables can be calculated within a sampling period, target-specific implementation constraints
such as interrupt latency require the model computation time to be less.

For this reason, we will on the one hand consider the time necessary to calculate the value of the
state variables at the next sampling instant from their current value and the one of the inputs. We
will refer to it as model execution time, as it represents a fair measure of the model complexity.
The model execution time is easily determined by means of a processor timer. On the other hand,
we will evaluate the model real-time capability based on the time needed for the execution of the
complete interrupt service routine in which the model code is embedded. The latter includes for
instance the interrupt latency as well as the servicing of data exchange processes and will be denoted
interrupt routine execution time. It can vary considerably and must be less than the sampling period
Ts = 100 us. The interrupt routine execution time is estimated using a timer on the FPGA generating
the processor interrupt request signal. The latter is issued at the beginning of each inverter PWM
period, as symmetric sampling is used.

We also introduce the iteration time describing the time necessary to evaluate the state derivatives
in (3.62) for given state and input values. Heun’s method requires two and the Bogacki-Shampine
scheme three iterations to be carried out in order to gain the value of the state variables at the next
sampling instant. As L'(6;) is symmetric and its diagonal blocks Lj and L;. are constant, the iteration
time primarily involves the computation of the submatrix L. (6,) (resp. L4 (6,)) and the Cholesky
decomposition to obtain L’ 71(&). Thus, it is roughly independent of the numerical method selected.

Method Model [us] Interrupt routine [us]
Euler 14.9 34.5
Heun 29.4 49.3
Bogacki-Shampine 44.1 64.3

Table 3.1: Maximal execution times obtained on the real-time system for each numerical method
(model of IM1 with H = {1,17})

Table 3.1 provides an overview of the maximal model and interrupt routine execution times obtained
on the real-time system with each numerical method and the model of IM1 including wavelengths of
order 1 and 17. An iteration requires almost 15 us, whereas the Cholesky decomposition alone takes
around 8 us (L’ has dimension 17 and the model order is 19). Note the significantly higher maximal
interrupt routine execution time, which is partly due to the data transfer processes used for acquiring
the waveforms discussed previously.
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3.7.5. ZERO-ORDER HOLD ASSUMPTION AND DISCRETE-TIME STATE-SPACE MODEL

Method Model [us] Interrupt routine [us]
Euler 18.9 37.5
Heun 37.2 56.5
Bogacki-Shampine 55.6 75.1

Table 3.2: Maximal execution times obtained on the real-time system for each numerical method
(model of IM1 with H = {1,5,11,17})

Table 3.2 gives an overview of the maximal execution times in the case of a model of IM1 for which
H ={1,5,11,17}. It can be inferred from the data that an additional wavelength costs approximately
2 ps. Although the maximal model execution times are similar to the ones given in [71], the interrupt
routine execution times are noticeably higher, attesting to the highly unpredictable character of this
parameter. The value obtained with the Bogacki-Shampine scheme shows a processor utilization
reaching already 75%.

Method Model [ps] Interrupt routine [us]
Euler 46.9 66.8
Heun (fs, = 8kHz) 93.7 113.5
Bogacki-Shampine (fs, = 5kHz) 140.4 160.8

Table 3.3: Maximal execution times obtained on the real-time system for each numerical method
(model of IM2 with H = {2,26})

The time measurements carried out with the model of IM2 featuring the wavelengths of order 2 and
26 are listed in table 3.3. The model having order 31, its maximal execution time with Euler’s method
leaps to around 47 us, i.e. more than three times the value obtained for the equivalent model of IM1.
As a consequence of the model order increase compared to IM1, the model variants derived with
Heun’s and the Bogacki-Shampine methods are not real-time compliant at fs, = 10kHz. Thus, the
inverter switching frequency fs, had to be reduced to 8 kHz (5 kHz respectively) to allow for execution
on the real-time system. This issue shows the highly problematic dependence of the model order on
the number of rotor bars.

The model of IM2 based on Euler’s method is the only variant which complies with the real-time
requirements. Since it does not yield acceptable results (see fig. 3.14), the strategy adopted so far fails
to address the general goals set in section 1.5.

3.7.5 Zero-order hold assumption and discrete-time state-space model

Derivation of the discrete-time model

The comparatively high computation effort obtained with Heun’s and the Bogacki-Shampine method
primarily arises from the need for several iterations during which nearly all the model equations have
to be evaluated. An attempt to alleviate the problem consists in assuming the rotor angular velocity
w, and the rotor angle 6, constant during a sampling period alongside the input voltage vector @’ and
the load torque Mp. This allows for eq. (3.62a) to be solved as a linear time-invariant differential
system, independently of (3.62b) and (3.62c).
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3.7. CASE STUDY

Under these circumstances, the knowledge of the state variables and the inputs at an instant tg > 0
enables the determination of the current vector ' (tg + v), for all v > 0, as follows:

7 (to +v) = e"A00)7 (10) + / eV=TIAM) - B (to) (3.63)
0

where A(tyg) = A(wr(to), 0r(to))-
Solving eq. (3.62b) and (3.62c) yields:

My — M _Sw, My-—-M
wrlto + 1) = |wp(ty) — =M — L =Ty HIM 7 WL (3.64)
CW CW
and
_ _ C
6, (to + ) = 0, (to) + 2 —Mr | Tmt [wr(to) - MMML] [1 - eJKZ”] (3.65)
Cor Cor Cor

In particular, for k € N, to = kT and v = Tj,

Ts
7((k+ )T, = BACTIT (KT, + / e Ls=DART) 4 B! (KT,)
0

My — M| —Sw My — M
wr((k+1)Ty) = |wp(KT:) — ML]e Swr, My — My
CW CW
— — c
er((k T 1)Ts) - HT(kTS) + MTS + JiM Wr(k'Ts) - M 1— 6_?1‘61/715

Introducing the notations:

T[k] = 7(kTy); @[k] = @ (KT})
wrlk] = wr(kTs);  0.[k] = 6,(kTy)
T,
Flk] = BAGT), Q] :/ JT-DAGT) 4. B
0

we obtain the subsequent discrete-time state-space representation of (3.62):

Pk + 1] = F[k)7'[k] + G[k]@'[k] (3.66a)
My — M _Swp My —M
wrlk + 1) = |wp k] — ZM L~y T M T AL (3.66b)
CW C’W
— _ C
ok +1] = 0,8 4 M = Mrp I | My = My, -G (3.66¢)
Cor Cor Cor

The expressions of F and G involve a matrix exponential. Using the power series expansion of the
exponential,

X mAn
VteR, ef=3" - (3.67)
n=0 ’

F and G can be approximated by means of a partial sum of order N € N to allow for an implementation
of (3.66) on a digital controller, e.g.

N
T A" kT
fork € N, Flk] = Z n,[] + O(TN T (3.68)
n=0 ’
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3.7.5. ZERO-ORDER HOLD ASSUMPTION AND DISCRETE-TIME STATE-SPACE MODEL

Model assessment

We investigate variants of the model (3.66) obtained using approximations of the matrix exponential
with partial sums of order 1 to 4. To do so, we repeat the simulation described in section 3.7.4 under
the exact same conditions. Again, the stator current, torque and angular velocity waveforms obtained
with the Runge-Kutta method of order 4 and a step size of 107%s are used as references.

The corresponding results are provided in fig. 3.15. The following remarks can be made:

e the approximation of order 1 substantially underestimates the amplitude of the stator funda-
mental current as well as the angular velocity under load. Since this approach is similar to
Euler’s method, the phenomenon is not surprising;

e the approximation of order 2 performs notably better from the perspective of the fundamental
current. However, the phase error in the current and torque harmonics is appreciable;

e a comparison of the waveforms generated with approximations of order 3 and 4 shows no tangible
reduction of the error. This suggests that increasing the number of terms in the partial sum
beyond 3 is not beneficial;

e none of the model variants under test appears to be accurate during the initial transient until the
machine has reached a nearly synchronous speed. This is a hint that the rotor angle variation
and the one of its derivative become significant within a sampling period, making the zero-order
hold assumption questionable.

A comparison of the model estimations with steady-state measurements carried out on the two ma-
chines under the same general conditions as with the numerical methods confirms the above observa-
tions (see fig. 3.16 and 3.17). Note that the approximation of order 1 is unstable in the case of IM2.
A look at the stator current spectrum of IM1 under no load and rated load in fig. 3.18 shows that the
approximation of order 3 delivers amplitude values for the PSH comparable to Heun’s method. The
DC component of the angular velocity is somewhat overestimated and the amplitude of the funda-
mental current slightly low under rated load. This is due to the fact that the model parameters were
determined based on comparisons between estimations using Heun’s method and measurements.

The dynamic responses of the models based on approximations of order 1 to 3 to a rated load torque
step are compared to experiments in fig. 3.19 in the case of IM1. The third order approximation
provides a fairly accurate representation of the current and angular velocity transient behaviour. As
with numerical methods, the computed amplitude of the torque harmonic caused by the wavelength of
order 17 is too high in all three cases. This confirms that the origin of this phenomena is not related to
the discretization process but the result of somewhat restrictive modelling hypotheses made necessary
by the need for a real-time compliant model (compare section 3.3).

Considering the model execution times given in table 3.4 and 3.5, an increase of the approximation
order by 1 leads to an additional computation time of roughly 4.5 us for IM1 and 13 us for IM2. This
is far less than the time required for a complete model iteration, since only a further power of the
matrix A has to be calculated. Although all model variants are real-time compliant when sampling at
10kHz, not enough time would remain within a sampling period to execute a control algorithm. Thus,
the computational burden of the model implementations is still not satisfactory to consider their use
in real-time control applications.
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3.7.6. DISCUSSION

Approximation order Model [us] Interrupt routine [us]
1 16.8 35.7
2 214 40.7
3 25.9 45.2

Table 3.4: Maximal execution times obtained on the real-time system with approximations of the
matrix exponential of order 1 to 3 (model of IM1 with H = {1,17})

Approximation order Model [us] Interrupt routine [us]
1 52.0 71.7
2 64.3 83.4
3 77.6 96.6

Table 3.5: Maximal execution times obtained on the real-time system with approximations of the
matrix exponential of order 1 to 3 (model of IM2 with H = {2,26})

3.7.6 Discussion

The results of the investigations presented in the foregoing sections lead to the following conclusions:

e the real-time execution of machine models including a few space harmonics is basically possible
at a sampling frequency in the order of 10 kHz;

e Euler’s method cannot be used in the considered context;

e Heun’s scheme represents a fair compromise between accuracy and computation effort. So does
an approximation of order 3 when discretizing the model based on the zero-order hold assump-
tion;

e the dependence of the model order on the rotor bar number is a fundamental issue with respect
to the computational burden. The real-time execution of the model, even on a powerful system,
is challenging.

From the last observation follows that the proposed model in its current form has no prospect of
practical use in drive control applications. Thus, our initial objectives are not yet fulfilled. The
simplification of the model should become our main focus.

Summary

The periodicity of distributed air-gap quantities makes possible their representation as Fourier series.
Taking advantage of this property, Parseval’s identity enabled us to express the flux linkages using the
Fourier coefficients of the conductor distribution functions and the air-gap flux density distribution.

Under the assumption of magnetic linearity and constant air-gap length, all air-gap quantities can be
determined from the knowledge of the conductor distribution functions. Following the properties of
Fourier series and the hypothesis of a symmetrical machine, only the conductor distribution function of
a single stator circuit and the one of a single rotor circuit are required. In this context, the contribution
of each space harmonic to the main flux is easily determined. This allowed us to establish the general
form of a continuous-time state-space model including the effect of conductor distribution harmonics.
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3.7. CASE STUDY

In a further step, specific models of the two investigated machines were derived. Two techniques for
obtaining discrete-time representations were discussed from the perspective of accuracy and compu-
tational burden: numerical methods and the solving of the model equations assuming a zero-order
hold. Heun’s method and an order 3 approximation of the continuous-time system matrix exponential
appear to provide fairly accurate results. A fundamental issue remains the unacceptably excessive
computational effort with regard to the targeted applications.
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CHAPTER 4
TRANSFORMED LINEAR GEOMETRIC MODEL

Overview of chapter

In order to tackle the issue of computational effort encountered with the machine model developed in
chapter 3, we aim at optimizing its mathematical description. The main drawback of the approach
adopted so far is the dependence of the model order on the number of independent electrical variables.
As a result, the model order is directly impacted by the number of rotor bars and stator windings.

In contrast, our goal is to gain a state-space representation equivalent to the one established in
section 3.6 but in which the wavelength orders taken into account in the conductor distribution
functions determines the model order. In other words, a model with only a handful wavelengths
should be described with few state variables. We therefore focus our attention on the design of a state
transformation following the same principles as the Clarke transformation in Park’s model.

In a further step, we apply the proposed transformation to the state-space equations of the linear
geometric model (3.62) to obtain a simple, yet general, model description. We will then customize the
model equations to derive specific models for the investigated machines IM1 and IM2. These models
will be assessed by means of simulations and experiments.
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4.1. PRELIMINARY CONSIDERATIONS

4.1 Preliminary considerations

4.1.1 Intuitive approach

A key step in the derivation of the linear geometric model developed in chapter 3 consisted in working
out the contribution of a specific wavelength h € N* to the main flux, which, as established in
section 3.4.4, has the following form:

= QZS, h ~ = iZsh i:rsh(er) ;s f‘s h?s + ii/‘rsh(er)z_jr
Uy =|_ =Ln(6,)i= | _ _ = L (4.1)

Jr h Lsrh(er) Lrh (23 Lsrh(er)is + Lr hir

The expressions of the submatrices appearing in (4.1) are summarized here:

Lsh = Ls 1 TésnTosh (4.2)
Lenh = L nTéonTern (4.3)
Lesn(0r) = Lar ) TEan T (0 — 01)Tern (4.4)
Larn(0r) = Lag n TEenT(—h6, + 1) Tosh = Lygy(6r) (4.5)

The stator and rotor inductance submatrices associated v~vith Wzivelength h, I:Sh and irh, have an
interesting form, since they are the product of the matrix Tcgn (Torn resp.) and its transpose. This
aspect might give us a hint on how a transformation could be designed. We therefore take a closer
look at these matrices.

Recalling definitions (3.31a) and (3.31D), the general form of Tegp and Teyp is:

_ 1 -+ cos(hysom) -+ cos(hYsoms—1)

TCS h= (46&)
0 --- sin(hysom) -+ sin(Aysoms—1)

_ _1 PN COS(h')’TO,n) s COS(h'Y'rO,m,«fl)

Torn = (4.6b)
o --- sin(h%ﬂ,n) s Sin(h’Yro,mr—l)

where v,0,m (and v,0.,) represents the angle by which the conductor distribution of stator (resp. rotor)
circuit 0 has to be shifted in order to obtain the one of stator circuit m € [0, ms — 1] (rotor circuit
n € [0, m, — 1] resp.).

In section 3.7.1, we took advantage of the flexibility provided by the modelling approach with respect
to the choice of the electrical circuits in the models of IM1 and IM2. In the case of IM1, we used a
circuit for each of the ws = 3 stator windings. Since IM1 has only one pole pair, this decision resulted
in the angle v50,m, m € [0, 2] being a multiple of 27/3. Thus, the my = 3 stator shift angle values
are equally spaced in the interval [0, 27]. However, IM2 having two pole pairs, this condition would
not have been satisfied if we had used a single circuit per winding. Modelling each winding as the
series connection of two circuits enabled us to obtain ms = 6 shift angle values equally spaced in the
interval [0, 27].

In the considerations discussed in this chapter, we assume that the stator and rotor circuits in the

model have been defined to meet the conditions:
2

Vm e [0, ms — 1], vs0.m = mir
m

s
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4.1.1. INTUITIVE APPROACH

2
Vn € [[07 my — ]-]]7 Yron = nl

r

In this situation, we obtain a more specific expression of Tcgn and Torn as follows:

[ 2 2
1 -+ cos <thZT> <+- COS (h(ms - 1)75)
Tcsn = 7: 27: ; MmeE [[07 ms — 1]] (4 7)
0 sin (hm) sin <h(ms — 1)>
L M M
[ 2 2
1 cos (hnﬂ> <o COS (h(mT - 1)>
Tcrn = ;rj: ;r: , nef0,m—1] (4.8)
0 sin (hn) -+ sin <h(mr - 1))
i my my

For a given wavelength order h € N*,

AN, k) e Nx [0, ms—1], h=Ams + k
A(w, 1) e Nx [0, mp — 1], h = pm, +1
As a result of the periodicity of sine and cosine functions,

[ 2 2
1 --- cos (kmmTr) -+ cos <k(ms — l)mﬂ>
Tcsh = o o X | =Tosk, me0,ms—1]  (49)
0 --- sin (km> .-+ sin <k(ms -1) >
L M M
[ 2 2
1 .-+ cos (lnﬂ> - COS <l(m7« - 1)7T>
Tcrn = i M =Tcs1, n €[]0, m, —1] (4.10)
. 27 ) 27
0 --- sin <ln> -+ sin (l(mr - 1)>
L my my

Consequently, there exist only m, different forms of the matrix TCsh and m,. variants of ’T‘Crh, since

k € [0, ms — 1] and [ € [0, m, — 1]. In addition, the two matrices can be represented by means of the
following complex vectors:

[1 L ghmE ea’k(ms—ﬂ%’;] eC™, (k, m)e [0, ms— 1] (4.11a)
[1 - eﬂ(mﬂ),ﬁ—:] eC™, (I, n) € [0, my — 12 (4.11b)
Considering all possible combinations of (4.11a) for k € [0, ms — 1] yields the matrix:
1 1 . . . 1 7
1 oI oM R GRS Vi3
Wesl) el L g L gm0 (@12
1 Jms=Dar i me—mi L gdlms =123
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4.1. PRELIMINARY CONSIDERATIONS

W is very similar to the ms x ms Fourier matrix.

Definition 3: Fourier matrix
For ms € N*, the mgs x ms Fourier matriz, denoted Wh,,, is defined as follows:

1 1 1
1 Wpn, - wn .. W[n”;*1

1 | : : : : :
1 el oppmme=l) {/Vr(nms—l)2

_jﬁ
where Wy,, =€ /ms .,

Remark 1:
The mg X ms Fourier matriz is the matriz of the ms point Discrete Fourier Transform (DFT).

Remark 2:
In some sources such as [13], Wy, = €' ms is used in the definition of the ms X mg Fourier matriz
(and the one of the ms point DFT matriz).

J

Due to the close similarity between Wy and Wy,_, the ms xms Fourier matrix seems to be a prospective
candidate for transforming vectors related to stator quantities. Using the same reasoning, vectors
involving rotor quantities will be transformed by means of the m, point DFT matrix.

4.1.2 Mathematical justification

Taking a closer look at the equations (4.2) and (4.7), the coefficient of Lgp, in row k and column [,
(k, 1) € [0, ms — 1], is:

Lgh, ki = Ls 1 cos [(k - Z)QW]
mg
It can be readily observed from the above relation that the entry in row k + 1 and column [ + 1 is
equal to ES n,k1- It results from this property and the periodicity of the cosine function that the entries
in each column of ish are shifted one position to the bottom compared to the column left of it with
wraparound to the top, i.e. ish is circulant.

Proposition 7: Diagonalization of circulant matrices
For mg € N*, an mg X myg circulant matriz is diagonalized by the mg X mg Fourier matriz.

See [74, p. 287] for the proof.

Proposition 7 justifies the use of Fourier matrices for the transformation to be designed, as they enable
us to work with diagonal equivalents of Lgy, and L, which are significantly easier to handle.
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4.1.3. OTHER IMPORTANT PROPERTIES OF FOURIER MATRICES

4.1.3 Other important properties of Fourier matrices
We mention here two additional properties of Fourier matrices which will turn out to be instrumental
in the transformation of the linear geometric model.

Proposition 8: Important properties of Fourier matrices
For mg € N*,

1.) Wh, is symmetric, i.e. Wy, = W)

2.) Wi, is unitary: Wyl = WmsT

Proof.
1.) The symmetry of Wy, results directly from its definition.

2.) For (k, 1) € [0, ms — 1]?, the coefficient of \/\7][1151/\71115T in row k and column [ is:

1
1 1 ;
mk (mS 1)k:|7 wml
m[1 W Wi v
Y
1 ms—1 ms—1 k;2 52
_ mk ml —jmkE Im T
= > wrkwr Z e
m=0
ms—1
_1 [ej(l—k:) ]m
M m=0
_ ] .
1 1 ;
=0y = mk .. (me=Dk| _ = | pym
kl m[l W W, } i s
W(ms l)l_

where d;; represents the Kronecker delta.
5T o T . . . .
Consequently, Wy, Wi, = Wy, Wi, = Im,, Im, being the mg x mg identity matrix.

4.1.4 Definition of transformed quantities

We introduce a transformation operator based on the Fourier matrix as follows:

Definition 4: Transformation operator
For n € N*, we define the following linear operator:

Tovn : cr — "

T 4.14
j;’:[xo an—1]T s Tovn() :gh: x(h) $U_1] —W ( )
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4.2. TRANSFORMING THE EQUATIONS OF THE LINEAR GEOMETRIC MODEL

The corresponding inverse operator, Tyy,, 1, is:
Twn, 1. cr — Ccm

T N T 4.15
gh = x(h) e xEl_1j| — ngl(gu) =r = [wo e xn_l] = anh ( )

Remark 3:

Twn, is well-known in electrical engineering as ‘symmetrical component transformation’ for the analysis
of unbalanced conditions in power systems (cf. for instance [5, p. 548]). We will adopt a perspective
more common in signal processing and consider Tyy,, as the Discrete Fourier Transform operator since
this is likely to be bemeficial to the understanding of the behaviour of space harmonics.

With n = mg, the operator 7Tyy,,, enables us to introduce transformed stator quantities:

Definition 5: Transformed stator voltage and current vectors
The transformed stator voltage and current vectors, gi € C™s and gi € C™s, are defined as follows:

W = Ty, (iis) = Wil (4.16a)

Analogously, Tyy,,, allows for the definition of transformed rotor quantities:

Definition 6: Transformed rotor voltage and current vectors
The transformed rotor voltage and current vectors, gﬂ e C™ and ;E € C™, are defined as follows:

ul = Ty, (@) = Wyl i, (4.17a)
it = Ty, (ir) = Wi ki, (4.17b)

A comparable transformation was used in [5] and [61] to simplify the analysis of multiphase induction
machines in presence of space harmonics, and in [75] in the specific case of three phase induction
machines with rotor cage. However, in all these references no relation was established with the
Discrete Fourier Transform.

4.2 Transforming the equations of the linear geometric model

4.2.1 Transformation of the voltage equations

We start with the transformation of the voltage equations assuming no interconnection between the
electrical circuits of the model. An interconnection matrix will be introduced later on to account for
the actual conductor configuration in the machine.

Combining relations (2.4) and (3.50), we obtain:

. . ~ di. af'rs 0r) |

@] [Re 0)[i] [EatLos Lus(6) ]| g O T, | |Es
_ N N ol IR r . (4.18)

Uy 0 R.||i Lsr(6r> L, + Loy % M 0 ir

dt 90,

Applying Ty, to the first line of (4.18) provides the expression of the transformed voltage vector @i:

. 3 - i/~ d; 1~ d; _ 8f4 0,) -
= Wil = Wi B 4 Wi (L) 82 Wi (0 87 4wt e )

T

~ 82 —



4.2.1. TRANSFORMATION OF THE VOLTAGE EQUATIONS

The quantities i, and 7, in (4.19) are eliminated by applying wani and wani respectively:
1 8Lrs (6r)

dw ~ dw
u 1 m‘% 8 — mr 7" — .u
ul = WolReWy i + Wi, ( n Las> S Wil L (6,) 1 4 o, Wi = 5 Wi
h dit
= WolR W if + W;llLOSWms 5 4 W LWy, =2
s s dt dt
~ dif OW 1Ly (6,) Wy
Wi Lps (0, ) Wi, == + w, —2 L 4.20
W B0 W, T+ oy e (4:20)
Introducing the following matrices,
R: = W, RsWy, (4.21a)
Li, = Wil Los Wi, (4.21b)
Li = Wyl LeWp, (4.21c)
Lig(6,) = Wi Lys(6,) W, (4.214)
the transformed stator voltage equation becomes:
. codid oy i OLE(0,)
ui = Rgli + (Lzhfs + LE) E + LE‘S(QT)E + wy aer lE (4'22)

Similarly, the rotor voltage equation is gained from the second line of (4.18) by means of Tyy,, and

di, Wt OLgr (6y) -

di, ~
ul =Wyl = Wy ! W L " WL =5 L AA
R Wit (B Lo ) 37+ Wo T (00) 7 00 20,

h th
— WIR W, if + WL W, S + W LWy, —
my rz’f‘—i_ my r dt + r dt
- dif OW Ly (6,) W,
—1 1 my —Sr\vr mg u
+erLSr(07”)Wms dt +w7“ 897" 1
di 4t OLL(6,)
=RAT 4+ (LA, + L8) == + L8, (6,) = + wyp— 8 4.23
( * )dt+ o(0r) gy Fer 5 (4.23)
where
R: = W R W, (4.24a)
LErr = W;&Larwmr (4.24b)
Li = Wy LW, (4.24c)
L2 (0r) = Wil L (6,) Wi, (4.244)

Combining stator and rotor quantities into a single vector, we obtain:
W] (R o [d] [EE+Li Lio) ] g i

S
B - = at |z "
ul 0 Ri| | Li(6,) Li+L& | [

=
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4.2. TRANSFORMING THE EQUATIONS OF THE LINEAR GEOMETRIC MODEL

(‘9 fig + Lgs EE‘S(QT) l'h

Wre— | _ (4.25)
Pr| La(0,) Li4+Li||é
Introducing the definitions,
E [ R: 0
it = ul = R’ —
E ut o ®:
Lis o] L LL() Li+Lis Lis(6) | -
L} = Li(6,) = | _ B L(0,) = | _ B =L+ L
|0 LI Li(6,) Li | Li(6,) Li+Li,
(4.25) becomes:
di* OL* (0,
Wb = R+ LA0,) S + w, ( );‘“ (4.26)

dt 00,

Eq. (4.26) represents the voltage equation of the transformed linear geometric model.

4.2.2 Transformation of the torque equation

Using (2.18) and applying TW?ni and wani while recalling that i, € R™s, we obtain an expression of
the electromechanical torque depending on the stator and rotor transformed currents:

=T af‘rs (07') ; . 7411— 8f1rs (er)

My = s r — m Wm k
M=t "o, 790, i
=T 0 [i—T= v Hl O i )
=i = [ Wi, Lrs(0)Wnn, |if = & 5= | Wil Lrs(6,)Wn, ] i

The expression of the electromechanical torque given in (4.27) is consistent with [75].

In some situations, it may be preferable to express the torque as a function of i and L“(Hr):

- T
L - L —
My = L |7 e +z’5T6L‘"S(9T)iE] S . (N ('iTaLrS(G’") ~u)

7 i

21% e, 90, 217 90, 00,

[y =1 o = =
:1 gTaLrs(GT)ﬁ_FﬁTM li :1 ETMZE +£TMZ'E

2 90, 90, 2 90, 90,

oL (6,)
I IS8 h

=& &) .- ’ o, | |"

2l | 9Lk(,) 0 it

90,

—TOLf —T oL

_ 15TOLYO,) 15T OLNE:) (4.28)

2” a0, ~— 27 a0, ~

— 84 —
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4.2.3 Properties of the transformed resistance matrices R and R

We now take a closer look at the structure of the transformed matrices introduced in section 4.2.1 and
start with the resistance matrices RE and RE. In the general case where each circuit has a different
resistance, the matrices Rg and R, have the following form:

R, = diag[Rs0, ... Rsm: ... Rom.—1]

R, = diag[Ry0, ... R, ... Rem,—1]

Note that Rg and R, are diagonal but not circulant. Applying the transformation to these matrices
will not produce a diagonal matrix. The coefficient in row k € [0, ms; — 1] and column [ € [0, ms — 1]

of RE is given by:

ms—1 ms—1

- Z Wkl/ Wé;ls _ Z Rsl Wl (l k)

This expression cannot be further snnphﬁed without additional assumptions. When presuming that
all stator (rotor) circuits have the same resistance Rs (R, resp.), i.e

Rs =R, and R, =R.I,,
RE and RE« are diagonal as well:
R: = W, RyIin, Wi, = RoIm, (4.29)

R = Wil R, Im, Wiy, = R, I, (4.30)

4.2.4 Properties of the transformed leakage inductance matrices L%  and L _

If each circuit has a different leakage inductance, the matrices L,s and L,, are diagonal but not
circulant:

L,s = diag [L0807 v Losm, - Losms—l]

LO’I‘ = dlag |:La—7-0, ce. Lo”r'na s La'rmr_l]

The coefficient in row k € [0, ms — 1] and column [ € [0, ms — 1] of L, is:

ms—1

l l k
O‘S [ Z LUSl/W )

and cannot be simplified. Assuming that all stator (rotor) circuits have the same leakage inductance
Lys (Lyy resp.), ie
L,s = La’sIms and Ly = LarImr

results in LE,S and LE,r being diagonal:
L(uJ‘S = Wr}iLUSImszs = LO’SImS (431)

L, = Wil Lo I, Win, = Loy Im, (4.32)

4.2.5 Properties of the transformed main inductance matrices

In order to gain insight into the influence of each wavelength present in the air-gap quantities, the
transformation will be carried out on the inductance submatrices associated with a single wavelength
order h € N*| i.e. Lgp and Lygp(6,) on the stator side and Lyy, and Lgyn(6,) on the rotor side. As in
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section 3.4.5, the expression of the transformed total main inductance matrix is obtained subsequently
by adding the contributions of all wavelengths.

Transformed stator main inductance matrix of wavelength h, iih

The transformed stator main inductance matrix of wavelength h is defined as follows:
LY, = WilLo Wi, (4.33)

Owing to section 4.1 and, since the coefficients of sth are real numbers,

~ T~ ~ ~
LE h — Wms LS, ths hTCS ths
- =T
= Ls,nTecshWm, Tosh W, (4.34)

Furthermore, there exists a unique kg € [0, ms — 1] such that

~ T -
Lgh = Ls,hTCs kowms TCS kovvmS (435)

Working out the matrix product in (4.35) leads to the following general expression of iih as a diagonal
matrix with at most two non-zero eigenvalues (see details in appendix A.2.3):

m=ko m=ms—ko
_ 0 0 -
0 0 : 0
0
k=ko 0 --- 0 1 0 0 0 0 0
0 0
Th Mms + . .
Lin = TLSJL O : O : O (4.36)
0 0
k=ms—ko o --- 0 0 0 0 1 0 0
0 0
0 : 0 : 0
L 0 0 -

Note that the position of the non-zero diagonal elements depends on the wavelength order considered.

Transformed rotor main inductance matrix of wavelength h, iih

The transformation of the rotor main inductance matrix associated with wavelength h is performed
analogously:
L, = WolLlen Wi,

7T ~ ~ ~
= er Lr, thr hTCr h’vvmr
JU—
=Ly b Tcr Wi, TornWi, (4.37)

There exists a unique Iy € [0, m, — 1] such that

~ 1T
LE‘h = Lr,hTCl‘ IOer Tcr 1(;."/\7mr (438)
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The computation of the matrix product in (4.38) yields a diagonal matrix with at most two non-zero

eigenvalues as well (cf. appendix A.2.3):

l=m,—lo 0

0

n=lg

o
—_

)
ja)

0

0

n=m,—Ilg

0

0

(4.39)

The wavelength order determines the position of the non-zero entries on the diagonal.

Transformed mutual inductance matrix of wavelength h

The mutual inductance matrix for the wavelength of order h, irsh(Gr), is transformed as follows:
Lin = Wil Lesn Wi,

T ~ ~
= Wms LM7 ths h':[‘((glr7 h)TCI" hwmr

SE—— _
= Ly, 1 TesaWm, T(0;, 3)Tern W, (4.40)
where 6/, = hb, — vy

A detailed analysis of above matrix product can be found in appendix A.2.3 and demonstrates that,
in the general case, at most two entries of LESh are non-zero:

n=lg n=my—lo
_ 0 0 _
0 0 0
0 0
h=ko | 0 0”0 -0 0 0 0
0 0
f‘rsh = LM,h mzsmr O O O (441)
0 0
k=ms—ko | O --- 0 0 0 -~ 0 e’ 0 0
0 0
0 : 0 : 0
- 0 0 -

As for the transformed stator and rotor inductance submatrices, the position of the non-zero elements
results from the wavelength order under consideration.

The transformation of the matrix expressing the contribution of stator currents to rotor fluxes,
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4.2. TRANSFORMING THE EQUATIONS OF THE LINEAR GEOMETRIC MODEL

Lsrn(6r), is straightforward:
~ 1= T~
LY = WilLeenWin, = Wi Lk Wi,

~ T
- [Wls Lrs thr]

As the coefficients of irsh(ﬁr) are real, f;rsh(ﬁr) = irsh(ﬁr) and
~ — T~ T — T I
Lirh = [Wms Lrsthr} = [W;iLrsthr} = LE-sh (4.42)

Transformed total main inductance matrix L

For a given wavelength h, the above results show that the transformation operators Tyy,,, and Ty, ,
besides diagonalizing the stator and rotor inductance submatrices, produce particularly simple trans-
formed mutual inductance submatrices. In order to examine the consequences for the total main
inductance matrix, we introduce the following linear map:

Definition 7:
For (m, n) € (N*)?, let T, ) be the linear map:
I‘(m, n) - Mm,n(c) — Mm,n<(c)

(4.43)

m,n

where M, »(C) is the set of m x n matrices with entries in C.

The relations (4.33), (4.37) and (4.40), which relate an inductance submatrix to its transformed
representation, can be rewritten as follows:

Lip = Dnema) (Lsn) (4.44)
f‘ih = F(rrzr,?—ru«)(it' h) (4.45)
f‘E-sh = I‘(7715,77%)(121”5 h) (4.46)

Recalling the definition of Ly, with H C N*,

Z ish Z i:vlrsh(er)

heH heH
Ly = 7 ~ (4.47)
E Lsr h (67«) g Lr h
heH heH

we introduce the transformed main inductance matrix for the set of wavelengths H in accordance with
the rules set out in section 4.2.1:

F(ms,ms) (Z f‘sh) F(rr],sﬂnr) (Z f‘rsh(er)>

f‘g{ _ heH heH (4.48)
F(mnms) <Z Lsrh(er)> F(mTva) <Z Ll‘h>
i heH heH
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4.2.5. PROPERTIES OF THE TRANSFORMED MAIN INDUCTANCE MATRICES

Owing to the linearity of I,

Ziih ZLrsh )

= heH heH

L, = . (4.49)
Z Lsrh ) Z Lrh
heH heH

Note also that I' being a linear map in a finite dimensional vector space, it is continuous. For this

reason, the partial sum
N
T8
Z Ls h Z Lrs h

Z Lsrh ) Z f‘E‘h
h=1

,NeN*

converges towards

Z f‘ih Z Lrsh

~ heN* heN*

Li(6,) = N (4.50)
Z Lsrh ) Z Lrh
heN* heN*

when N — oo and

W;i [ Z f‘s h] lvvmS [ Z Lrsh er
LY(6,) = heN* heN
W, [z isrh<er>] W, Wi [Z o
hGN* hEN*
[ WilLeWi,  WilLesWiy, wolooo0 7 Wn, O
= = L(6;) (4.51)
(Wil LW, WilLaWi, 0o Wyl 0 Wi

The results (4.49) and (4.51) justify our approach to first transform the inductance matrices of each
single wavelength and, in a second step, add their contributions together to obtain the inductance
matrices of the transformed model. This observation allows us to draw the following conclusions:

e the transformed total stator and rotor inductance submatrices are diagonal;

e the transformed mutual inductance matrices become dense when the number of considered
wavelengths increases.

Moreover, these statements together with the position of the non-zero eigenvalues of the transformed
stator main inductance submatrix ii provide us with a means of segregating the wavelengths depend-
ing on their impact on the components of transformed stator quantities. Assuming a finite number
of wavelengths is taken into account, if the greatest wavelength order considered is less than half the
number of stator circuits, ms/2, the effect of each wavelength will indeed be reflected in a separate
component of the transformed stator current and flux linkage vectors. This is due to the fact that the
non-zero eigenvalues of ii appear at different positions on the diagonal.

In contrast, if the order of at least one wavelength is greater than ms/2, some eigenvalues of EE may
be the sum of contributions arising from different wavelengths, the effect of which then appears in the
same components of the transformed stator current and flux linkage vectors. A well-known analogy
is the ‘aliasing’” phenomenon which occurs when a signal is sampled at a frequency less than twice
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the maximal frequency present in its spectrum. Thus, using as many stator circuits in the model
as possible may seem advantageous if the objective is to understand the influence of every single
wavelength on the machine behaviour. However, we will see in the analysis of practical examples that
the necessary process of interconnecting the circuits to account for the winding configuration of the
real machine is a limiting factor in that respect.

4.2.6 Continuous-time transformed state-space model

The relations (4.26), (4.27) and (2.19) provide all the information required to set up a transformed
state-space model of the induction machine which includes the effect of conductor distribution har-
monics. We select the components of the transformed current vector if, alongside the rotor angular
velocity w, and the rotor angle 6, as state variables. The components of the transformed voltage
vector 4! and the load torque M, will be the model inputs.

To do so, we need to ensure that the transformed total inductance matrix L? is invertible, since the
voltage equation (4.26) has to be solved for the current vector derivative. This is readily verified by

taking a look at the relation between L%(6,) and L(6,):
1

Wp, 0 Wn, O
LH(GT) = L(6;)
0 Wp, 0 Wy,
Thus, L¥(6,) and L(6,) are similar and L(#,) having full rank, so does L(6,.).

The continuous-time state-space model of the transformed linear geometric model follows:

[ dif ~1 oLA(8,) ~1
& L* (6,) [R + wy a0, ]z +L% " (6,)u (4.52a)
dw 1 [1=5TOLY6,)
Do | o Iy — 4.52b
at T [22 o0, L+ ML CW“’?“] (4.52b)
i ddir = wy (4.52c)

Note that the general form of the equations describing the transformed model is the same as the one
of the original (cf. (3.62)). This is to be expected since both models represent the same physical
phenomena and confirms that the transformation is consistent.

Similarly to section 3.6, it is convenient to introduce the notations

_ ILA(6, _
Af(wy, 0,) = —LF ' (6,) {Rh +wTa;)}; BY(9,) =L (6,)
which lead to the following compact model representation:
-
% = Af(w,, 6,)i* + B(0,)u] (4.53a)
dw, 1 [15TOBY (8,
LA - R SV - N ) S 4.
at I [2Z g6, L Mr—Cwer (4.53b)
_ C}i’" = Wy (4.53c)
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4.2.7 Transformation in presence of circuit interconnections

As described in the previous chapters, it is necessary to interconnect the electrical circuits present in
the model in order to achieve a correct representation of the considered machine. This aspect has
not been addressed in our approach so far, as potential constraints on the components of uf, i.e. the
model inputs, have been ignored. In order to tackle this issue, we make use of the interconnection
matrices Cg and C, alongside the vectors of independent stator (rotor) voltages and currents, @, and

i, (. and 7. resp.), as we did in chapter 3.

Combining relation (2.26a) and the definition of 4, we obtain:

lg = Wr}iCsZz = [WmsTCs}Z[s (4.54&)

Definition 8: Transformation matrix for independent stator currents
. T
We denote Zs the matriz product Wi, Cs. Zs € My, xm/, (C)

Therefore, Zs allows for the computation of the transformed stator currents from the independent
stator currents.

Similarly, substituting the definition of u} into (2.26b) and recalling that Cg = Cg yields:
—_—T

S

=7 i

S

(4.54b)

Thus, the complex conjugate transpose of Zg enables us to calculate the independent stator voltages
from the transformed stator voltages.

Analogously, the relations for rotor quantities are:
i = W;lC, 7, = [erTcr} 7 (4.552)

= [Wimjcr} Ty“

T

(4.55b)

Definition 9: Transformation matrix for independent rotor currents
. T ,
The matriz product Wy, Cy is denoted Zy. Zr € My, xm: (C)

Remark 4: Transformation of rotor voltages for squirrel-cage machines
Following the considerations in section 2. 34, the interconnection matrix for the circuits of a rotor
cage is the identity matriz. Since U, = U, = 0, ur =0 as well.

If necessary, stator and rotor equations can be combined together, which results in the subsequent
relations:

] [z o] [ } Zs 0
if = = | =27  where 2= (4.56a)
it 0 Z| |7 0 2,
@, z,0 o ][d] .
T = . =7 o (4.56b)
_u’ 0 2 ul
Substituting these expressions into the voltage equation (4.26) leads to:
_ _ _ dit _ T IL"
=2 u =T RUI 4T LIS 0T

dt 00, ~
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- =T
=T - 0% L2
=2 R27+2 LI2— 4w~ i 4.
i + 3 T a0, i (4.57)
A comparison of this result with (3.55) yields the following relations:
R =7 R'Z (4.582)
L' =7 12 (4.58b)

Remark 5:
The fact that Z is not invertible hinders the determination of u® from @ (or i’ from ;’h). Although this
may seem at first sight problematic, we will discuss workarounds while analysing practical examples.

4.3 Application to the investigated machines

4.3.1 Adopted approach

Discussing several examples involving the machines IM1 and IM2, we will see how the general form of
the transformed model (4.53) evolves when a few wavelengths are considered. This will also provide
the opportunity to illustrate the method for setting up the model equations. More specifically, we will
focus on:

1.) the derivation of the fundamental model (i.e. the model with # = {1}) for IM1, to show the
consistency of the proposed approach;

2.) the extension of the fundamental model to the wavelength of order 17 (H = {1; 17});
3.) the derivation of the transformed model of IM2 with H = {2; 26}.

The equations of each model will be derived step-by-step with detailed intermediate calculations to
help the reader understand the methodology. The workflow includes the following tasks:

1.) work out the expressions of the transformed inductance matrices for each of the wavelengths
taken into account;

2.) deduce the transformed total inductance matrix;
3.) set up the voltage and torque equations of the transformed model;

4.) eliminate the unnecessary voltage equations to determine the state-space representation of the
transformed model.

The transformed model of IM1 with # = {1; 17} and the one of IM2 with H = {2; 26} will be
compared to the original versions presented in chapter 3 by means of simulations and experiments.
These two models are also discussed in [76].

In addition to the hypotheses made in section 3.3, we assume that all stator windings have the same
resistance R; and the same leakage inductance L,;. Likewise, all circuits modelling the rotor cage
have the resistance R, and the leakage inductance L,,. As explained in sections 4.2.3 and 4.2.4, this
is necessary to ensure that the transformed resistance and leakage inductance matrices are diagonal.
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4.3.2 Deriving the fundamental model of a squirrel cage induction machine

We illustrate the derivation of the well-known fundamental model of induction machines in the case
of IM1. We therefore consider that the conductor distribution functions as well as the air-gap flux
density distribution exhibit a single wavelength of order h = 1. Hence, the distributed quantities are
sinusoidal functions of the air-gap coordinates, which corresponds to Park’s modelling hypotheses.

We recall from section 3.7.1 that each of the ws = 3 stator windings of IM1 is modelled using an
electrical circuit, i.e. ms; = 3. The cage with N, = 16 rotor bars is accounted for with m, = 16 rotor
circuits.

Transformed stator and rotor resistance matrices

As stator circuits are assumed to have the same resistance, following (4.29), the transformed stator
resistance matrix results in:

m=0 m=2
k=0 1 0 0
R = R, 0 1 0 (4.59)
k=2 0 1
Similarly, (4.30) yields:
n=0 n=15
1=0 1
=15 1

Transformed stator and rotor leakage inductance matrices

The leakage inductance of all stator circuits being the same, eq. (4.31) leads to the following expression
for the transformed stator leakage inductance matrix:

m=0 m=2
k=0 1 0
L, = Los 0 1 0 (4.61)
k=2 0 1
Likewise, from (4.32) follows:
n=0 n=15
1=0 1
L(hrr = Lcrr O O (462)
=15 . 1
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Transformed main inductance matrices of the fundamental wave

The fundamental wave has the order h = 1. As mgs = 3 and m,. = 16,

h=1 (mod my) ko=1#mg—ko=2
=
h=1 (mod m,) lo=1#m, —1lp=15

Consequently, the expressions of the transformed inductance matrices ii 1 ii 1 iis 1, given by (4.36),
(4.39) and (4.41) respectively, are:

m=0 m=2
B 3. k=0 0 0 O
L, = gLs 0 1 0 (4.63)
k=2 0O 0 1
n=0 n=15
=0 [ O T
1 0
0
~ 16 ~ .
L, = 5 Lna (4.64)
0 0
=15 | 1
n=0 n=15
=0 0 0 0 00 0
=~ V3 x 16 .
Ll = 5L o %0 0 00 o0 (4.65)
k=2 0 0 0 0 O 67‘7‘9;.1

Transformed voltage equations

Substituting the expressions obtained above for the resistance and inductance matrices into the trans-
formed stator voltage equation (4.22) yields:

“i,o Rsii,o Los 0 0 ii,o
f 5 0 L,.+°L 0 d |
Ug 1| = Rszs,l + US+§ 5,1 & b1
3~
UE,Q Rsii,Q 0 0 Los + QLS’ 1 ii,2
0 [0 i
di‘ | di?
2v/3L r, 1 3]9;',1 r,15 0
+2V3 M1 gy € +7dt
0 oI
0 [ 0 ]
+jwri2VBLag [y |0 |+t 5| 0 (4.66)
0 _e 900
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This

leads to the following differential system:
di”,
o= R s L, 0
b P 3~ 0\ dil o/ dil, 0
Ug = Raig 1+ | Los + §Ls,1 dt7 + 2\/§LM,16] 1 d£ +]W7'2\/§LM716J m iy g (4.67)
2 dii, 15

— jwr2V/3Lar 10

it
. 3~ \de s
uli 2 = RSZE 2 + (Las + Ls,l) > + 2\f3LM716 ]ehl .

' ' 2 dt

In the same way, the transformed rotor voltage equation (4.23) is rewritten using the previously
determined resistance and inductance matrices:

(b, [Reito]  [Lox T [io]
UE 1 Rrii, 1 Loy + SE,,, 1 O ZE 1
“E 2 Rrii, 2 Loy d ZE‘ 2

= + a
UE 14 Rrii, 14 O .. Lor ZE 14
_UE, 154 _RTiE, 154 L Lov + 8ET’ 1] _ii, 154
_ - o0 ] PEEE
P L
aty || k|
+ 2\/§LM, U T
0
i | 0 ] _e]ﬂ:v ]
- o F 0 17
e
+jwn2V3Lara || 0 |+, (4.68)
0
L L O . _6]‘0;‘ 1_ .
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The foregoing relations result in the subsequent system of differential equations:

I di

0= Ryil o+ Loy 5

b
r

~ d'L d u -0/
0= Ryil y + (Lop +8Lp1 )~ + 2VBLas 1e 70 =24 — o, 2VB Ly ge7%dl

dt dt
dif
0 = R,i" o+ Lor—1=
" dt (4.69)
. dzu 14
0= RTZE‘, 14 + Lo—r,« (?t

_ o\ dif dit
_OZRriE715+(Lar+8Lr71> 315—1—2\[LM 16]&1 = +]wr2\[LM 1eJT11u2

Simplifying the voltage equations

Assuming that all rotor currents are initially zero, i.e. Vn € [0, m, — 1], zin(O) =0, (4.69) ensures
that Vn € [0, m, — 1]\ {1, 15}, V¢ € R¥, if ,(¢) = 0.

Hence, (4.69) can be reduced to a system of two differential equations:

~ dh dzn
0= Rf‘ivhn,l + |:LO'T+8L7",1:| a +2\fLM 1€ EEACEpLIL dt —jwr2\fLM 1€ —io, lzh 1

(4.70)

~ dif di h
0= Ril 5+ | Lor + 8L0,1] 515 +2V3Lag % 22 o 2VBLag %

At this stage, it is interesting to examine the case of delta and star connections of stator windings
separately:

e Case 1: delta connection
The delta connection does not introduce any restriction regarding the currents flowing through the
stator windings. However, the following constraint applies to the voltages at their terminals:

Us) + Us1 + U2 = 0

= U= [ux ust usg]Tespan([l 1 1]T>L

Since
1 3
Twsl (1] ] =10 | € Span([l 0 0 )
1 0
1\ * 0] [o
Us € span| |1 = Tws(is) € span| |1, |0
1 0 1




4.3.2. DERIVING THE FUNDAMENTAL MODEL OF A SQUIRREL CAGE INDUCTION MACHINE

Stator currents being initially equal to zero, the above relations imply that: V¢ € RT, ii,o(t) = 0.

e Case 2: star connection
The interconnection matrix for stator circuits takes the form
1 0
Comvmi=1]0 1
-1 -1

leading to the transformation matrix between 7, € R? and il € C3:

0 0
1— ej47r/3 ej27r/3 _ ej47r/3
1

_ od27/3  giAm/3 _ gj2m/3

S

— T
Zs, M1 = W3 Cg 1v1 =

0 0
= —j|ed¥/3 1 (4.71)
ed™/3 1
0 0
This results in i € span| [1|, [0| |. Hence, Vt € RT, ii,o(t) =0.
0 1

Consequently, in both cases, (4.67) can be simplified as follows:

h h
. 3~ di di
’U,li’l = Rslil + (Lo's + L571> ) + 2\/>LM 16]9r 10 d +]w7‘2\/>LM 16] r, 1Zh 1

2 dt
(4.72)
: 4 32 \difs i 0
Ug g = RSZS72 + ( Los + §Ls,1 dt T — ]wr2\/§LM,1€ AT

The components of the vector i being real, for all m € [0, ms — 1],
ms—1 9 ms—1 .

ii,ms—m = ] kej k(ms—m) _ Z iske_]miskm = i?m (4.73)

k=0 k=0

: L LA
For this reason, iy 5 =i, . Likewise, i, 15 =1,

1

In consequence, the evolution of stator and rotor currents can be described by the two differential
equations below:

3~ di 1 di h
i = Bl (Lot S ) St 2V AL a0 S s 2L

dt
(4.74)

=\ dif dif
OZRriE,1+(Lar+8Lr,1> +2\[LM e 0 51 dt —ijQ\[LM 1€ Jerlzh 1

dt
Owing to the previous considerations, (4.74) completely describes the electrical behaviour of the
machine and therefore carries the same amount of information as (4.67) and (4.69) together. It

becomes apparent that only two complex components of the transformed voltage vector, u?l and

571, as well as two of the transformed current vector, ii’l and iiyl, are required. This property

explains the drastic reduction of model order achieved with the well-known Clarke transformation.

U
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4.3. APPLICATION TO THE INVESTIGATED MACHINES

Rewriting (4.74) as

h 7. 1 ;8
_ 3~ di de’"r 14
ul | = Rl | + (Lgs + 2Ls,1> = TTJ
(4.75)
o\ dif de 9014
0=Ryil y + (Lo +8L01) O{" +2V3La 1 —
and introducing the notations
&y =i e (4.76a)
it =il el (4.76b)
yields:
4 A
| 3. \di di
“i,lZRsliJ"’ (Las+2Ls,1> dstl +2V3La drtl
(4.77)

" ~ dzE 1 dil; 1
0= Ryif,y + (Loy +8Ln1 )~ +2V3Los,1—

The above change of variable leading to (4.77) corresponds to the familiar Park transformation and
results in electrical equations independent of the rotor angle.

Referring rotor quantities to the stator side

In order to allow for comparisons with the usual modelling approach of induction machines, it is
insightful to refer the second equation in (4.77) to the stator side. Recalling the expressions of the
inductances Lg 1, L1 and Ly 1 from (3.33):

ES 1 —47r7“l6 le1 ( so)\Q
0

L1 47T7“l—|01( Wio)|?
do

Ly = — arriH0 |C1(Wr0)||01( Wio)|

o

3~ -
and defining My = iLS’ 1, we then express L, 1 and Ly 1 as functions of My:
2

~ ~ e c1 (W,
Toi= Lo ler (W, )l2 e (W, o)’
e (Weo)2 37 e (Wao)?

ler(Who)| lc1(Who)|
La1 =Ly e o)l
ML= e (Wao)) 1 (Weo)|

This results in:

. dif 1 43 Jer(Wyo)| dif, |
Wy = Rl + (Los + M) —2t + =My AT (4.78a)
- b
, 16,/ \Cl(Wro)\Q di, 1 4V3  ler(Wio)| dig
0= R, Lor + — : M ’ 4.78b
ZT71+< HERPALE T M) (4.78b)
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4.3.2. DERIVING THE FUNDAMENTAL MODEL OF A SQUIRREL CAGE INDUCTION MACHINE

(4.78b) is rewritten as follows:

4 5
, 16 |c1 (W) |2 [ 3 |er(Wio))? dij y 43 Jer(Wio)| i) 4
0=Ril  +— = Lo+ My | —22 + 2220 : 4.79

T3 6 (Wao) 2\ 16 |1 (W) |2 L T 3 e (Wy)| dt (4.79)

Multiplying both sides by m then leads to:
1 rO
b b
3 Jes(Weo)l 1, 16 [e1 (Wy0)| [ 3 |er(Wio)[” di, di;
0= 7err + 1/ = — Ly + M =~ + M —> 4.80
16 c1(Woo) |V 8 er(Wao) [\ 16 ey (W0 P Vg Mg 480)

Introducing the definitions

, 16 |1 (Wro)| 4 b ;3 (W)l
i — i iy =1 L, =————""L
TV B a1 e (W) P
subsequently provides:
3 la(Wa)l® p o (3 la(Wao)l® dip - dif
O=——""SRi,+ | —=——5Lor + M "+ M — 4.81
16 ey (Woo) > \16 Jen (W) 277 T e s
The notations ) )
;3 la(We) r_ 3 la(We)l
R _17672RT or T a1 star 2707
|c1(Wro)) 16 |1 (W)
allow for further simplification which results in a compact expression of (4.78b):
. de;. da?;
0= Ryij + (L, + M) — o Py (4.82)
Finally, using the following definitions
Sy _ 4 s — 16 leaWro)ly o e
Ug = Ug ls ’s1 Ly |Cl( 30)| r,l — Z €

one obtains the well-known differential equations of Park’s model expressed in their respective co-
ordinate systems:

de? dz?

s = Ret + (Lo + M) T2+ M (4.83a)
di di’
0= Rl + (L,, + M) dzt M d@t (4.83b)

Torque equation

We now examine the expression of the electromechanical torque which is computed from the trans-
formed quantities using eq. (4.27):

0 0 0 0 0
—TOLE_,(6,) ., =T. - .
M= il ’“591(7")13:15 i2vV3Lyalo % 0 0 o 0o |
IS

0 0 0 0 —e

— 99 —



4.3. APPLICATION TO THE INVESTIGATED MACHINES

0
—T . - . - oy
=if j2V3Lay | il | =2vBLa, (ii,ﬂeﬁ“iig - ii,Qje_Je“ii,15>
e 014

Ty

b b -h
As Gg0 =l 1 and b 15 =t 15

My = 2V3Las 4 (E‘jeﬂ'%ii, i et 1) = V3L, Re |, jeﬂ”wi,l}
— 4v/3Lag, Re|i jim (4.84)

The notations introduced in the previous section allow for a further simplification of the torque equa-

tion as follows:
2 e W)l gn |55 [ 3 ler(Wio)
My = 4V3- My ——HRe | 1554 — i
M 3 e W)™ 15V 16 |er(Who)[*

= 2M:Re[i5ji] (4.85)

(4.85) differs from the usual expression of the electromagnetic torque of an induction machine obtained
using Clarke’s transformation by a scaling factor. This is not surprising as 7yy3 introduces a factor
1/4/3 instead of 2/3, which means that the quantities i$ and i" each have to be multiplied by v/3/2 to
get back to the standard definition of space vectors. In this case, (4.85) would be multiplied by 3/4,
leading to the typical factor 3/2.

The results (4.83) and (4.85) demonstrate that the proposed approach is consistent and generalizes
the common modelling method for induction machines.

4.3.3 Model of IM1 with wavelengths of order h =1 and h =17

We extend the model derived previously and add a wavelength of order 17 on top of the fundamental.
The resistance and leakage inductance matrices remain unchanged. Consequently, only the main
inductance matrices as well as the voltage and torque equations need to be determined.

Expressions of the transformed inductance matrices

The subsequent relations hold for the wavelength of order h = 17 in the case of m; = 3 and m, = 16:

h=2 (mod my) ko=2=#ms—ko=1
—
h=1 (mod m,) lo=1#m,—1ly=15

Following (4.36), (4.39) and (4.41), the transformed inductance matrices associated with the
wavelength of order 17, LE 17+ LE, 17 and Lis 17, are:
m=0 m=2
k=0 0 0 O
~ 3~
Liy = 5Lor 0 1 0
k=2 0 0 1
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4.3.3. MODEL OF IM1 WITH WAVELENGTHS OF ORDER h =1 AND h = 17

n=0 n=15
=0 [ O .
1 0
~ 0
Lr 17 — 8Lr,17 )
0 0
=15 [ 1
n=0 n=15
k=0 0 0 0o ... 0 0
LE's 17 — 2\/§LM, 17 0 Q 0 0 6—99?, 17
=2 [ 0 %70 0 0

Thus, the transformed total stator and rotor inductance matrices are given by:

LUS O 0
- - 3~ -
Li=Li,+Li +Li,=| 0 Lo+ 3 [Ls,l + Ls,17:| 0 (4.86)
3~ -
0 0 Los+ 5| Lot + Lorr]
L -
Lar +38 [ZT, 1+ Z’I‘, 17] O
LO'T

Li =L, + L, + Ly = (4.87)

0 L

Lcrr + 8 |:zr, 1+ Er, 17:|

The submatrix iEs which describes the effect of transformed rotor currents on transformed stator flux
linkages has the following expression:

0 0 0 ... 0 0
Li,=2V3|0 Lyet 0 ... 0 Ly e % (4.88)
0 La17e® 17 0 ... 0 Ly e %

We notice the presence of two additional non-zero entries compared to the expression of f;,hrs obtained
for the model with H = {1}.
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4.3. APPLICATION TO THE INVESTIGATED MACHINES

Simplified transformed voltage and torque equations

Upon simplification of the stator and rotor voltage relations similarly to section 4.3.2, we obtain:

b h 4

ds di
L jo,. 1l L =30, 47 1
d M, 1€ dt + M,17€ a

: y 3+ L]
'LLS 1= R52871 + Lo's + §(Ls,1 + Ls,l?)

+ jur2V/3 | Lag 1%l | = 1TLag, yre 9mal

% (dif di*
c{ +2V3 | Lag, 179 At S Loy ipe /0 —2t

~ ~ di
0 — RriE,7 1 + |:Lo'7" + S(LT‘,l + LT, 17)i|

— jwr2v/3 [L e it | 1Ty ppe0nnit
(4.89)

The fact that the systems (4.74) and (4.89) have the same order results from the form of the submatrices
LES and LEr and the properties of the discrete Fourier transform with respect to real-valued vectors

(see (4.73)). The latter impose zi 1= ii,2 and 1'5715 = E Thus the order of the transformed system
of voltage equations including the effect of wavelengths 1 and 17 remains 4. However, wavelength 17
introduces additional complex exponentials in (4.89) which depend on the rotor angle.

The torque expression taking into account wavelength 17 is derived from (4.27) as follows:

0 0 0 ... 0 0
T 0L (6 ) o
My =it 559( ) it =il "i2v3|o Ly €1 0 ... 0 —17Lypq7e %m0 |8
T =N/ 2l
0 17LM,17€]97"’ 7w o0 ... 0 —LM, 16_30“1
i 0 0
- 1T 7 . _ il
=[Fo E ] BN | L i L
17LM’ 17ej0;w 17 L]M7 1€_j0;" 1
_ . _
ovalE EF o oa ]! J0L ok 50
292\/3[1'8’0 Qs im] L€’ iy o — 17Lp 7€ 77174,
| 17L, 1re 90 17’55, L — Lag,1e77% 1ii, 1]
— 4V/3Lys Re i jelnait } +4V3 170y 179%[ et ] (4.90)

In comparison to (4.84), an extra term representing the influence of the wavelength of order 17 appears
in the torque relation.

Continuous-time state-space model using real state variables

The model equations so far involve complex numbers. From a practical perspective, it appears more
suitable to work out a state-space representation of the model with wavelengths 1 and 17 using
real state variables. Such a model description is gained from eq. (4.89) and (4.90) by splitting the
transformed voltage and current components into their real and imaginary parts.
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4.3.3. MODEL OF IM1 WITH WAVELENGTHS OF ORDER h =1 AND h = 17

We therefore make use of the notations:

2. b : 2
(us,lom us,lﬁ) € R% Up 1 = Ur,1d + Jur, 14 (Ur, 1dy Ur, lq) ceR

b

r,1 T

h o .
Ug, 1 = Us,la + Jus, 18

Z571 = 15,1 +.725,16 (Zs,loca Zs,lﬁ) €eR ) 1 ir 1d +.727", 1q (Zr, 1dy or, 1q) eR

Introducing the definitions

3 - - - -
Ly =Lss+ §(Ls,1 + Ls, 17); L, =Ly + S(Lr,l + Lr, 17)

ool

leads to the following relations for the components of the transformed stator voltage:

0
1

-1
0

1
0

0
-1

I, =

Us, 1 is,1 d |%s,1 d |ir,1d d |ir,1d
DO =R U A Lag | U0 42V L M0 ) g || L ir T (0,108 3 |
Us 18 15,18 t 15,18 dt r 1q de r, 1q
i 1d] i, 14
+ 20,33 | Lar T, 1) | 7| = 17Lag 17T (-0}, 11)8 | (4.91)
br,1q | |Ur,1q
The components of the rotor voltage are obtained in the same manner:
0 I, 1d d |ir 14 [ d [is10] d |%s,1
= Re| " Lo | 2VB L T(00) | | Lanar T(000)S |
0 i, 19 dt [ir 19 i dt [is,15] dt |is,15
’ 7;5, la / i&la
— 23w, I | Ly 1 T(=0, 1) | | +17Lps,17T(—0.. 17)S | | (4.92)
15,18 15,18
Eq. (4.91) and (4.92) are merged together to express the model in the form:
di -
i =L(6,), + P (6, w,)i (4.93)
which involves the following quantities:
- T e . . . . T
U= [us, la Us, 18 Ur1d Ur, lq] ; 1= ['Ls,la 15,18 Ur1d  r, lq]

Lo
2\/§[LM, 1T(=0]. 1) + L, 17T(—0, 17)8]

2v3[Las, 1 T(0). ) + Las, 17T(—0] 17)S]
LT12

|

2V3w, I [Lar 1 T(0;, 1) — 17Lar,17T(=0, 17)S]
R 1,

R,I,
—2V3w, I[Lar 1 T(—0,. 1) + 17Las, 17 T(=0]. 7

|

Remark:
The definitions of the conductor distribution functions Wyy and W,y according to fig. A.4 and A.5
impose ©1 = 0 and p17 = 7, which leads to 6?;71 =0, and 0,’”717 =170, — .

)S]

We select the components of the vector ?as model states alongside w, and 6,. We need therefore to
make sure that L has full rank to calculate its inverse. In the above relation, L appears as 2 x 2 block
matrix, each block having dimension 2 x 2. Since the diagonal blocks are nonsingular, it is sufficient
to verify that the corresponding Schur complement is invertible [77]. This condition is satisfied for
the values of the considered machine parameters.
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4.3. APPLICATION TO THE INVESTIGATED MACHINES

Transforming the torque relation (4.90) in order to express it as a function of the state variables results
in:

. . ir, 1d
My = 4V3[is 10 5153 [Lar,1T(0),1) — 17Lar,17ST(6), 17)] [ ] (4.94)
r,1q
where the term —17Lys 17ST(0;. 17) describes the influence of wavelength 17.

Finally, the continuous-time state-space representation of the transformed model is gained by com-
bining the equations (4.93), (4.94) and (2.19):

di -
TR AR() JUSPATES AR (AT (4.952)
dw, 1
— — (M — - M 4.
% JM( v — Cwwr L) (4.95b)
do,
Y i (4.95¢)
ir, d
My =4V3[is 10 is,18)I[Lar, 1 T(6r) + 17Las, 178 T(176,.)] ! ' ]
ir,1q

We notice the tremendous order reduction, which is now 6, compared to the original version of the
model discussed in section 3.7, which had order 19.

Computation of the transformed stator voltages and the original stator currents

For the model (4.95) to be of practical interest, there must exist a simple way of determining the
transformed voltages us 1o and us 15 from the impressed line-to-line voltages u}, and ul; depicted in
fig. 3.3(a). Another condition is that the computation of the currents il and i; must be possible to
allow for comparisons with the measured ones.

Recalling the general transformation relations (4.54a) and (4.54b), these requirements do not seem to
be met, since Zg is not square and therefore not invertible. However, in the case of IM1, eq. (4.54a)
has the following specific form:

h

ZS,O Z'/ 0 0 7:/

il =2 = jles | |7 4.96
is1| =Zsma| | =—je ., (4.96)
iig Ls1 e]"/1'/3 1 Ls1

)

The first row of Zs nv1 does not carry any relevant information with respect to the simplified model
(4.95) and we can focus on the square submatrix:

ed27/3 1
/ - 4.
Zs, 1M1 J oinl3 (4.97)
The determinant of Z;IMl is non-zero and its inverse is:
3 1 1
V3 | (4.98)
s, IM1 3 _e]7r/3 6]27'(/3
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4.3.3. MODEL OF IM1 WITH WAVELENGTHS OF ORDER h =1 AND h = 17

Owing to (4.73), ii,2 = iil and
(il i1
=20 (4.99)
. S,IMl T .
_151 Zs, 1
which leads to: )
iy 2/V3 0] lis1a (1100
igl_ —-1/v3 1 is,18

(4.100) enables us to calculate the required currents i, and i’; from the state variables is 1, and i5 4 8-
Similarly, by substituting Zs mv1 into (4.54b), we deduce the subsequent relation for the voltages:

Vi 1],

Us, 1o + = v
|3 21\/5 ’ (4.101)
!/
u87 1ﬂ 0 — uSl
2

The relations (4.100) and (4.101) allow us to determine the inputs and process the outputs of the
simplified model as required. (4.95) can now be discretized and tested in simulation as well as on the
test bench.

Model validation

We first verify the consistency of the simplified transformed model of IM1 with its original counterpart
used in section 3.7 in offline simulations. More specifically, we compare the stator current, torque and
angular velocity waveforms generated by the two models while feeding them with the same inputs.
Fig. 4.1 shows the simulated traces of the relevant quantities when using a balanced sinusoidal voltage
excitation (frequency f = 50 Hz, line-to-line voltage U = 400 V) and applying a rated load torque step
at t = 0.5s. Heun’s method and a step size 6t = 107° s were used. The outputs of the original model
are considered as reference and any discrepancy between the waveforms in fig. 4.1 is interpreted as
error of the transformed model.

Owing to the results in fig. 4.1, the current and torque error is in the order of 1073 Nm which is
negligible. With a discrepancy less than 10~'°rads™!, the angular velocity waveforms are almost
perfectly correlated. Reducing the step size by a power of ten decreases the current and torque error
by a factor 100. This suggests that the apparent differences observed between the two models are
caused by numerical errors.

Euler’s, Heun’s and the Bogacki-Shampine method were examined alongside the zero-order hold as-
sumption to obtain a discrete-time representation of the transformed model. Tests were conducted on
the real-time system under the same conditions as for the original model (cf. sections 3.7.4 and 3.7.5).
Fig. 4.2 compares the steady-state stator current and its spectrum as well as the angular velocity
predicted using Heun’s method with the corresponding measured quantities at no load and rated load.
The results are in line with the ones presented in fig. 3.11. Fig. 4.3 shows the dynamic responses of the
quantities computed with Euler’s, Heun’s and the Bogacki-Shampine method to a rated load torque
step alongside the measured waveforms. The results are consistent with the ones shown in fig. 3.13.

Table 4.1 provides an overview of the maximal model and interrupt routine execution times obtained
with the three numerical methods. The substantial decrease of the model execution time resulting
from the order reduction achieved by means of the transformation is striking (cf. table 3.1). No
tangible difference in computational effort can be detected in comparison to Park’s model.
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4.3.4. MODEL OF IM2 WITH WAVELENGTHS OF ORDER h = 2 AND h = 26

Method Model [us] Interrupt routine [us]
Euler 3.4 23.6
Heun 5.3 25.8
Bogacki-Shampine 7.5 27.8

Table 4.1: Maximal execution times obtained on the real-time system for each numerical method
(transformed model of IM1 with H = {1,17})

The computation times resulting from the zero-order hold assumption and the approximations of the
matrix exponential as partial sum of order 1 to 3 are summarized in table 4.2. An increase of the
order from 1 to 3 has imperceptible consequences on the execution times. For this reason, order 3
should be used as it provides better accuracy.

Approximation order Model [pus] Interrupt routine [us]
1 3.4 23.5
2 3.9 23.5
3 3.5 23.3

Table 4.2: Maximal execution times obtained on the real-time system with approximations of the
matrix exponential of order 1 to 3 (transformed model of IM1 with H = {1,17})

4.3.4 Model of IM2 with wavelengths of order h =2 and h = 26

Following the particularly encouraging results delivered by the transformed model of IM1, we apply
the same methodology to build a model of IM2 taking into account the space harmonics of order 2
and 26.

Expressions of the transformed inductance matrices

We recall that each of the ws = 3 stator windings was modelled as a series connection of two circuits
and therefore ms = 6 (see section 3.7.1). This choice enables us to apply the transformation theory
developed in this chapter, since it ensures that the stator and rotor main inductance matrices are
ctrculant. The rotor cage having N, = 28 bars, m, = 28 rotor circuits are used. We also remember
that the wavelength of order 2 represents the ‘fundamental’ in respect of Park’s approach, since the
machine has Z,, = 2 pole pairs.

The subsequent relations apply to the wavelength of order 2:

h=2 (mod my) ko=2#ms—ko=4
—
h=2 (mod m,) lo=2#m, —1lp=26

The expressions of the transformed inductance matrices for the space harmonic of order 2, iiz, f;52
and Lisz, are:

L}, = 3L, »diag[0, 0, 1,0, 1, 0]

L, = 14L, 5 diag[0,0, 1,0 ... 0,1, 0]
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4.3. APPLICATION TO THE INVESTIGATED MACHINES

n=0 n=27
=0 [ 0 0 0 0 0 0 0 |
0 O 0 0 0 0 0
0 0 %2 0 0 0 0
Lisz = Vi2La» 00 0 0 0 0 0
00 0 0 0 e/ 0
=5 00 0 0 0o 0 0
Now considering the contribution of wavelength 26,
h=2 (mod my) ko=2#ms;—ky=4
_—
h=26 (mod m,) lo=26#m, —ly=2

the corresponding transformed inductance matrices, Li 26+ Li 26 and iEs 26 are:

:EEZG = 3E5726 dlag[ov 07 17 07 17 O]

L’ = 14L, 9 diag[0, 0, 1,0 ... 0,1, 0]
n=0 n=27
=0 [ 0 0 0 0 0 0 0 |
0 O 0 0 0 0 0
0
Nh ./ 0 O 0 0 0 6'7 r, 26 0
Lis26 = V42La1,26 0O 0 0 0 0 0 0
0 0 e’ 0 0 0 0
k=5 | 0O O 0 0 0 0 0 |
The transformed total stator and rotor inductance matrices follow as:
Li=L + Liz + Lzzﬁ
= dlag [LUS) L057 Las + 3(5572 + Es7 26), L057 Las + 3(5572 + Es, 26), L05:| (4102)
LE = LErr + fﬁhrz + f‘ize
= dlag [Laru LO’T7 LO‘T‘ + 14 (ET‘72 + Er, 26)7 LO"I’ s LO’T’) LO’T’ +14 (ET‘,Q + Z?", 26)7 Lar:| (4103)

The submatrix iEs, accounting for the effect of transformed rotor currents on transformed stator flux
linkages, has the following expression:

[0 0 0 0 ... 0 0 0
00 0 0 ... 0 0 0
_ 0 0 Luyoe%2 0 ... 0 Lyoge’Pn2 0
Li, = V42 (4.104)
00 0 0 ... 0 0 0
0 0 Lyose /%2 0 0 Lyoe %2 0
00 0 0 0 0 0

- 110 —



4.3.4. MODEL OF IM2 WITH WAVELENGTHS OF ORDER h = 2 AND h = 26

Simplified transformed voltage and torque equations

As for the model of IM1, a single voltage equation is needed on the stator and the rotor side respectively
to fully describe the electromagnetic relations in the model with H = {2, 26}. This fact follows from
the position of the non-zero entries in the transformed inductance submatrices.

b

S,

=,

i,4:iu

Bearing in mind that u 5,2 and ZE, 26 = 2'572, we obtain:

27

dat di‘ ,
ul o = Ry, 2| Lag 0672 —2 m 2+ Lz, 2667720 ;2

d

+ jwrVA2|2L 01,267 23F o + 26 Ly, 26677204
(4.105)
di? di?
12| L -797" 232 4 T -]07" 26&
r d M,2€ dt + M, 26€ at

0= R,

+ jwr\/ﬁﬁ{_QLM,Qe_ja/h?ii,Q + 26 L, 26" 261572}

where Ly = Lys + 3 |:zs,2 + zs,gﬁ] and L, = L, + 14 |:z7«’2 + ZT, 261| .
The expression of the electromechanical torque including the influence of wavelengths 2 and 26 results
from (4.27):
T OLs(6,) |
M =i %&ﬁ

[ [ 0 1 0
0
S S — 2LM 26j0;32 26LM 266]’9;,26
_ [ ) ) T - 5| : 1 :
= Zi,o Zi,l Zi,z 12,3 Zi,zx Zi,5 JVA2 i, 0 26 0
—26LM726€_j0/T’26 —2LM72€_j9lTv2
L L 0 | i 0 1]

%

4 }T j2La ¢ 208 5 + h
1

. T
_ J26L 26€’ 26
= V42 [Zi ) 2

. _ig' . . _ig"
—j2Lp 2e7? Mzi@ — J26Lps 96€ *“’261&72

— 442 | Lag 2% |if o238 | + 13Lay, aoReif piel il | | (4.106)

Continuous-time state-space model with real state variables

In order to obtain a model representation with real variables, we define:

b ; 2, b : 2
Ug 2 = Us, 2a + Jus, 28 (us,Qou Us, 26) € R% Uy g = Ur,2d + JUr, 24 (Ur, 2d; Ur, 2q) eR

. . .. . . 2 . . .. . . 2
Zi,g = 15,20 1 J%s,28 (15,204’ 25,2,6’) € R%; Zi,Q =1y 2d T Jlr 2g (Zr, 2ds Ur, 2q) eR
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4.3. APPLICATION TO THE INVESTIGATED MACHINES

and bring the voltage equation in the form:

di -
i =L(6,) 7, +P (0w (4.107)
where
N T - . . . . T
U= [Us, 2a Us 28 Up 2d Up, 2q] ; = [Zs,2a 15,28 lr,2d lr Zq]
L — LIz VA42[Las,2T(0,. 5) + Lar, 26T(0;. 56)S]
’ V42[Lag, 2T (=0, 5) + L, 26T(6;. 56)S] LIz
and
b_ RI, V42w, 2L, 2T (0], 5) + 26 Lag, 26 T (6. 56)S |
’ V42w, I [=2L 7, 2T(=0]. 5) + 26 Loz, 26 T(0). 56)S] R.I3
The torque is given by the relation:
. . ir,2d
My = 4vV42[is 20 is,28) I [Lar,2T(0;. 5) + 13Las,26ST(—0;. 5)] [f ] (4.108)
br,2q

Remark:
For the conductor distribution functions Wy and W,o shown in fig. A.8 and A.9, o2 = 0 and @os = 0.
Hence, 0, 5 = 20, and 0, 55 = 260,..

For the same reasons as in section 4.3.3, L has full rank. This allows for the components of 7 to be
chosen as state variables alongside the rotor angular velocity w, and the rotor angle ,.. The subsequent
continuous-time state-space representation of the model with wavelengths 2 and 26 results from this
choice:

& e L 0P w)T + L 0)E (4.109a)
dw, 1
— — (M — . — M 4.109b
@ = 7 (Mar = Cweor = My) (4.109D)
dir = wy (4.109c)
ir
My = 4\/5[z's,2a is,28] [ Lo, 2T(26;) + 13L s, 26ST(—266, )] [ ’Qd]
Ur,2q
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4.3.4. MODEL OF IM2 WITH WAVELENGTHS OF ORDER h = 2 AND h = 26

Setting up the transformation matrix

Substituting the expression of the stator interconnection matrix introduced in section 3.7.1 into Defin-
ition 8 yields the transformation matrix Zs nvo:

1 1 1 1 1 1 1 0
1 ejﬂ'/3 ej27r/3 -1 ej47r/3 ej57r/3 0 1
T 1 11 €j27r/3 ej47r/3 1 ej27r/3 ej47r/3 -1 -1
Zs,imz = We Cs vz = —=
> SMET 6l -1 1 -1 1 1|1 o
1 €j47r/3 ej27r/3 1 ej47r/3 ej27r/3 0
_1 €j57r/3 ej47r/3 -1 ej27r/3 ejﬂ'/?)_ __1 _]__
C o 0
0 0
_€j27r/3 1
oY 4.110
AN 0 (4.110)
e—i2/3  _q
L 0 0 -
Thus, in the present case, (4.54a) becomes:
[20] 0 0]
ig,l 0 0
-4 _j2m/3 %
1 e 1 50
f= 0=Vl ) (4.111)
Zs,3 Ls1
ZE , o—327/3 1
i 5) L0 0]
In other words, the process of interconnecting the stator circuits imposes ii,o =0, zi 1 =0, ii73 =0
and ii’5 = 0. Owing to relation (4.73), ii’4 = ii72.
Consequently, defining the matrix
_ej27r/3 1
Zime = V2| (4.112)
e—]2ﬂ'/3 -1
(4.111) can be simplified as follows:
ii,2 , i
u — Z’S, M2 , (4113)
is72 ts1

Remark:

As the ws = 3 stator windings are modelled with ms = 6 circuits, the transformation of stator quantities
imwolves a 6 point DEFT. Theoretically, the 6 point DFT allows for the distinction between three classes
of wavelengths depending on which of the following condition holds for the order h:

1.) h=0 (mod 3): the wavelength will directly influence component number 0 of the stator quantities

- 113 -



4.3. APPLICATION TO THE INVESTIGATED MACHINES

(e.9 i%.0);
2.) h=1 (mod 3): the wavelength will impact on component no. 1;
3.) h =2 (mod 3): the wavelength will have a direct effect on component no. 2.

We see, however, that these benefits are lost when the circuits are interconnected and we obtain a
situation similar to IM1. Thus, not the number of circuits but the number of windings is decisive with
respect to the segregation of wavelengths.

As det (Zg,le> = —j2V/3, Z v 18 nonsingular and
R 1
e = —= 4.114
s, IM2 \/6 e—j27r/3 ej27r/3 ( )

Consequently, the following relation can be deduced, which enables us to determine the original stator
currents from the transformed ones:

i :l 1 0 ls, 20 (4115)
] V|12 VB2 (i ’
Similarly, using (4.54b), the subsequent relation is derived for the voltages
1 1 7
el | Ve _21\/6 o (4.116)
Us, 24 0 2\—@ | Uy

which allows the computation of the model inputs from the impressed stator voltages.

Simulation and experimental results

As for IM1, the simulated response of the transformed model to a set of balanced sinusoidal voltages
(frequency f = 50 Hz, line-to-line voltage U = 400 V) and a rated load torque step is consistent with
the original (see fig. 4.4). Again, a decrease of the step size by a factor 10 reduces the error by a
factor 100, which makes numerical issues the likely cause of the discrepancies between the two model
versions.

Fig. 4.5 provides a steady-state comparison of the computed and measured stator current and rotor
angular velocity. The results are in line with the ones of the original model (cf. fig. 3.12). This is also
the case for the dynamic responses of the discrete-time model variants derived from Euler’s, Heun’s
and the Bogacki-Shampine method to a rated load torque step (compare fig. 4.6 and 3.14). We note
that Euler’s method remains unstable with the reduced-order transformed model.

Method Model [us] Interrupt routine [us]
Euler 3.8 24.1
Heun 6.0 26.5
Bogacki-Shampine 8.2 28.7

Table 4.3: Maximal execution times obtained on the real-time system with numerical methods
(transformed model of IM2 with H = {2,26})
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4.4. COMMENTS ON THE PROPOSED TRANSFORMATION

Approximation order Model [us] Interrupt routine [us]
1 4.1 24.2
2 4.1 24.2
3 4.2 244

Table 4.4: Maximal execution times obtained on the real-time system with the zero-order hold
assumption (transformed model of IM2 with H = {2,26})

Table 4.3 provides an overview of the execution times achieved with the numerical methods, while the
times obtained with the zero-order hold assumption are given in table 4.4. The model order being
6 as well, the computational effort is comparable to the one of the transformed model of IM1. The
order reduction from 31 to 6 resulting from the transformation makes possible the use of Heun’s and
the Bogacki-Shampine methods at fs, = 10kHz, which was unfeasible with the original model (see
table 3.3).

4.4 Comments on the proposed transformation

The strategy applied in this chapter to simplify the linear geometric model relies on a coordinate
transformation (in mathematical terms, a change of vector basis) which allows for the diagonalization
of the stator and rotor main inductance submatrices. As the latter are circulant, their diagonalization
is carried out using Fourier matrices. In the new vector basis, the main stator and rotor inductance
submatrices associated with each space harmonic have at most two non-zero entries. This is also the
case for the corresponding mutual inductance matrices. These particular characteristics are at the
very heart of the order reduction achieved through the basis transformation.

The method leading to the transformed state-space model presented in section 4.2.6 is essentially
the same as the one developed by White and Woodson in [5] and Nasar in [61] for multi-winding
induction machines. Fudeh followed a similar technique to model the effect of MMF harmonics in
multi-winding machines in [78] and examined the specific case of three-phase squirrel cage machines
in [79] as well as the impact of space harmonics in steady-state operation in [80]. In the latter case,
the computation efficiency of the model was considered as well. Drozdowski in [75] and Munoéz in [54]
followed comparable approaches to derive efficient models of the three-phase squirrel-cage induction
machine accounting for space harmonics. However, none of these references mentions the relationship
with the discrete Fourier transform, although Nasar points out the fundamental role of circulant
inductance matrices in the derivation of a simplified model.

The DFT allows us to consider space harmonics from a signal processing point of view and thus
helps us gain a broader understanding of their impact on the model behaviour. The fact that the
contributions of different wavelengths may appear in the same component of the transformed voltage
and current vectors is a direct consequence of the aliasing phenomenon. The number of stator and
rotor circuits in the model determines the size of the Fourier matrices involved in the coordinate
transformation and therefore the number of points of the corresponding DFTs.

For this reason, it might seem judicious to use as many circuits as possible to describe a given wind-
ing configuration, since a DFT with more points would provide a better means of separating the
space harmonics arising from this winding configuration. This property is comparable to sampling a
time signal at a higher rate, which enables higher frequencies to be detected. The example of IM2,
however, has shown that the necessary process of circuit interconnection will cause wavelengths seem-
ingly distinguishable to affect the same components of the transformed voltage and current vectors.
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Hence, increasing the number of stator phases is the only effective option allowing for a more accurate
segregation between wavelengths.

From a broader perspective, the combination of Fourier and interconnection matrices provides a sys-
tematic method for transforming the model equations of all categories of induction machines. This is
especially the case for multiphase machines and generalizes previous definitions of coordinate trans-
formations (compare for instance [81] and [82, p. 493]).

Summary

Owing to the modelling hypotheses of the linear geometric model (cf. section 3.3, p. 37), the stator and
rotor inductance submatrices are circulant and can therefore be diagonalized using Fourier matrices.
Assuming that the circuits representing stator windings all have the same resistance and leakage
inductance and this property also applies to the circuits modelling the rotor cage, the transformation
of the original equations by means of Fourier matrices results in a much simpler model representation.
In addition, the relation between Fourier matrices and the discrete Fourier transform provides a deeper
understanding of the influence of space harmonics.

Combining Fourier and interconnection matrices, we introduced a systematic transformation for mod-
elling multi-winding induction machines. This is one of the main contributions of the present work.

From a practical perspective, the transformation allows for a substantial decrease of computational
requirements in comparison to the original model presented in chapter 3. The transformed state-space
models of the machines IM1 and IM2 including two space harmonics appear interesting for real-time
applications, since their complexity is comparable to Park’s.

As we intend to use these models in control applications, we will take a closer look at their structural
properties in the following chapter. This will allow us to make a few important observations about
the controllability and the observability of the state variables.
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CHAPTER 5
POTENTIAL OF THE TRANSFORMED GEOMETRIC MODEL IN
CONTROL APPLICATIONS

Overview of chapter

The coordinate transformation introduced previously provides us with an extended model of induction
machines promising for real-time control applications such as current or torque harmonic reduction.
We now examine its practical potential more closely from two perspectives.

First, as we intend to make use of the model in closed-loop control strategies, the controllability and
the observability of its states (e.g. the transformed stator and rotor currents or the rotor angular
velocity) should be investigated. This is a particularly challenging task, even in the case for which
only two wavelengths are considered, since the model is non-linear due to the presence of the rotor
angle and speed in the inductance matrix. As a thorough analysis would go far beyond the scope of
the present thesis, we focus on the structural properties of the model with H = {1,17} and show that
it is substantially similar to the one of the well-known fundamental model. For this reason, no major
problem is to be expected in respect of the controllability and the observability of the currents. In
addition, preliminary investigations suggest that the extended model may be appropriate for speed
estimation around standstill.

Second, we discuss the issue of parameter determination. Despite the model having a very limited
number of parameters, some basic information about the internal structure of the machine is necessary,
e.g. the number of turns of the winding coils. This might be problematic in field applications and
further work should be carried out to estimate these parameters rather than open the machine.
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5.1. CONTROLLABILITY AND OBSERVABILITY OF THE TRANSFORMED MODEL

5.1 Controllability and observability of the transformed model

5.1.1 Adopted approach

Following the considerations in chapter 4, the order of the differential system (4.53) directly depends
on the wavelengths taken into account in the model. Given the variety of possible cases, a general
conclusion about the controllability and observability of the state variables is thus not possible.

In addition, the dependence of the system matrix A% and input matrix B¥ on the rotor angle can, in
general, not be eliminated as in the equations of Park’s model (see conclusion of [78], for instance).
This is especially the case for the models of IM1 (resp. IM2) with H = {1,17} (resp. H = {2,26}),
for which the contributions of the two wavelengths appear at the same positions on the diagonal of
the transformed stator and rotor inductance submatrices (see section 4.3.3). As a result, methods of
non-linear control theory would have to be used to investigate properties such as controllability and
observability (cf. for example [83]).

Since such analyses goes way beyond the scope of the present work, we will examine the structure of
the model with H = {1,17} and show its striking similarity to Park’s. This will enable us to make a
few preliminary observations with respect to controllability and observability.

5.1.2 Structural analysis of the model with wavelengths h =1 and h =17

We consider the model of IM1 with H = {1, 17} derived in section 4.3.3. The following continuous-time
state-space representation was obtained (see (4.95)):

di -
TR ARI() JUSPATES AR (AT (5-1a)
dw, 1
= — (My — M 5.1b
i~ gy M= M) (>10)
dé,
— = (5.1c)
ir, d
My = 4\/5[7,’5710{ isylg]J[LMJT(QT) + 17LM717ST(179T)] ! 1 ]
ir, 1q

with 45 1, 75,18, %, 1d, ir,1¢ as Well as w, and 0, as state variables.

As the matrix product —L~1(6,)P(0,,w,) involves many trigonometric expressions depending on the
rotor angle, it is preferable to use an alternative model representation to allow for better comparison
with Park’s. To do so, we go back to the complex voltage equations (4.89), which are rewritten in a
slightly more compact form:

di’ dr .o d T
ui’l = Rsii,l Y St 2\/:7,[LM,1 [ewr,lig’l} + Lo 17— [e—ger, MfﬂH

dt dt dt
(5.2)
: 4 dif, V3 dr o dr o .
ur,lerlr,l+LT dt +2v3 LMJ&[B " ZS,l} +LM,17E[6 " 25,1}

3 - ~ ~ ~
where Ly = Los + 5 (Ls,1 + La17), Ln = Loy +8(Le1 + Lya7) and ul | =0.
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5.1.2. STRUCTURAL ANALYSIS OF THE MODEL WITH WAVELENGTHS h =1 AND h = 17

As for the derivation of Park’s model in section 4.3.2, we make the following change of variable:

Z& 1= i5,1€j9;’1 (5.3)
and multiply the second equation in (5.2) by ¢ 9;’1, which yields:
[ , dif dit | R
wly = Raity + Lo+ 2V3 | Lya— g+ Lagage 7 0r0n) ot

— 165w, 2V3 Ly, 17 Orar 0t |
(5.4)

dif di’ i
F1 = Reit g+ Lo +2V3 | L+ Lagage /00 =2t

Y dt dt

)

— jwy [er'?n’ 1+ 2\/§LM7 1ii’ 1+ 17LM, 172\/§e_j(9lr, 170, l)ii, 1 }

The torque equation becomes

My = 4VBLag 1 Re[if i, 1| +4v/3 - 17Lag 1rRe 1] jed =it || (5.5)

Introducing the notations
uﬂ, 1= Ur la + jur, 18 (ur, lay Up, 1B) € R’ (56)

Z.?», 1= z-r, lo + jir, 18 (ir, la ir, lﬂ) € RZ (57)

the voltage equations (5.4) are brought in a form similar to (4.93):

where
N T - . . . . T
u = [us, la Us, 18 Ur,la U, 16] ; 1= [Zs, la 5,18 tr,la 1,8]

2\/§[L]\/[7 1Is + L]\/[7 17ST‘(9;7 17— 9;7 1)] L,.Is

>

R,Io —16w, - 2v/3Lps,17IST(0], 17 — 0, 1)
P =
—2v/3w, I [Lag, 112 + 17La1,17ST (6], 17 — 0, )] Ry —w,L,J

Note that, as /. ; = 6, and 0. ;. = 176, — 7, the above expressions can be simplified as follows:
’ r, 1 r, 17

LIy 2v/3[Las 112 — Lpr, 17ST(166,.)]

i
I

2v/3[Las, 112 — Las 17ST(166,)] LIz
RsIa 16w, - 2v/3 L, 17JST(166,)
P =
—2v/3w,J[Las 112 — 17Lps 17ST(166,.)] RIy —w,.L,J

while the subsequent relation holds for the torque:

ir, la
My = 4V3lis 10 is,15)I[Lar, 112 + 17Lar 17ST(166,)] [ ] (5.9)
ir 18
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5.1. CONTROLLABILITY AND OBSERVABILITY OF THE TRANSFORMED MODEL

L is invertible since the Schur complement of L,I has full rank. We can therefore solve (5.8) for the
current vector and build a state-space model with the components of i, w, and 6, as state variables:

di -
5 = L 0P )+ L7 (6,7 (5.10a)
dw;, 1
— — (My — M 5.10b
v JM( M L) ( )
do,
- = W, (5.10¢)
ir, la
My = 4V3[is 10 is,18]I[Lar, 112 + 17Las,17ST(166,)] [ ]
ZT7 lﬁ

In order to gain insight into the model structure, we now take a closer look at the form of L=1(6,),
which can be calculated using block matrix algebra (cf. [77]). We introduce the subsequent set of
parameters to obtain manageable expressions:

A = 2\/§LM,1 B = 2\/§LM, 17
1 2
Ao = Lg— I [)\% + ,u%] Ho = —EA1M1
Ao H2
A3 =55, A2F 2 p3 = — . A9 F o
A3 — 13 A3 — u3
Ay = A3A1 + pgpn pa = A3p1 + p3A1
Mo = DN g — L D+ ]
5 = L. LZ 1AL T H1fg M5 = L% 104 T U1/
M 4
A6 = L He = L
From these definitions followsiz i
LSI2 )\112 - /LlsT(1697«)
L= (5.11)
)\112 — mST(160,,) LTIQ
_)\312 — ugST(lGHT) /\612 — M6ST(169T)_
L' = (5.12)
)\612 - MGST(lﬁar) )\512 - M5ST(16QT)
[ R.I, 161w, JST(166,)
P = (5.13)
—Nwpd + 1703w, JST(166,) R.Iy — w,.L.J
We now take a closer look at the matrix:
A(erawr) = —L_l(Qr)P(GT,wT) (5.14)

Defining the following additional constants

A7 = A1 — 17 pgpn

As = AAs — 1Tp1ps5

pr = peA1r — 17 g1

ps = psAr — 17p1As
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5.1.2. STRUCTURAL ANALYSIS OF THE MODEL WITH WAVELENGTHS h =1 AND h = 17

leads to the expression of A as block matrix:
A A

~ ~

As Ay

A =
where
A1 = —R A3z + ArwpJ + [Rspsla + prw, J|ST(166,.)
Ag = —RAela + Aswrd + [Rspela + psw,J)|ST(166;,)
Ay = —RpXela + (N6 Ly — 16p1pu3]wrd + [Rrpigla + (6 Ly — 163411 ), J]ST (160, )
Agy = =Ry As5Ia + [As Ly — 161 pglwrd + [RrpsIz + (s Ly — 16 Mg )w,- J]ST(166,.)

Using the notations
Ag = ALy — 160113 pg = pg Ly — 16341

A10 = As Ly — 161 116 w10 = ps Ly — 16p1 76
the blocks of A are rewritten in a slightly more convenient form:
All = —R\3ls + RsugsT(IGQT) + er[A’ﬂz + M7ST(169T)]
A21 = —Rs Iz + RSM6ST( ) + Wy [)\812 + [LgST(1697~)]
A12 = —R. )¢l + RrMGST(169r) + wy [)\912 + ,LL98T(169 )]
(160;)

Agy = —R X512 + RusST(160,) + wy [)\1012 + umST(l&gr)]

(5.17a)
(5.17b)
(5.17¢)

)

(5.17d

Considering the above relations, it becomes apparent that all four blocks of A have the same structure.

The state-space model can now be brought in its final form. To do so, we define:
e the state vector & € RY:
X = [xo Tl Ty T3 X4 xdT
= [is 10 is2a iria irnip wr O]

e the input vector U € R3:

U= [’LL() U1 UQ]T = [Us,la Us, 28 ML]T

Note that the load torque is an unknown input.

e the input matrix B(zs) € Myyx2(R) which consists of the first two columns of L~
)\312 — ugST(16x5) Bl(.%'5)
B(zs) = =
)\612 - /L6ST(16CC5) 32(565)

e the output vector Y € R3:
= T . . T
Y = [yO Y1 y2] = [Zs,la 15,28 01’]

H(as):

(5.18)
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5.1. CONTROLLABILITY AND OBSERVABILITY OF THE TRANSFORMED MODEL

The rotor angle is assumed to be known.

e the output matrix C € Ms.s(R):
1 0 00 0O

C=1]010000
000001

Owing to the above definitions, the state-space equations of the transformed model with wavelengths
1 and 17 are rewritten as follows:

Zo Zo
d [T1 ual U
— = A(zy,w5) + B(xs)
dt i) xI9 (5]
z3 z3
d 1 9 (5.19)
ard = — 4\/§[$0 .%'1].][1-/]\47 1Is + 171-/]\47 17ST(16$5)] — Uy
dt Jmr T3
des _
a
Y =CX

In order to understand to which extend the consideration of wavelength 17 modifies the structure of
the model equations, we take a look at the numerical values of the parameters A, and p,, p € [1, 10].
The latter are summarized in table 5.1 for the model with % = {1,17} and table 5.2 in case of the
fundamental model, i.e. H = {1} and thus, Ly, 17 = 0.

Symbol and value (SI) Symbol and value (SI)
A = 2153x107% H pr = 3.111x1076 H
Ay = 2861x1072 H pe = —9.167x10"* H
A3 = 3.498 x 10! H-! us = 1.121 x 10° H!
M = T7.532x 1072 py = 2521 x1073
A5 = 8.281 x 10° H! us = 2.653 x 104 H-!
N¢ = —5155x10% H™! pe = —1.726 x 102 H-!
A7 = —1.109 x 10* pr = —9.899 x 1072
Ag = 1.781x10? ps = 1.333 x 10!
Ag = —7.538x1072 po = —4.263x 1073
Ao = 1.211 x 10! po = 6.442 x 1071

Table 5.1: Numerical values of the constants in the state-space model with H = {1,17}

We notice that the value of all p,, p € [1, 10], is zero for the fundamental model, as Lys 17 = 0. As a
result, the dependence of the matrices A and B on the rotor angle disappears. The general structure
of the state-space model, however, remains the same. In addition, the value of the parameters A,
p € [1, 10], is only marginally affected by the presence of wavelength 17.
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5.1.3. COMMENTS ON THE CONTROLLABILITY AND THE OBSERVABILITY OF THE STATE VARIABLES

Symbol and value (SI) Symbol and value (SI)
A = 2153x107% H pp = 0 H
Ay = 2.743x1072 H pe = 0 H
A3 = 3.645 x 10! H-! ps = 0 H!
A = 7.849x 1072 ps = 0
As = 8.611x 10° H-! ps = 0 H!
¢ = —5375x10% H! g = 0 H7!
A7 = —1.157 x 10! pr = 0
Ay = 1.854 x 103 pus = 0
Ag = —7.849 x 1072 g = 0

Ao = 1.257 x 10! pio = 0

Table 5.2: Numerical values of the constants in the state-space model with H = {1}

5.1.3 Comments on the controllability and the observability of the state variables
Rotor currents

Since extending the fundamental model to wavelength 17 does not affect the elementary structure
of the state-space equations, we expect the two models to share similar behaviour regarding the
properties of controllability and observability. In particular, rotor currents should remain controllable
and observable in the model with H = {1, 17}, even though the input and system matrices depend on
the rotor angle.

In order to support this conjecture, we examine whether there exist values of 6, for which the im-
pressed stator voltages have no effect on stator and rotor currents. The influence of the voltages
on the derivative of the stator currents is described by the submatrix B; which was introduced in
relation (5.18). We observe that its determinant is non-zero and independent of the rotor angle:
)\3 — M3 COS(16$5) M3 sin(16335)
det By = det[A\3Ia — u3ST(16x5)] = det
w3 sin(16x5) Az + pg cos(16x5)

= A2 — p3 cos?(16x5) — p3sin®(16z5) = A3 — p3 # 0

This means that any non-zero input voltage vector [ug u1]' will have an effect on the derivative of
the stator currents. Similarly,

det By = det[\¢I2 — u6ST(1625)] = A2 — u2 #0

and any non-zero input voltage vector will also influence the derivatives of rotor currents. In other
words, the impressed voltages can be used to command stator as well as rotor currents and thus the
electromechanical torque.

We now investigate the observability of rotor currents in the model with wavelengths 1 and 17. In
order to be observable at the model outputs, rotor currents must have an impact on stator currents
regardless the value of the rotor angle. To check whether this is the case, we work out the determinant
of the submatrix A9 which describes the influence of rotor currents on the derivative of stator currents.

To draw more general conclusions, as all four blocks in the system matrix A have the same form, we
compute the determinant of the following general expression:

det[aﬂz + OZQST(IGQT) + wTJ[ﬂllz + ﬂgST(lG@T)H for (041, s, [, ,82) S R*
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5.1. CONTROLLABILITY AND OBSERVABILITY OF THE TRANSFORMED MODEL

aq + ag cos(16x5) + Powy sin(16x5)  —w,[B1 — P2 cos(16x5)] — o sin(16x5)
= det
[B1 + B2 cos(16x5)|w, — agsin(16x5) a1 — ag cos(16x5) — Pow, sin(1625)

= a? — [ay cos(16x5) + Bow, sin(1625)]% + fZw? — [Bow, cos(16x5) — ay sin(16z5)]

2 2 20472 2
= aj — oz +w; (8] — B3)
We notice that the determinant of the four blocks of A depends on the rotor angular velocity but not
on the rotor angle, as for the fundamental model. In particular,

det A1z = Ry (NS — i) + wi (A — 4g)
=1.375 x 107! 4 5.663 x 10 3w?

>0 Vw.€R

This result demonstrates that the rotor angle does not impose any restriction regarding the influence
of rotor currents on stator current derivatives.

We can deduce from the considerations in this section that the extended model of IM1 with H = {1, 17}
is fundamentally suitable for use in torque ripple reduction applications, as the dependence of the
system and input matrices on the rotor angle does not impose limitations on the controllability and
observability of rotor currents.

The same conclusions can be drawn for the model of IM2 with wavelengths 2 and 26, since it has the
very same structure. In general, however, the number of states in the model may increase depending
on the wavelengths considered (see chapter 4). For this reason, a thorough model analysis should be
carried out in each specific case.

Observability of the rotor speed

The structure of the state equations (5.19) shows that for a constant rotor angle, i.e. w, = 0, the
differential system describing the behaviour of the currents is linear. Under these circumstances, if the
model is excited with input voltages at a given frequency, the output currents will exhibit only this
frequency. Owing to the expressions given in (5.17), the coefficients of the system matrix will change
depending on the value of #,. This is a major difference with the fundamental model, for which the
rotor angle has no impact on the system matrix at zero-speed.

Fig. 5.1 compares the stator current response of the model with wavelengths 1 and 17 to the one
obtained with the fundamental model for 6, = n/12 and 6, = 7/16. As expected, the current
trajectory computed with the fundamental model is circular and does not change when the rotor is
moved from one position to the other. This contrasts with the elliptic trajectory generated by the
model with 1 = {1, 17} whose main axis is directly impacted by the change in rotor position.

This characteristic makes the extended model potentially interesting for encoderless control applica-
tions. An extensive theoretical analysis of the rotor speed observability, similar to the ones reported by
Wit in [84] or Vaclavek in [85] in the case of Park’s model, would be valuable as well as experimental
investigations.
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X-Y plot of transformed stator currents X-Y plot of transformed stator currents
(model with wavelengths 1 and 17) (fundamental model)
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Figure 5.1: Simulated current responses of the transformed models with # = {1,17} and H = {1} to
balanced sinusoidal voltages (U = 0.15Uny, f = 2kHz) for two different rotor angles

5.2 Practical determination of the model parameters

Besides the controllability and the observability of the model states, a straightforward determination
of its parameters is crucial for its practical suitability. As described in chapter 3, the linear geometric
model requires a few additional parameters in comparison with Park’s. They describe the machine
internal geometry and are summarized in table 5.3.

Parameter Symbol

Mean air-gap length
Mean air-gap radius
Lamination stack length

Stator slot width

Number of rotor slots

Rotor slot width

Number of turns of the stator winding coils Ws

do
r
l
Number of stator slots N
N,

Table 5.3: Additional parameters required in the linear geometric model

For the purpose of the investigations, the test machines IM1 and IM2 were opened to simplify the
parameter estimation. This is usually not acceptable in practice. Thus, estimation methods should be
developed to allow for the determination of the geometry related parameters from the stator current
response of the machine.

The number of rotor slots could, for instance, be deduced from the time-harmonics present in the stator
currents under balanced voltage excitation. An alternative would be the injection of a high-frequency
test voltage and the processing of the current response (see fig. 5.1).
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5.2. PRACTICAL DETERMINATION OF THE MODEL PARAMETERS

While the lamination stack length might be available in the documentation provided by the machine
manufacturer, the determination of the other parameters is more complicated. The machine size and
number of pole pairs may provide valuable hints on the stator winding configuration and thus help
determine the shape of the corresponding conductor distribution functions.

An approach adopted in the context of this thesis consists in using Park’s model parameters as reference
and perform simulations with the linear geometric model (cf. chapter 3) to find suitable values for the
unknown parameters. This method requires a systematic means of computing the Fourier coefficients
of the conductor distribution functions. A particularly effective technique for tackling this problem
is to understand the conductor distribution functions as linear combinations of shifted copies of a
basic function, such as the one shown in fig. 3.4 on page 52. The shape of this basic function is
determined for instance by two parameters and parametric expressions of its Fourier coefficients are
found straightforwardly. The properties listed in section 3.1 allow to deduce the Fourier coefficients of
the conductor distribution functions, which then depend on the geometric parameters. The influence
of the latter on the inductances can easily be determined in simulations.

Nonetheless, finding appropriate values of the parameters remains arduous. Further work should
therefore be carried out to optimize this process.

Summary

Controllability and observability of the rotor currents and the rotor angular velocity have been em-
pirically assessed for the model of IM1 with wavelengths 1 and 17. For this particular model, the
dependence of the system and input matrices on the rotor angle caused by the presence of wavelength
17 turns out to be unproblematic in respect of the controllability and the observability of rotor cur-
rents. This property makes the model suitable for use in applications aiming at reducing current and
torque oscillations caused by space harmonics.

By contrast, the influence of the rotor angle on the coefficients of the system matrix could be useful
for encoderless control applications. This aspect, however, necessitates comprehensive investigations
from a theoretical as well as experimental perspective.

A further point needing additional research is the efficient determination of the model parameters
describing the machine geometry, since no optimal solution has yet been found.
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CONCLUSION AND OUTLOOK

The investigations reported in this thesis started with a general model of induction machines including
the effect of different categories of space harmonics. In order to meet our first objective of achieving
real-time compliance, we then focused on space harmonics caused by the discrete distribution of
electric conductors in the machine. We therefore assumed a linear magnetic behaviour as well as a
uniform air-gap. Taking advantage of the mathematical properties of Fourier series, we proposed a
simplified machine representation. Corresponding models of the two machines under test including
a handful of space harmonics were analysed in simulation and experimentally. Although acceptable
from the perspective of accuracy, they turn out to be computationally too demanding with respect to
the targeted applications. This observation led us to develop a coordinate transformation to reduce
the model order. Transformed models of the investigated machines with two space harmonics were
derived and assessed. The transformation proves to drastically reduce the computational burden and
provides execution times similar to Park’s model. Our first goal is therefore met.

The considerations in chapter 5 showed that the transformed models with two space harmonics have
essentially the same structure as Park’s. The dependence of the system and input matrices on the
rotor angle does not appear to have any detrimental consequence. On the contrary, the rotor angle
seems to be observable at zero speed. As the currents are controllable and observable, the model is
suitable for use in current and torque harmonic reduction applications. Thus, our second objective is
achieved.

The extended model requires some additional information about the machine structure, which, in the
frame of the study, was determined by looking inside the machine. As this method is not acceptable
in practice, we proposed alternatives in chapter 5. Our third objective is fulfilled although further
research would be needed to simplify the parameter determination.

Beyond the initial goals, the main contribution of the work presented is the derivation of a general
coordinate transformation for multiphase machines taking into account the effect of winding intercon-
nections. The transformation is based on the discrete Fourier transform and the concept of intercon-
nection matrices. Besides diagonalizing the stator and rotor inductance submatrices of the model, it
sheds new light on space harmonics and enables to consider them from the insightful perspective of
signal processing.

More generally, the present work demonstrated the fundamental role played by the mathematical
properties of the model:

e the symmetric positive definiteness of the inductance matrix as a result of physical phenomena;

e the careful choice of the interconnection matrix such that the inductance matrix remains sym-
metric positive definite after interconnection and therefore invertible using a efficient Cholesky
decomposition;

e the interpretation of the inductance matrix diagonalization as a discrete Fourier transform:;

e the combination of Fourier and interconnection matrices to obtain a general coordinate trans-
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5.2. PRACTICAL DETERMINATION OF THE MODEL PARAMETERS

formation for multiphase machines.

These observations should always motivate the engineer to consider a given problem from different
perspectives to propose original solutions.

Finally, the investigation of the following potentially promising aspects would be beneficial:

the practical implementation and assessment of the transformed linear geometric model to reduce
current and torque harmonics. Its complexity is comparable to Park’s model and makes it
suitable for use in predictive control schemes;

the potential of the transformed model for encoderless control purposes should be determined,
especially in the case of multiphase machines;

we have only discussed transformed models including two space harmonics. The possible benefits
of selecting different combinations of space harmonics for a given machine should be examined.
In the case of IM1, this includes the orders 1, 5 and 11, which also generate a principal slot
harmonic, instead of 1 and 17;

an extensive comparison with Kron’s method would be of interest. The advantage of Kron’s
approach is the possibility of assigning state variables to each space harmonic, which may provide
more possibilities to influence the corresponding current components. The original geometric
model, however, allows to examine the influence of specific space harmonics without difficulty,
as no further parameter is needed;

an extension of the linear geometric model to account for the effect of slotting or non-uniform
air-gap, as in synchronous reluctance machines, might also be interesting. The geometric model
might be extended to other types of machines as well.
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APPENDIX

A.1 Characteristics and parameters of the investigated machines

A.1.1 Induction machine 1 (IM1)

A .
~ e
= ’. i | " 3 l:t% ‘-.-‘:‘1?. :
1 L
Load machine k N
TOI'qu Sensor
<
Investigated machine
& M1 Encoder
Figure A.1: Induction machine 1 on the test rig
Physical quantity Symbol and value (SI)
Rated power Py = 22 kW
Rated rotor speed Ny = 2890 min~!
Rated torque Myn = 7.3 Nm
Rated voltage (star, line-to-line) Uny = 400 \Y%
Rated current (star) Iny = 4.5 A
Rated frequency fn = 50 Hz
Power factor cosp = 0.85

Table A.1: Nameplate specifications of induction machine 1
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A.1. CHARACTERISTICS AND PARAMETERS OF THE INVESTIGATED MACHINES

(b) Cross section of IM1 with rotor cage modelled as a set of N,
circuits

Figure A.2: Schematics of a cross section of IM1
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A.1.1. INDUCTION MACHINE 1 (IM1)

Physical quantity Symbol and value (SI)
Number of stator slots N, = 18

Number of rotor slots N, = 16

Number of stator circuits ms = 3

Number of rotor circuits m, = N,=16

Moment of inertia Jy = 22x107% kgm?
Coefficient of friction Cw = 64x10"* Nms

Table A.2: Geometric data of induction machine 1

Physical quantity Symbol and value (SI)
Number of pole pairs Z, = 1

Stator resistance R, = 22 Q

Main inductance M = 326 mH
Stator leakage inductance L,s = 14 mH
Rotor leakage inductance Ly, = 14 mH
Rotor resistance - = 17 Q

Table A.3: Park’s model parameters of induction machine 1

Figure A.3: Definition of normalized stator and rotor air-gap coordinates (IM1)
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A.1. CHARACTERISTICS AND PARAMETERS OF THE INVESTIGATED MACHINES

Figure A.4: Distributed quantities of stator circuit 0 (IM1)
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Figure A.5: Distributed quantities of rotor circuit 0 (IM1)
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A.1.2. INDUCTION MACHINE 2 (IM2)

A.1.2 Induction machine 2 (IM2)

= I

ek

Load machine
Torque sensor

Investigated machine
IM2

A

Encoder

——
)

Figure A.6: Induction machine 2 on the test rig

Physical quantity

Symbol and value (SI)

Rated power

Rated rotor speed

Rated torque

Rated voltage (star, line-to-line)
Rated current (star)

Rated frequency

Power factor

Py = 22 kW
Ny = 1410 min™!
Myn = 149 Nm
Uny = 400 Vv
Iny = 49 A
v = 50 Hz
cosp = 0.81 1

Table A.4: Nameplate specifications of induction machine 2

Physical quantity

Symbol and value (SI)

Number of stator slots Ns = 36

Number of rotor slots N, = 28

Number of stator circuits ms = 6

Number of rotor circuits m, = N,=28

Moment of inertia Juy = 6.0x107% kgm?
Coefficient of friction Cw = 13x10"2 Nms

Table A.5: Geometric data of induction machine 2
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A.1. CHARACTERISTICS AND PARAMETERS OF THE INVESTIGATED MACHINES

Physical quantity Symbol and value (SI)
Number of pole pairs Zp = 2

Stator resistance R, = 30 Q

Main inductance M = 214 mH
Stator leakage inductance Lys = 7 mH
Rotor leakage inductance Ly, = 7 mH
Rotor resistance r = 2.7 Q

Table A.6: Park’s model parameters of induction machine 2

Figure A.7: Cross section of IM2 with normalized stator and rotor air-gap coordinates
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A.1.2. INDUCTION MACHINE 2 (IM2)

Figure A.9: Distributed quantities of rotor circuit 0 (IM2)
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A.2. MATHEMATICAL PROOFS

A.2 Mathematical proofs

A.2.1 Winding function based model (chapter 2)

Expression of the electromagnetic torque (p. 20)

The derivation of the torque expression (2.18) proposed below is based on [51].

During the infinitesimal time interval d¢, the energy of the coupling field, W}, experiences a variation
dF,; which is linked to the exchanged electrical and mechanical energy dW, and dW,,:

AW, = dW, — dW,,

ms+my—1 -
- day,
= ——dt — My, do,
Z kg M

k=0

ms+my—1

k=0

In order to use the currents and the rotor angle as system variables, the coenergy W, is introduced:

ms+my—1

We= > gt — Wy (A.2)
k=0
The differential form of (A.2) is:
ms+m,—1 B ms+my—1 ~
AWe = Y dpdip + Y dipdyy — AW (A.3)
k=0 k=0
Appropriate substitution of (A.1) into (A.3) gives:
ms+my—1 _ ms+m,—1 _ ms+my—1 »
dWe = > dpdig + > dpdp — Y igdiy + My do,
k=0 k=0 k=0
ms+my—1 »
= Y dwdip + My do, (A.4)
k=0

As W, is depends exclusively on the currents and the rotor angle, dWW, is a total differential. The
following relationship holds:

ms+my—1
‘'~  OW. oW,
dW, = di dé, A5
kzo air, " T a0, (4.5)

Equations (A.4) and (A.5) lead to the expressions:
i 8W6(i07." 7ims+mr—1797")

= .
Vi Jir (A.6)
3”c(i07 e 7im +m 71791")
My = S A.
M 00, (A7)

Having neglected hysteresis and eddy current losses, the coupling field is conservative. Thus, the
energy stored in this field at a certain time instant only depends on the value of the state variables at

this time instant. As a result:
7{de =0 and jl{dWc =0
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A.2.1. WINDING FUNCTION BASED MODEL (CHAPTER 2)

This property makes possible to freely choose the path of integration to compute the value of W; and
We,. It appears opportune to select a path along which the rotor is first moved to its position 6, while
the currents remain zero and then bring each current successively to its final value ;. This results in:

. (7 0,) (0,6,) (i,0,)
Wi, 6,) = / A, = AW, + / aw,
(0,0) (0,0) (0,6.)

The first term on the right-hand side is zero as no energy is being exchanged between the mechanical
system and the coupling field when no current is flowing through the electrical circuits. Owing to the
above consideration, the coenergy value resulting from the state vector (i, 6,) is:

. (1'07..,’0) ms+my—1 8W (i07... 7Z‘ms+mr727ims+mr71) ms+my—1 OW
Wc(i,f)r)z/ > ,Cd¢;+~-+/( > € di,

/ 7
(0”0) k=0 azk 10, 7'L‘ms+mr72, 0) k=0 azk
(I (I
./ ./ . . ./ ./
= w0(1707"'70797“)dl+"'+ wk(z()a"'7’Lk—111707"'a0797")dl
/=0 i'=0
Img+me—1 _ , ,
+---+ / 1/}m5+mr—1(7’07 T Zm5+mr—2, 1, 01") dll
/=0
ms+me—1 . »
. . ./ -/
= Z wk(ZOf" y Uk—1, 1, 07 ) 07 Qr)d’b (A8)
i'=0

Given the expression of the main flux vector (3.47), W.(%, 6,) can be further simplified in the considered
case:

ms+mp—1

We(i, 0,) = Z / 0(2%5 it + Ly (0,)i )di/

=0

ms+m,—1

- Z (ZL“ Yiriy + ka(9 )i i)

k=0
_ k—1 ms+my—1 _
As L(0,) is symmetric, Z Ly (0,)iig, = Z Ly (0;)iyig, which yields:
=0 l=k+1

ms+my—1

ms+m,—1
. 1~ . 1 ~ ..
WC(’L, (97,) = Z ( ZLM Zl’Lk + 2ka(0 )Zz + 5 Z Lkl(ﬁr)mk>

k=0

1 ms+my—1ms+m,—

=5 Z Z Lkl P )il

(A.9)

As expected for a linear system, the coenergy W, is equal to the energy Wy. The electromagnetic
torque is calculated using (A.9) and (A.7):

0 (1-1 -
My = 89 < 7 L(HT)Z>

_ 11 0L(0,)
2 90, 2 00,

(A.10)
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A.2.2 Linear geometric model (chapter 3)
Proposition 4 (p. 46): Properties of the matrix ih(ﬁr), h € N*

o Ly(0,) is symmetric.
~ f‘;rh f‘;—rh(eT) ish Lrsh(er)
LZ(QT) = |~ ~ = = L (6;)
Li,(6) L, Lsrne,)  Lrn

o Ly, (6,) is positive semidefinite.

- - anil L 7 -
Fori=[i] /'] €R™*" with i, € R™ and i, € R™,

S T

ST - - . j:V‘s th + j:v‘rsh(er)zr
i Ln(0,)i = [z;— z:] _ Lo
Lsrh(er)is + Lrhir
= ;s—rf‘sh;s + Z_.'s—rf‘rsh<9r>zr + Zr—rf‘srh(er)zs + Z_.;:rflrhl_}r
Given the expressions (3.36), (3.37) as well as (3.43) and (3.44), we have:
;TLh(er);: LS7hZSTT(TjshTCS hfs + Ly, h;STT(TjShT(hGT — Soh)TCrh;r

+ LM,h;rTTgrhT(_her + ‘Ph)TCs his + Er, hZTT(T:rhTCrhfr

=Lshn [TCS hzs} [TCS hzs} + L |:TCS hzs} T (hb, — ¢p) [Tcr th]

- AT ~ 117 - o~ LT~ o
+LM,h|:[TCrhir} T(—h9r+ﬁﬂh)[TCshisH +Lr,h|:TCrhir} |:TCrhir:|

~ ~ 5112 ~ 51T ~ o
= Ls, hHTCs nis|| + LM,h |:TCS his:| T(her - Sph) {TCr hir}

_ 9T L1~ i~ L2
+ Larn |:TCS his] T (hb, — ¢p) [TCr hir} + Lr,hHTCr hir

= Ls, h HTCS his

The second term on the right-hand side requires particular attention:

T SO
2LM,h[TCsth:| T (h6, — ©n) [TCthr:| > —2Lyn

TCS his

> _2LM,h‘ Tcsnis

HTCr hir

As a result,

>T5 - - -
TLn(6,)7 > Lo | Tosnd,

2 - L
- 2LM,hHTcs his

‘TCrhir ‘ + Lr,hHTCrhir

+ 2Ly n [Tcs th] T (hO, — ¢n) [TCr th] + Lr,hHTCr hir

HT(hﬂr - SOh)TCr th

2

(A.11)
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A.2.2. LINEAR GEOMETRIC MODEL (CHAPTER 3)

Using (3.33), a meaningful expression can be gained:

o~ N ~ S 12 ~ - ~ o
iTLh(er)i P 477'71%(? |:C}27/(WSO)HTCS}1/L'S - QCh(WTO)Ch(WSO)HTCshis )TCrhir
2 =P
+ Ch(WTO) HTCr hir :|
H0 ~ rd ~ > 2
> 47-”157 <Ch(W80)HTCS his|| — Ch(WTO)HTCr hir )
0
>0 (A.12)

The validity of eq. (A.12) for every i € R\ {0} ensures the positive semidefiniteness of Ly,.

I:h is, however, not positive definite. As rank('f‘csh) < 2 and rank(’f‘Crh) < 2, the rank-nullity
theorem leads to dim [ker(’i‘csh)} > mg +m, — 2 and dim [ker(’f‘crh)] > mg +my — 2.

Hence, 37 € R™s 7\ {0}, i ' Ly(6,)i = 0.

O
Proposition 6 (p. 48): Properties of the matrices i%(@r), (h € N*), I/(6,) and L'(6,)
e For h € N*, f/h(ﬁr) = CTLy(0,)C is symmetric positive semidefinite.
_ _ T _ _ _
L7 (0,) = [CTLh(GT)C] = CTL] (6,)C = L (6,) as Ly, is symmetric.
For i' = [T #T]" € R™++m with 7, € R™ and 7, € R™,
I o Jel o[ L L] [cs 0o][Z
ETUATISEARE AN | I U ) )
L 0 Cr Lsrh(gr) Lrh 0 CI‘ Z;«
_ [ZIT ;/T] Cstth C;—Lrsh(ar)cr ;/s
s r ~ ~ o
ClLaen(0,)Cs  CJLCe | |7
=77 [CST LonCsll, + CSTf,rsh(Gr)CrZ] T [CI Lern(6:)Csi. + C/ irhcj;]
= 21" & 5 ~ 517 ~ 5
= Lsn |:TCS thls] TcsnCsis + Lasn |:TCS hCst} T (h8, — vn)TcrnCri,
~ 217 ~ 2 7 [ 217 A 5
+ L, [TCrhCr%«} T(=h0, + ¢n)TcsnCsiy + L n [TCrhCr%«} TcrnCri,
S F= 212 7 |lA = [|2 ~ A 5
> Ls,hHTcsthZS + Lr,hHTCrhCrZr - QLM,hHTcsthZS ‘TCrhCrZr
Ho e = e =11\ 2
> 47T7“l% ch(Ws0)||TesnCsis|| — cn(Wro) || TernCri,
>0
O
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o L'(6,) is positive semidefinite.
N ~

For N € N*, ZLL(@T) is positive semidefinite as the sum of positive semidefinite matrices. The
h=1

positive semidefiniteness of L’(6,.) is then gained from the fact that

L'®)= 1 L; (6
( N—1>H—li-ooz

exists and, for i/ € R™st™: the map
My 4m (R) — R
M — ¢5(M)=iTM7

i

is a linear form in a finite dimensional vector space and therefore continuous. ]

e L/(0,) is positive definite.

L(6,) being the sum of a positive semidefinite and a positive definite matrix, L’ (0,) and L, respectively,
it is positive definite. Hence, there exists a unique upper triangular matrix with strictly positive
diagonal coefficients A such that L(6,) = ATA (Cholesky). For 7/ € R™s+mr

5 5 . T 5
7L (6,)7 =7TCTATACT = [AC?] ACT = HAC?

Owing to the shape of matrix C, 7 # 0 = C7 # 0. As A is invertible, i/ # 0 = ¢ 'L/(6,)7 > 0.
Hence, L'(0,) is positive definite.

O]

A.2.3 Transformed linear geometric model (chapter 4)
Transformed stator main inductance matrix of wavelength h, iih (p. 86)

In order to find a simpler expression of iih, the matrix product ’i‘cs ko W, is now being investigated.
To do so, the coefficients of Tcgy, are expressed using complex exponentials:

1 ... ehman L giko(maDIE
Tcsko = 5
sko 2 0 --- _jejkomfn—’; . _jejko(ms—l)TQVT7r
1 .. eRomiET L omiko(ms—1)ZE
4
o .- je—jkomfn—z L je—jko(ms—l)%
1 |:1 off1r --- W’_“%Z Wf%gznrl)
— 5 . k k 1
0 —j[lo - whm ... gyhotm=l)
1 0 1 .- erfzosm . Wko(ms—l)
4
0 j5(lo --- erfz(lm o Wko(ms—l)
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A.2.3. TRANSFORMED LINEAR GEOMETRIC MODEL (CHAPTER 4)

1
o]t 1 .
0 —j5110 1 1 0 '
ankaO(m571)
1 -
1 0]|1 1
+ W om
0 4110 1 1 O ’
! e
Defining the following matrices,
1 -
1 1
M, 1o = wipm N- P
O ’ 0 1 1
| iz,
we obtain: )
Teske = 5(?NMmS,ko + PNMm&ko)
At first, we focus on the product My, ko Wm,:
1 -
1 Wkgm
]-\/Ims,ko’vvmS - \/7775 O mg .
| i,
M1 1 e e 1 i
1 Wh, - Wi Wmns=1
X 1 WJZS e W;lnsk WT(nTSns—l)k
1wt e e

(A.13)

(A.14)
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A.2. MATHEMATICAL PROOFS

1 . . . 1
W#LO . W£0+m .. Wfloers*l
1 : : : : :
T i | Wi kerm) o pklRotmeD)
Wr(nms‘fl)ko ) . Wr(nmsfi)(koer) . . W&msfl)&k’o+msfl)

In order to calculate the product NM,, koW, it is necessary to determine the sum

ms—1 ms—1 ) ) k
> witerm) = 3 [t
k=0 k=0

depending on (ko, m) € [0, ms — 1]]2. The following two cases have to be distinguished:
e Case 1: ky +m =0 (mod my)
INEZ, ko+m=Amg

\ e—j(lfo-i-m)fT"S _ e—jAmsz’; — i

ms—1

. Z Wk k0+m = my

As (ko, m) € [0, ms — 1]?, the only possible values of A are 0 and 1:
A=0=ko+m=0=m="ky=0 (only relevant if ky = 0)

A=1=ko+m=ms = m=ms— ko (only relevant if ko # 0)

e Case 2: ko +m # 0 (mod my)

a1 it
k(kjo+m) —
kZ—O Wms 1 J(ko+m) 0

As a result, if kg = 0,

m=0 m=mgs—1

1 My 0 ... 0
NMms7k0Wms = Ts |: me—1 —1 --. -1 :|
and
m=0 m=ms—1
1 m 0o - 0
PNM Wh. = . ® . .
ms, ko msg ﬁms |: j<7,n/s _ 1) _] . _] :|
In contrast, if kg # 0,
m=0 m=ms—ko m=ms—1
1 o --- 0 My o --- 0
NMms,kOWms - s |: -1 ... =1 me — 1 -1 ... -1 :|
and
m=0 m=ms—ko m=ms—1
1 o --- 0 Mg o - 0
PNMpn. 1, W, = . o ) .
e ko Vs [ =3 e = glms—=1) —j o = }
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A.2.3. TRANSFORMED LINEAR GEOMETRIC MODEL (CHAPTER 4)

Considering now the remaining term in (A.14), the product My, k, Wm, needs to be calculated:

o |
Mo 2o Wi, = — kot
ms, ko mg \/mis O —Mms
' pyiolms=1)
1 1 . . . 1 1
1 Wpn, - wn .. W;nnsrl
*1q Wﬁ% .. W;;lgk .. W&“Js*l)k
1 wms=1 opmme=l) o pplme=1)?
[ 1 . e o 1 i
W, ko e Wm—ko e Wms—1=ko
1 : : : : :
= \/ﬂT W —kko .. Wfl(mfko) . {/Vm(mS 1—ko)
Wn—l(m‘s—l)ko . . Wr%ms_i)(m_ko) . . W&ms—l)&ms—l—ko)

The computation of NMy,, ko, W, requires a closer look at the sum

ms—1 ms—1 ) k
Z ka ko) _ Z [e*j(mfko)mfz}
k=0

which depends on (ko, m) € [0, ms — 1]*.
e Case 1: m — kop =0 (mod my)

dANeZ, m—ky= mg

s _ 2m _ s
) ](m k())m ]/\ms —e ])\27T: 1

ms—1
- Z Wk(m ko) = my
(ko, m) € [0, ms —1]* = A =0
=k —m=0=—=m=k

e Case 2: kg —m # 0 (mod my)
ms—1 1— e*i(m*ko)%}ms
Z Wk(m ko = ; 27T = 0
_ 6*J(m*k0)mfs
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Following these results:

m=0 m=kg m=ms—1
_ 1 0O - 0 M 0o - 0
N].\/Ims,kovvmS = \/7777473 |: -1 -+ =1 mg—1 -1 --. -1 :|
and
m=0 m=ko m=mgs—1
- 1 0 --- 0 m 0 --- 0
PNM Wh. = . . LT . . }
ms,ko mg \/7’75 |: ] ] —j(?”rls—l) ] ]

According to the previous considerations, the value of kg has an influence on the product 'Tcs ko Wi,
and the case kg = 0, i.e. the wavelength order A is a multiple of the number of stator circuits ms, has
to be examined separately.

~ ) — 1
ko =0= Tcs kOWms = §PNMmS,kons + §PNMms,k0Wms

m=0 m=ms—1
1 2ms 0 .- 0
- 2/ M5 0 e 0
m=0 m=mg—1
= Vs [ 0 o0 ... 0 ]
~ l— —— 1
ko #0 = TcskoWm, = §PNMmS’k0\/\7ms + §PNMms,k0Wms
m=0 m=ko m=ms—1
B 1 [ 0 e 0 M o --- 0 ]
2y/ms i J o —jlms—1) § .- J
m=0 m=ms—ko m=ms—1
[ 0 - 0 M o --- 0 }
+ . . . .
=3 e =j jms—1) —=j -+ —j
In case kg # ms — ko,
m=0 m=kg m=ms—ko m=ms—1
~ s O --- 0 1 0 --- 0 1 0o --- 0
Tosko Wi, = 9 0 - 0 —j 0 -~ 0 j 0o ... 0
however, if kg = ms — ko (i.e. ko = ms/2),
m=0 m=kg m=ms—1
Tesko Wi, = vims [ 0O -+ 0 0 0 --- 0 ]

The latter case may only occur if the number of stator circuits is even, for example when considering
the wavelength of order 3 in a 6 phase machine.

Getting back to the transformed stator main inductance of wavelength h, I:ih, the previous results
lead to:
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e ky = 0, i.e. the wavelength order h is a multiple of the number of circuits ms:

~ - = _
Li L = Lo nToskoWm, TCskoWn,

k=0 10 m=0 m=ms—1
- 0 : Lo - 0
= Ly p/ms CoVms | 0
k=ms—1 0 0
m=0 m=ms—1
k=0 L0 0
_ 0 cee e 0
= msLs,h : : : . (A‘15)
k=ms—1 0 0

° k‘o 7& 0:
If kg = ms — kg, an expression similar to the previous one is obtained:

~ T
Liy = Lo nToskoWm, TcskoWn,

k=0 0 0
0 m=0 m=kg m=ms—1
~ 0o --- 0 1 0o - 0
= Lo nv/Ms iy Lo | Vs 0 cer e e e 0
0 .
k=ms—1 | 0 0 |
m=0 m=ko m=ms—1
=0 [ 0 0 0 0 0 i
: 0
N 0 0 0 0
= msLs’ h  k=ko 0 - 0 1 0 0 (A16)
0 0 0 0
: .o : : 0
h=me1 | O - 0 0 0 0

If kg # mgs — ko, we have:

~ =T
Lih = LS7hTCSk0Wms TCSkOWmS
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k=0 0 O
k=ko 1 g
0 0
7., Vs
= Lis h 2
0
k=ms—ko 1 —]
0 O
k=ms—1 L 0 0 1

m=0 m=ko m=ms—ko m=ms—1
y Vs o --- 0 1 0 --- 0 1 0 --- 0
9 O -~ 0 —j 0 --- 0 j 0 --- 0
m=kg m=ms—ko
- 0 0 -
0 0 : 0
0
k=ko 0 0 1 0 0 0 0 0
0 0
= %zs,h O : O : O (A.17)
0 0
k=ms—ko o --- 0 0 0o --- 0 1 0 0
0 0
0 0 0
L O O -

Transformed rotor main inductance matrix of wavelength h, Iiih (p- 86)

As in section A.2.3, three cases have to be distinguished, depending on the value of [y:

e [p =0, i.e. the considered wavelength order is a multiple of the number of rotor circuits m,.:

n=0 n=my—1
- lm 1 10 - 0
Crlg "Vm, — 3 my,lg VVm, 5 mg,lg VWm, = T
T W 2PNM W +2PNM W vm 0 e 0
n=0 n=m;—1
1=0 1 o - 0
-, _ 0 - ... 0
Lin =mrLrn S : (A.18)

l=m,—1 0 e e 0
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e g0 A Ilg=m, —lp:

n=0 n=lo n=m,—1
~ 0 0o 1 0 0
TerieWm, = vme | 0 0 0 0
n=0 n=lg n=my;—1
=0 [ 0 0O 0 O 0 ]
: 0
N N 0 0 0 0
Liy =m Loy = 0O -~~~ 0 1 0 0
0 0 0 0
: SR : : 0
l=m.—1 [ 0 - 0 0 0 0 ]
OZ()#O A lo#mr—lol
n=0 n=lop n=m,—lg n=m,—1
~ Ym [0 -0 1 0 -0 1 0 - 0
TerigWm, = =5 0 -+ 0 —j 0 - 0 j 0 --- 0
n=lp n=m,—Ilo
_ 0 0 -
0
I=ly o --- 0 1 0 0 0 0 0
0 0
L, =27 0 : 0 : 0 A.19
rh = o ©nh : : (A.19)
0 0
l=my—lo 0O --- 0 0 0 0 1 0 0
0
-~ 0 0 -

Transformed mutual inductance matrix of wavelength h (p. 87)

It is useful to express the coefficients of the matrix T(f, ;) using complex exponentials:

, 008(9;7h) - sin(&iyh) 1 e 4 e n J [ejeﬂh — e I0nn
T(0;,) = =5
" sin(6) ) cos(dl,) | %] [eJBL,h n efjei,h} L
1 1 —j
1 10! ] 1 _ a0/ ]
— 76]67"}7’ _|_ —e jer,h (A20)

Following the results obtained in the foregoing sections, nine different computation schemes of f‘ish
need to be distinguished depending on the wavelength order h and, consequently, the values of ky and
lo:
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1.) ko=0A lpg=0

n=0 n=m,—1
1 ] 1 ]
1 .. I~ / o J
56.797«,}1 Ty W, = %eﬂ#,h [ (1) 8 8 }
i1 i1
n=0 n=m;,—1
_ Ve e, [ 10 0
2 -7 0 0
- n=0 n=m,—1
) —J| ~ P
lefjaﬂ h TcripWm, o =30 n [ Lo 0 ]
n=0 n=m,—1
RV [ Lo 0 }
2 7 0 0
As a result,
n=ly n=m,—1
j9). —j0,,
f ~ . \/’]WT e] 7,h,+e r, h 0 O
T(9r7h)TCI'10er - 2 [ *j@jei“h +j€—j9; h O . O
and hence,
k=0 10 n=lg n=my,—1
: j0). —jb,
= B 0 : \/TTT J7,h_|_€ r h o --- 0
Lo, = L, ny/ms o 5 [_jejeil_’h_’_je—jé):uh 0 ... 0
k=ms—1 0 0
n=0 n=m,—1
k=0 cos(f, ) 0 - 0
0
= LM,h\/mSmr : O (A.Ql)
k=ms—1 0
2) ko=0 A lgp=m,— I
n=0 n=lo n=m,—1
S O I V70 8 I 0 0 1 0 0
26’_jlc“°mf_2e’_j1 0 0 0 0 0
n=0 n=ly n=my,—1
_ VT e, [0 0 1 0 0
2 0 0 —5 0 0
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n=0 n=lg n=my;—1
R i N
° e_Jervh Tcr lo’\/vmr = T 6_]9“ h |: 0 0 ! 0 0
i 2 i 0 0 0 0 0
n=0 n=lo n=m;—1
:1/mre_j9;,h 0O --- 0 1 0 --- 0
2 0 - 0 5 0 - 0
As a result,
n=0 n=lo n=my;—1
_ Sm 0 - 0 %nre % o ... 0
T 9/ T W — " 0! +0!
( T7h) CI‘IO i 2 0 P 0 _je-jer', h _|_ jei‘}e'r', h O P 0
and hence,
k=0 1 0 n=0 n=lgy n=my;—1
_ 0 | vmr 0 - 0 %niredhn o ... 0
:[1h = L v/ m Y vy
rsh M,k s 2 [ 0 e 0 fje-}e'r, h 4 jeijen Ao Q .- 0
k=ms—1 0 0
n=0 n=ly n=m,—1
k=0 0 - 0 cos(@l,) 0 - 0
0
= LM,h\/ msmy O . O (A22)
k=ms—1 0
3.) ko=0 A —|(l() =0V lp=m, — lo)
1 om J| ~
° 76]9“ h TCr lo er
n=0 n=lg n=m,—lop n=my—1
RV N I B 0 1 0 0 1 0 0
4 i 0 0 —j 0 0 0 0
n=0 n:l() n=my -1
Ve, [0 0 1 0 0
2 0 0 —j 0 0
1 —
1 / J| ~
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It turns out that the expressions of iish obtained in cases 1 to 8 are a particular form of (A.29).
Hence, (A.29) can be treated as the general form of Lish for any wavelength h € N*.
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