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Abstract

This thesis is a contribution to the power sizing and the control of a Cascaded Doubly
Fed Induction Generator (CDFIG). The machine model for simulation is based on
a modular representation, derived from the Park model of two distinct Doubly Fed
Induction Machines expressed in their own reference frames. The dynamic model of
the cascaded machine is then extended to be described in a unified reference frame.
This representation is convenient for the sizing of the machine and for the design of
the controller. The steady state power operating margins of the cascaded machine
are investigated. A generic analytic method is suggested to derive the active-reactive
power domain. The limit curves are defined in terms of the rated quantities of the
machine. The study takes into account the magnetic circuit saturation effect. It is
proven that the power capability of the machine is determined by the stator current
maximum values and is subject to several limitations. The analytical approach is
tested and validated by experimental measurements. The CDFIG is controlled in
grid-connected and standalone operation modes. In grid-connected application, the
attention is paid to high power wind generation systems. A new maximum power
tracking of a variable speed wind turbine is suggested. The generating plant is carried
to provide a quasi-constant maximum power regardless wind fluctuations. In addition
to active power optimization the power factor is adjusted according to the grid code
requirements and the operating domain of the integrated unit. A virtual flux oriented
vector control is applied for the decoupled regulation of active and reactive powers,
leading to grid voltage sensorless operation. In standalone operating mode, the study
treats in particular the embedded aircraft power system generation. Two distribution
networks are considered: constant frequency AC network and DC network. In both
cases, the control aims to maintain a constant output voltage. The operation of the
CDFIG supplying unbalanced three-phase load is further explored. Control schemes
to cope with unbalanced stator voltage conditions are developed. Two compensation
methods are elaborated: the first dealing with dual rotating frames and the second
is based on repetitive controller. Simulations with Matlab/Simulink software and

experiments validate the control approaches.

keywords: Cascaded doubly fed induction machine, active-reactive power domain,
maximum power point tracking, grid-connected wind turbine, standalone application,

unbalanced load.






Résumé

Le travail présenté dans cette thése est une contribution au dimensionnement et a
la commande d’un générateur de type Cascade de Machines Asynchrones a Double
Alimentation. Le modele de la machine pour les simulations est basé sur une repré-
sentation modulaire qui découle du modele de Park de deux machines asynchrones
doublement alimentées distinctes, en respectant deux systemes de référence. Le modele
dynamique est ensuite étendu pour décrire la machine dans un repére unifié. Cette
représentation est cruciale pour le dimensionnement de la machine et la synthese de
la commande. Le domaine de fonctionnement de la cascade en régime permanent est
exploré. Une méthode analytique générique est proposée pour établir les plages de
puissances active-réactive. Les courbes limites sont définies par rapport aux grandeurs
nominales de la machine. L’étude prend en compte l'effet de saturation du circuit
magnétique. Il est prouvé que la capacité en puissance de la machine est déterminée
par les valeurs maximales des courants statoriques et peut étre soumise a plusieurs
limitations. L’approche analytique est testée et validée par des mesures expérimentales.
Deux cas sont considérés pour la commande de la cascade : un générateur raccordé au
réseau et un générateur autonome. Pour la connexion au réseau l'application visée est
les éoliennes de grande puissance. Une nouvelle méthode pour l'extraction de la puis-
sance maximale d’une éolienne a vitesse variable est proposée. Le systéme est controlé
dans le but de fournir une puissance maximale quasi-constante indépendamment des
fluctuations du vent. En plus de I'optimisation de la puissance, le facteur de puissance
est également ajusté selon les normes de raccordement standard imposées par les
services systeme, et les limites de fonctionnement de I'unité intégrée. Une commande
vectorielle sans capteur de tension, basée sur une orientation suivant un flux virtuel,
est appliquée pour la régulation découplée des puissances active et réactive. Pour le
fonctionnement en mode isolé, 'application visée est la génération électrique pour
systeéme avionique embarqué. Deux réseaux de distribution sont traités : réseau AC
a fréquence fixe et réseau DC. Dans les deux cas, la commande est élaborée dans le
but de maintenir une tension de sortie constante. Le fonctionnement de la cascade
alimentant une charge triphasée déséquilibrée est également étudié. Des schémas
de controle servant a la compensation du déséquilibre des tensions statoriques sont
développés. Deux méthodes de compensation sont proposées : 'une basée sur le
principe de deux reperes tournants et I'autre sur un correcteur répétitif. Les approches

présentées sont validées par simulation avec Matlab/Simulink et par expérimentation.

Mots-clés: Cascade de machines asynchrones doublement alimentées, domaine
de puissances active-reactive, extraction maximale de puissance, éolienne connectée

au réseau, application isolée, charge déséquilibrée.
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Introduction

Due to the recent interest in renewable energy systems and embedded applications
and the advance in power electronics, the development and control of Variable Speed
Constant Frequency (VSCF) generators have become a very important research topic.
Compared to constant speed electric systems, variable speed systems are more flexible,
efficient and reliable. Among the possible types of VSCF generators is the Doubly
Fed Induction Machine (DFIM). This generator is able to achieve independent control
of active and reactive powers and supply constant frequency voltage at variable speed
using partially rated converters [36]. The rating of the power converters used in the
rotor circuit is determined by the range of the operating speed. The DFIG is widely
used in many industrial grid-connected and standalone applications. Nevertheless,
the main drawback of this classical structure is the presence of brushes and slip rings
which increase significantly the maintenance cost, reduce the system reliability and
make the machine unsuitable for embedded applications.

An alternative solution for conventional DFIM replacement is the Cascaded Doubly
Fed Induction Machine (CDFIM) [44], [91]. This configuration retains the benefits
of the single wound rotor induction machine in a brushless structure that provides
robustness, reliability and low maintenance cost which are fundamental in the above-
mentioned applications. Yet, the price to pay is a more complex structure that

requires an efficient control design methodology.

This thesis is a contribution to the power sizing and the control of the CDFIM
operating as a grid-connected and a standalone generator.

In grid-connected mode, the attention is paid to high power Wind Energy Conver-
sion Systems (WECS). In standalone mode, the embedded electric aircraft generation
system is considered. However the study remains valid to other industrial applications

such as autonomous windmills and hydro-power systems.

Context outline

The wind energy technology is dynamically growing and experiencing a rapid
development all over the world. This non-polluting and economically viable solution

has become one of the most important and promising sources of renewable energy in
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recent years. Nevertheless, the increasing penetration of large wind farms is disturbing
the overall power system performance due to the uncontrollable generated power.
Consequently, the connection and the dynamic behavior of Wind Turbines (WT)
under different grid conditions are becoming an important concern, and new grid
code requirements are introduced [37], [130], [132].

DFIG is the most used generator in high power WECS [80]. However, the presence
of electric brushes involves permanent maintenance, hence lower reliability and extra
cost [131]. Since wind energy applications are frequently located in remote places, a
high level of reliability and long-term operation are required. Therefore, the CDFIG
is a potential alternative solution to be used for windmill generation systems.

The WTs are commonly controlled using the well known Maximum Power Point
Tracking (MPPT) method [29]. The turbine speed is adjusted to extract instanta-
neously the maximum available power for every wind velocity. This conventional
technique, designated in this manuscript by "instantaneous MPPT", ensures maximum
system efficiency and power optimization. However, fluctuating and uncontrollable
active power is produced at the output of the generating unit due to the stochastic
aspect of the wind. The power oscillations imply significant variations in electro-
magnetic torque which increase the stress on the generator and the grid side and
disturb the network stability. In this regard, the increasing integration of wind plants
into the grid requires new control methods to be implemented in order to sustain
the power network stability. A new strategy for maximum power tracking, denoted
"mean MPPT" for the rest of this thesis, is proposed. The system aims to provide a
quasi-constant maximum power regardless wind fluctuations. The main motivation
behind this method is to enhance the quality of the power feeding the grid for stability

purposes, while maintaining high system efficiency.

The majority of research interests related to the CDFIG are concerned by the
grid-connected wind energy systems [44], [55], [66], [109], [131]. Conversely, only few
papers studied the CDFIG in standalone operation [87], [91], [141]. With its brushless
structure, fractionally rated converters and constant frequency output voltage, the
CDFIG is suitable for many industrial autonomous applications where VSCF operation
is required such as wind energy, hydro-power and embedded systems. In this sense,
in order to assess the full potential and capability of this generator, the standalone
operation performance is worthy to be studied and new control strategies should be
investigated.

The studies conducted in the literature on autonomous CDFIG have focused on
normal and balanced grid conditions. Nevertheless, in practical use, unexpected
conditions such as unbalanced loads exist and have a strong influence on the perfor-

mance of the generator, the behavior of other connected loads and the standalone
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configuration. For this reason appropriate algorithms are required to compensate the

voltage unbalance and reject the impact of unbalanced load.

A standalone industrial application considered for simulation in this manuscript is
an embedded aircraft power system generation. The recent aircraft industry tends
toward the concept of a More Electric Aircraft (MEA). It involves the replacement of
conventional equipments, based on mechanical, pneumatic and hydraulic, by electrical
devices improving the performance, reliability and life cycle cost of the aircraft and
reducing fuel consumption [95], [111]. To cope with the increasing demand of electrical
power brought by the MEA, new architectures and voltage levels for the on-board
electrical power distribution systems are applied [14], [35]. Three electrical networks
are explored in aircraft systems: constant frequency AC network, variable frequency
AC operation and/or DC distribution network.

Presently, aircraft embedded generators are based on a three-stage integrated
synchronous machine [21], [113]. This structure is standalone, and avoids slip rings and
brushes. However, the price to pay is its obvious complexity. In addition, constant
frequency voltage at variable speed cannot be directly provided by synchronous
generators. The CDFIM is presented as an alternative to substitute the three-stage

synchronous machine presently in use in most of the aircraft power systems.

Regarding the CDFIM itself, the research effort has focused on the performance
and the development of new control schemes under grid disturbances [44], [55], [66],
and normal grid conditions [91], [108], [109]. Yet, the working range of the generator
and its contribution to reactive power generation, as required by the corresponding
grid codes and/or the load demands, were not treated in the literature. Although the
power sizing of the generator is of great importance for practical applications. Indeed,
it ensures the machine is being operated in a state within its ratings and allows
to choose the appropriate machine that is best adapted for the desired application,
according to its power capability. For this purpose, the power operating margin of
the CDFIM is to be investigated.

Document organization

The remainder of the thesis is divided as follows:

The state of art includes an overview of brushless doubly fed induction machines
in terms of performance and of brushless structure. A literature review is conducted
on WECS presenting previous works on grid-connected generators and various control
strategies of the integrated WTs. In embedded aircraft systems, the concept of MEA

is considered. A state of art of voltage levels and architectures for the on-board
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electrical power distribution systems as well as machine structures proposed for this
application is presented.

Part I is dedicated to the modeling, analysis and power sizing of the CDFIM. The
machine model is elaborated in Chapter 1. It is based on a modular representation of
the system derived from the model of two wound rotor induction machines expressed
in their own reference frames. The mathematical model of the CDFIM is then
extended to describe the machine in a unified reference frame. This representation is
more convenient for the power sizing and for the design of the machine controllers.
Chapter 2 deals with the steady state power operating domain of the CDFIM. A
generic analytic method is suggested to derive the active-reactive power margins. The
limit curves are defined in terms of the rated quantities of the machine. The study
includes the influence of the slip range and terminal voltage variation on the power
limit curves. The effect of magnetic circuit saturation is further investigated. The
analytical approach is tested and validated by experimental measurements.

Part II studies the CDFIM operating as a grid-connected generator in high power
WECS. A new approach for maximum power tracking of a variable speed W'T under
normal grid conditions is presented. The generating unit intends to provide the
maximum constant power associated to the average of the wind speed, predicted over
a predefined interval. In addition to power optimization, the system is controlled to
supply additional reactive current for Power Factor (PF) regulation, according to the
grid code requirements and the operating domain of the integrated unit. On that
basis, a decoupled vector control of active and reactive powers is established by means
of a new voltage sensorless approach based on Virtual Flux (VF) orientation. The
dynamic behavior and the overall description of the wind generation system based on
the CDFIG are elaborated in Chapter 3. Chapter 4 is devoted to the VF oriented
vector control of the global system. In Chapter 5, the new mean MPPT approach is
exposed and compared to the conventional instantaneous MPPT algorithm.

Part III investigates the brushless CDFIM operating as a standalone generator.
An application for embedded aircraft power system is considered. Two distribution
networks are studied: constant frequency AC grid and DC grid. Chapter 6 and 7 deal
with the constant frequency AC network. In the first place, normal grid conditions
are considered. A classic vector control is elaborated in Chapter 6 to meet the output
voltage requirements. The operation under unbalanced loads is then investigated.
Advanced control schemes based on dual rotating frames and repetitive controllers
are implemented in Chapter 7 to compensate the voltage imbalance and reject the
unbalanced load impact on the generated stator voltages. Chapter 8 treats the DC
network. The CDFIG is cascaded to a diode bridge rectifier. The controller aims to

maintain a constant output DC voltage despite the load and speed variation.



State of Art

DFIGs are widely used in many industrial applications where VSCF electric power
generation is required. They are exploited in grid-connected and standalone fields
such as wind energy [99] [103], [128], hydro-power [114] and aircraft systems [62], [90].
In spite of variable speed prime movers, the DFIGs can be directly connected to a
constant frequency grid thanks to the regulation of the rotor current. The frequency
and amplitude of the rotor current are adapted to compensate any speed and/or load
variation.

In grid-connected mode, the stator active and reactive powers are independently
controlled. In standalone operation, the controller aims to achieve a constant output
voltage despite the load and speed variations. When operated over a limited speed

range, the power converters are sized for a fraction of the nominal power [36], [60].

Nevertheless, the limitation of the DFIG is its brushes and slip rings structure,
which involves permanent maintenance and reduces the life time of the machine [118],
[131]. Consequently, this classical structure is not completely adapted in applications

where high level of reliability and long time maintenance periodicity are required.

An alternative to substitute the single wound rotor induction machine is the
CDFIM [44], [91]. If the rotor windings of a given DFIM are supplied by another
three-phase AC machine, a second DFIM is introduced leading to a complete brushless
structure.

The converter ratings and behavior of the CDFIM is similar to the DFIM. Several
previous works have investigated the operation of the CDFIM as a variable speed
constant frequency generator in various applications including windmills [44], [109],

small scale hydro-power systems [59], and embedded aircraft industry [86], [91].
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Brushless doubly fed induction machines-State of

art

Different structures of brushless doubly fed induction machines are reported in

the literature. The main types are classified in the following.

The CDFIM

The CDFIM is the fundamental type of a brushless doubly fed induction ma-
chine [86]. The idea of this architecture goes back to more than a century ago [126].
The CDFIM is obtained by combining two individual wound rotor induction machines
as shown in Figure 1. The rotors are mechanically and electrically coupled so that the
brushes are no longer required for the direct connection of slip rings. Since the rotor
voltages of both machines are equal, it is possible to control one induction machine

with the stator of the other machine.

Eonverter

Figure 1: Principle of a CDFIM

The two machines can theoretically have any pole pairs combination with the
rotors electrically connected in positive or in negative phase sequence. However, when
it comes to machine efficiency and converter ratings, the most satisfying performances
for generating systems are achieved by an inverse interconnection configuration [92].
It allows the torques to combine in the additive manner. The direct coupling sequence
must be avoided.

The main difficulty when working with the CDFIM is its inherent complexity, and
the existence of multiple reference frames. The major issue is to synthesize an efficient
global control method for these two connected machines. A modeling methodology of
the CDFIM based on dynamical equivalent circuits is suggested in [91]. Tt describes
the machine not only for steady state operation but also in transient mode operations.
This representation is used to design the machine controller based on the inversion

principle of dynamical models. A space phasor model of the CDFIM in a common
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arbitrary single reference frame is proposed and verified experimentally in [38], [107].
In this unified coordinate, the dynamic model of the CDFIM is independent of the
rotor angle position and analogous to the standard induction machine, which allows
to exploit similar control strategies [47], [109].

It shall be noted that although the CDFIM is the basic structure of a brushless
doubly fed machine, such a machine connection is not practical for real industrial
application. The weight and the size of the CDFIM are too important. A larger
machine size is required to produce the same torque as a wound rotor induction
machine [79]. Besides, due to the large amount of windings, the losses are higher
than for a single DFIM of a comparable power rating [49]. To cope with these
shortcomings and obtain more efficient and compact solution, the cascaded structure
is improved and new topologies are studied. The most recognized structures are listed

and described hereby.

The Single-Frame Cascaded Doubly Fed Induction Machine (SF-CDFIM)

The SF-CDFIM brings the idea of the CDFIM a step further by combining the

two induction machines in one common frame as illustrated in Figure 2.

Converter Crossed over
cage rotor

Figure 2: Principle of a SF-CDFIM

The SF-CDFM is mechanically more robust. The two stator windings are axially
aligned. A cage rotor structure to replace the wound rotor is made out of rotor
bars. The cage rotor is "crossed-over" between the two machine sections in order to
produce an additive torque by the two individual machines. The power flow, frequency

behavior, model and control strategies are the same as the CDFIM [49].

The Brushless Doubly Fed Induction Machine (BDFIM)

A second alternative for the CDFIM is the BDFIM. It is a compact machine

solution. The principle of the proposed machine is presented in Figure 3. It merges
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the two induction machines into one machine having two stator windings in the same

slots.

Two stator
windings

Converter

Figure 3: Principle of a BDFIM

It was proposed by Hunt in 1907 [51] with initially a special wound rotor. Then a
particular cage rotor structure, which has much of the simplicity and robustness of
a squirrel cage winding was developed by Broadway in 1970 to replace the wound
rotor [25]. The stator windings of the BDFIM share a common magnetic circuit. Hence,
to avoid direct transformer coupling between the two stator windings, additional
constraints for the numbers of pole pairs are introduced. The two stators must have
a different number of pole pairs. Besides, the numbers must differ by more than one
to avoid unbalanced magnetic pull on the rotor [25]. The rotor is specially designed
to induce a cross-coupling effect between the two stator windings through the rotor
[107], [140], which is a prerequisite for torque to be produced from the machine. The
machine performance and power density improve as this cross-coupling is improved.

The rotor is formed of a "multi-circuit single-layer bar winding"' as shown in
Figure 4 (known as the nested-loop), which is a particular cage structure. It consists
of identical rotor poles (or nests of conductors). The number of rotor poles must

equal the sum of the two stator winding pole pairs [25], [137].

Short-circuited Squirrel cage

Figure 4: Multi-circuit single-layer bar winding [24]

The power and frequency relations of the CDFIM are applicable for the BDFIM.
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Similar modeling approach and control strategies can be elaborated. However, the air-
gap flux is very irregular because of rotor structure and the complicated combination
of the stator and rotor poles [57].

Over the last years more researchers have studied this type of doubly fed brushless
machine. Various models and control methods are investigated with attention being
paid towards their application in wind power generation, although the benefits of the
BDFIM for variable speed drives have also been demonstrated [20], [118].

A per phase equivalent circuit for the machine is suggested and experimentally
validated in [116]. The equivalent circuit is used to estimate the parameters of the
machine from experimental measurements. Based on this model, active and reactive
power flow and performance analysis of the BDFIM is performed in [79]. A unified
reference frame model of the CDFIM is proposed in [107]. Using this model, vector
control schemes of the generator based on stator field orientation techniques are
developed and experimentally tested in a number of works [108], [121]. The studies

also included the operation of the generator during disturbances [131].

The Brushless Doubly Fed Reluctance Machine (BDFRM)

An alternative machine, the BDFRM is further introduced by Broadway [24] and
later developed by Longya Xu [144], [145]. Theoretical analysis and different control
strategies have been done by Betz and Jovanovic [18], [57], [58]. The stator of the
BDFRM is identical to the BDFIM, but a reluctance type rotor is used instead of
the cage rotor. The reluctance rotor structure can be classified into salient pole type,
axially laminated type and radially laminated type. Different rotor structures are

symbolized in Figure 5.

o]
—
AN
[geoP’
N

Simple salient Salient poles with Axially Radially
poles magnetic barriers laminated laminated

Figure 5: Rotor types of a BDFRM [63], [145], [146]

Based on finite element analysis, the various structures show different degrees of
magnetic mutual coupling between the two stator windings, which in turn determine
the machine power density and performance [145]. A good rotor design should have
high saliency ratio and be manufacturable [63]. Among the possible rotor structures,

a segmented rotor offers better coupling between stator windings than simple salient

9
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pole rotor. The axially laminated rotor provides the highest mutual coupling and thus
achieves a high torque capability but is subject to excessive eddy current losses [119],
[145]. The salient pole rotor with magnetic barriers produces lower flux and mutual
coupling but offers a very simple and rugged structure with lower iron losses [145].
The optimal reluctance rotor structure has not been established yet. However, recent
developments have resulted in high saliency reluctance rotors based on a radially
laminated structure which offers low iron losses, desirable performance with affordable
manufacturing difficulty [63].

Compared to the BDFIM, the BDFRM is more efficient as there are no rotor
currents present and hence no copper losses [57]. Besides, it is considerably easier
to model and control since the BDFIM has an additional winding on the rotor.
It is shown that the BDFRM d-¢ model and the equivalent circuit is similar to a
DFIM [144]. However, the harmonic flux contents are higher and up to now only few

experimental tests have been compiled.

Integrated high power WECS

Wind energy is receiving an increasing attention all over the world, as a non-
polluting and economically viable solution. At the beginning of wind technology
expansion, WTs were operating at constant speed by means of a stall control system.
The generating unit is based on a multiple-stage gearbox and a squirrel cage induction
generator [29]. The rotational speed is fixed at synchronous speed for all wind velocity
so the generators can be directly connected to the utility power system. Subsequently,
with the advent of power electronics and the elaboration of new control schemes in the
field of electrical generators, variable speed WTs equipped with pitch angle control
have become the dominating units for large wind farms. Variable speed operation
reduces mechanical stress and acoustic noise, enables power production over a wide
wind speed range and leads to a higher energy yield which increase significantly the
WT efficiency [32], [84].

Variable speed W'Ts are controlled to optimize the performance of the wind energy
generating unit. The turbine speed is adjusted as a function of the wind velocity in
order to maximize the power captured from the wind. This operation is known as the
maximum power point tracking algorithm. It can be realized over a wide wind speed
and power ranges, depending on the WT characteristics. The typical power control
regions of a WT are shown in Figure 6 [120]. At very low wind speeds, the WT is
not active and cannot generate electric energy. There is insufficient power to spin the

turbine. The W'T starts operating when the wind velocity exceeds the cut-in wind

10
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speed v, The MPPT algorithm is thus activated to ensure the optimization of the
extracted power. The pitch angle is set to the optimal value. Above rated wind speed
v, the mechanical control (e.g. pitch angle control) is applied to limit the output
power to its nominal value and/or keep the rotor speed within the desired range. Due
to safety consideration, the turbine is shut down at speeds exceeding cut-out wind

speed Vpaz-

Active power

v

Umin Uy Umax

Wind speed

Figure 6: Power curve of a variable speed wind turbine

Studies in the literature investigating the control of a variable speed WECS
are based on "instantaneous MPPT" algorithms. The system is carried to track
instantaneously the optimal operating point of the WT and extract the maximum
available power for every wind speed. This is achieved through the regulation of the
WT rotational speed. Various techniques for instantaneous maximum power tracking
have been widely discussed throughout the bibliography. One approach is to control
the generator mechanical speed electrically using a direct closed control loop as in [12].
This method is easy to implement and provides fast tracking speed, but requires the
measurement of both the instantaneous wind velocity and turbine rotational speed.
The optimal mechanical speed set point is computed based on the W'T characteristics
and instantaneous wind speed measurements. However, the wind velocity is usually
measured by an anemometer which increases the system cost and the accurate value
is never obtained in practice [3]. Therefore, this MPPT method is rarely applied in
the actual WECSs and alternative control models are developed [29].

Sensorless output maximization controls based on wind speed estimation have
been reported by researchers. For instance, in [110] the wind velocity is estimated
from the measured generator electrical power using a nonlinear input-output mapping
based on a Gaussian radial basis function network. The estimated wind velocity is
then used to determine the optimal mechanical speed command for maximum wind
power extraction.

Alternatively, to track the optimal behavior of the WT, the mechanical speed can
be indirectly controlled by regulating the generator electromechanical torque [26], [29],

11
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[82]. This method is implemented based on the generator speed calculation and the
torque estimation without the need of wind speed information. A similar approach
is to control the generator output power instead of the torque, since it is related to
the torque and speed of the generator system [29], [109], [128]. These two power
feedback controls are in practical the most commonly used methods due to their
simple implementation and good dynamic response. Advanced measures have been
proposed for performance improvement. A sliding mode power control is suggested
in [17], which ensures robustness to parametric uncertainties of the generator and
the turbine as well as to electric grid disturbances. A mechanical speed-sensorless
maximum power tracking with matrix converter is presented in [15]. The power

reference value is derived without requiring a shaft speed sensor.

The instantaneous MPPT approach optimizes the power captured by the WT for
every given wind velocity and ensures maximum efficiency of the wind generating
unit. Nonetheless, the power generated by the WECS is fluctuating rapidly owing to
the stochastic nature of wind speed. Several serious problems will be caused by the
power fluctuations, such as the grid frequency fluctuation, the torque fluctuation and
the voltage flicker at the buses of the power grid. This will affect the energy quality,
increase the stress on the generator and the grid side and induce instability problems
in power systems. Accordingly, new control strategies are to be explored in order to
sustain the power system stability. Control methods to reduce the power fluctuation
have been proposed in the literature [50]. Most are based on energy storage devices
(ultra capacitor, battery, flywheel etc...). These methods are effective but involve
high installation and maintenance cost. Different power smoothing methods without
energy storage devices are recently introduced by controlling the inertia kinetic energy;,
the pitch angle and the DC-link voltage [50].

Due to the considerable progress of wind power generation systems, new grid codes
are introduced for WT integration into the network. The new requirements, stated
by Transmission System Operators (T'SO), are becoming more restrictive and similar
to conventional power plants [37], [130], [132]. Indeed, in addition to active power
generation, extended reactive power supply is required under grid disturbances and
normal grid conditions as well. Besides, when voltage dip occurs, wind farms must
remain connected to the grid and then ride through the grid faults and contribute to

voltage regulation and system stability after fault clearance.

DFIGs and Permanent Magnet Synchronous Generators (PMSGs) are the most
popular adjustable speed generators for modern WECS. The PMSG is a robust

brushless structure with a large capability of reactive power supply. The efficiency
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and reliability of the generator are high owing to the high efficiency of permanent
magnet materials and absence of brushes and slip rings. Moreover, PMSG based wind
turbine can omit the gearbox, hence releasing the related maintenance difficulties and
losses [29]. Nevertheless, the generator is connected to the grid through a full-scale
power converter which increases significantly the system cost and reduces the system
efficiency.

Presently, the predominant candidate for high power wind energy generating
systems is the DFIG. The stator of the generator is directly connected to the grid,
while the rotor is connected to the grid using fractionally rated converters. The
reduced size converters offer an important benefit in cost and efficiency compared to
the system with full-scale converters.

There are several literatures about modeling and control strategies of the grid-
connected WECS based on DFIG. Numerous control schemes for independent regula-
tion of active and reactive powers have been proposed [100], [127], [128]. Furthermore,
the performance of the WT to grid disturbances have been extensively studied over
the past years. A large number of research projects are carried out to improve the
fault ride through capability and provide voltage support to the grid [60], [80], [112].

However, the disadvantage of the DFIG is its unavoidable use of brushes and slip
rings, which reduce the system reliability. The CDFIG is an attractive brushless
solution to replace the traditional DFIG in the WECS, especially in offshore places.
It is driven by a low power converter and can be directly connected to the constant
frequency power grid. The absence of brushes offers high reliability and low main-
tenance requirements. Moreover the increased number of pole pairs of the CDFIG
results in decreasing the gear ratio, thus reducing the gearbox size.

Many strategies are developed for the independent active and reactive power
control, and maximum power tracking of a WT based on the CDFIG. The most
common approaches deal with stator flux orientation in the unified synchronous
reference frame [47], [108], [109], [121]. Recently, the transient behavior of the grid-
connected CDFIG is the main research topic. Ride-through capability and voltage
regulation of the WT during grid faults [44], [67], [131], [132], and compensation of
unbalanced network [28], [55], [123] are being investigated. Yet no consideration has
been given to define the safe operating domain of the generator with regards to its

ratings, and its contribution to reactive power generation required by grid codes.
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Embedded aircraft application

In conventional aircraft architecture, most of the power converted by the engines
is used as propulsive power. The remainder is converted into pneumatic, mechanical,
hydraulic and electrical power to drive secondary aircraft subsystems (anti-icing
system, engine-mounted accessories, utility and flight control actuation, lighting

system etc...). This implies a complex power distribution system.

Advances in power electronics, electric drives and control devices have rekindled
the concept of MEA in recent aircraft industry, for optimizing the performance and
the life cycle cost of the aircraft and reducing fuel consumption [138]. Many non-
propulsive functions that used to be operated by pneumatic, mechanical and hydraulic
power in conventional aircraft, are being replaced by electric power. This concept
offers significant benefits in reliability, increased efficiency on energy conversion, lower

weight, less maintenance requirements and less fuel consumption [95], [111].

The concept of an electrically-based aircraft is not new. It has been considered by
military aircraft designers since World War 11, but a lack of electrical power generation
capability and the volume of required power conditioning equipment rendered this
approach unfeasible especially for commercial and civil transport applications [30].

Since the eighties, several projects have been developed to explore the MEA
concept for military and civil applications. The National Aeronautics and Space
Administration (NASA) has conducted a number of activities to foster the development
of an All Electrical Aircraft [125]. The POA (Power Optimised Aircraft) project
launched in 2002 was the first important integration initiative in Europe. The program
aims to identify, optimize and validate innovative aircraft equipment which contributes
to the reduction in consumption of non-propulsive power. It also studied the electrical
loads management, which permits to introduce new technologies and architectures in
on-board systems. In 2006, the MOET (More Open Electrical Technologies) project
aims to establish the new industrial standard for commercial aircraft design and
improve operational aircraft capacity. Today the MEA topics have a relevant role
in the research projects managed by the CleanSky Joint Technology Initiative [21].
The main objective is to develop breakthrough technologies to improve the impact of
air transport and reduce the environmental footprint of aviation (i.e. emissions and

noise reduction but also green life cycle).

To cope with the increasing demand of electrical power brought by the MEA, new
architectures and voltage levels for the on-board electrical power distribution systems
are being applied [14], [35], [81]. The conventional aircraft generation considers AC

electrical distribution power with a constant frequency supply (115 V AC—400 Hz).
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An integrated drive generator converts the variable speed of the main engine into a
constant speed to drive a constant frequency electric generator as on the Airbus A320,
A330, and A340 [61]. Advancements in power electronics, control electronics, electric
motor drives, and electric machines have removed the constant speed mechanical
gearbox, introducing a new technology: the VSCF system [35]. The A380 is the first
MEA generation to adopt variable frequency operation (360-720 Hz). On the next
generation, the distribution voltage is doubled to 230 V AC (e.g. Boeing B787 and
Airbus A350) giving the way to High Voltage Alternating Current (HVAC) distribution.
The future generation of MEA aircrafts tend to use High Voltage Direct Current
(HVDC) electric distribution system 4+ 270 V [53], [77], [117]. In military airplanes,
the traditional voltage levels of 28 V DC and 115 V AC have evolved to 270 V DC in
platforms like Boeing—Sikorsky project Comanche RAH-66 and Lockheed Martin F-22
and F-35. This standard reduces the conduction losses, wire sections and iron weight
by decreasing the current level, and thus increases the system efficiency. Besides,
only one rectifier per generator is needed. All the rectification blocks, integrated in
most of the electric equipment, are eliminated. However, the interactions between the
different components that compose the system may lead to performance degradation,

even system instability [150].

Presently, the technology based on three-stage integrated synchronous machines
is used for most of the aircraft power generation [21], [113]. This structure presents
similar behavior as a classical wound excitation synchronous machine but excluding
brushes and slip rings. It consists of three separated machines mounted on the same
shaft. The first generator is a PMSM that supplies a rectifier/chopper set. Then the
chopper is connected to a second synchronous machine with a stationary exciter and
rotating three-phase windings. These windings are rectified with a rotating rectifier
and applied to the rotor winding of the main generator [61]. This machine is safe and
regulates the excitation of the main generator without brushes. However, the price to
pay is its complexity, high price and maintenance difficulties.

In the literature other machine types are considered and analyzed for this applica-
tion. Switched reluctance and brushless permanent magnet machines are candidates
for future MEA generation systems [113]. Switched reluctance machines are charac-
terized by an intrinsic high fault tolerance, temperature tolerance, robustness and
construction simplicity. The main limitations are their lower power and torque density
with respect to the PMSM, small air gap, high ventilation losses, and the need of
a complicated power converter. PMSMs offer high efficiency, high torque, and high
power density in addition to the greatest potential for sensorless control [14]. However,
the main disadvantages are their unavoidable sensitivity to high temperatures, the

lack of the field control and the impossibility to shut down their magnetic flux in case
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of fault.

Another machine structure also proposed for aircraft power systems is the Hybrid
Excitation Synchronous Machine (HESM). It is a compact brushless permanent
magnet machine with flux control capability. The excitation flux is produced by two
different sources: the permanent magnets and a DC field winding that is located on
the stator frame to preserve a brushless structure. The latter source is used to control
the flux in the air gap. The electrical excitation allows the regulation of the output
voltage magnitude without the need of a controllable converter on the stator side.
The modeling and the control of the HESM supplying an isolated load in embedded
aircraft electrical power generation is treated in the literature. In [78] the HESM
operates as a variable frequency generator. In [77], [94] the generator is used to supply
a DC grid. Yet, experimental measurements reveal imperfections in the phase voltage

waveform of the machine [76].

Nevertheless, constant frequency voltages cannot be directly provided by syn-
chronous generators at variable speed. In such systems, the generator must be
associated to a rectifier /inverter set inserted between the generator and the grid
to achieve VSCF operation. This involves higher voltage distortion and full rated
power converters that increase the system and maintenance cost. The only kind
of electromechanical generators, operating at variable speed, which can be directly
connected to a constant frequency grid are the doubly fed induction machines [89],
[93]. Previous work proved that the CDFIM could be successfully used as VSCF
generator in brushless electrical generation systems such as aircraft power supply
[87], [91]. Tt can replace the three-stage synchronous machine presently in use in the

aircraft industry.

The studies conducted in the literature on autonomous CDFIG are few and have
focused only on symmetrical normal grid conditions. No research has investigated the
unbalanced operation of the standalone generator due to connected unbalanced load.

On the other hand, the analysis and operation of a standalone single DFIG
supplying unbalanced isolated load have been studied over the past years. Control
schemes to cope with unbalanced stator voltage conditions are presented in several
works based on repetitive control [54], dual rotating frames control [97], predictive

rotor current controller [103], [104] and hybrid current controller [101].
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Chapter 1

CDFIM Modeling

Introduction

The dynamic behavior of the CDFIM is derived from the model of two wound rotor
induction machines combined electrically and mechanically through their rotors. The
mathematical model of a DFIM is presented in a first place (section 1.1). The steady
state performance of a CDFIM with respect to its main parameters is outlined in
section 1.2. The most promising architecture configuration that has significant interest
for generating systems is identified. In section 1.3 a CDFIG model for simulation is
established using modular representation. It is based on the conventional Park model
of two single DFIMs expressed in their own reference frames. Two configurations are
elaborated: the grid-connected and the standalone. The model of the CDFIG is then
extended in section 1.4 in order to describe the machine in a unified reference frame,

which is more relevant for the development of an appropriate controller.

1.1 Modeling and analysis of the DFIM

1.1.1 Mathematical model

The dynamic behavior of a DFIM can be described using the theory of a rotating
reference frame (dg). Under the hypothesis of linearity, symmetry and sinusoidal
waveform, the machine voltage and flux equations in an arbitrary Park frame using
complex (phasor) quantities are given by (1.1) to (1.4) [93], [127]. These expressions
are derived by applying successively a Clarke transformation and a rotation of the

coordinate system. The supersynchronous motor convention is adopted as shown in
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Figure 1.1.
d .
Qs - RSZS + %@5 + ij@s (11)
d .
v, = Rrir + %@r + jéT@r (12)
@s = LSZS + MSTZT 13)
Qr - L’I‘ZT + Msrl.s (14)

z = X4+ jX, denotes the space phasor form of the actual quantity x.
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Figure 1.1: DFIM in supersynchronous motor convention

& and &, are the electrical Park frame angles with respect to the stator and rotor

coordinates respectively. They are related to the mechanical angular position of the

rotor 6,, by the following relation:

55 = fr +p0m

(1.5)

The reference frames are illustrated in Figure 1.2. (af;) is the stationary bi-phase

reference frame, (af3,) the rotor bi-phase frame and (dq) the rotating Park frame.
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Figure 1.2: Reference frame representation of a DFIM

Moreover the active and reactive powers are expressed as follows, Z being the conjugate
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of the phasor quantity.

P, = 2%{1)828} = 2<vsdfsd + Viglsg) (1.6)
Qr = 39{ui.} = % (Viglua — VialLy) ()
P, = ‘;’%{vra} = ;’ (Vialra + Viglrg) (1.8)
Qr = ‘;’%{vﬁr} = §<vrqfrd — Vyalg) (1.9)
The electromagnetic torque is given by:
Tom = “;’pMsr%{z'sir} (1.10)

Other equivalent expressions of the torque can be also derived:

Tom = 5p3{i. 0, } (1.11)

pS{2., } (1.12)

The Park (dq) frame can be chosen arbitrary. Three remarkable cases are distinguished:

— Stator reference frame: & = 0, & = —pb,,,. Thus & = 0 and & = —pQ. In this
frame all the machine quantities evolve at w, at steady state. It will be adopted
for the modeling of the generator.

— Rotor reference frame: & = 0, & = pb,,. Thus & = 0 and & = pQ. Here, the
quantities evolve at w,.

— Synchronous reference frame: & = w, and &, = w; — p§). All the quantities
are constant at steady state. This type of coordinate is convenient for the
implementation of control algorithms.

Considering the fixed stator reference frame, relations (1.1) to (1.4) become

d d
= R, + Lg—i, + My —1 1.1
ve = Ry + Lopio + Mo, (1.13)
d d
Qr == R’I“L"r + LT%ZT - ]pQLT‘LT + MST‘%ZS - ijMST‘ZS (114)

A dynamical equivalent circuit of the DFIM can be derived from the above equations
as illustrated in Figure 1.3. It describes the machine in steady state and dynamic
mode operations [93]. i is the stator magnetizing current, m is the transformer

(stator to rotor) turns ratio and oL, is the leakage inductance located at the rotor

21



CHAPTER 1. CDFIM MODELING

side. They are given by:

i =1y +mi, (1.15)
_ Mo (1.16)
m = LS .
M2
=1-—= 1.17
o IL (1.17)

Figure 1.3: Dynamical equivalent circuit of DFIG

The electromechanical conversion is localized in the back EMF e,, more precisely in
the term jpQ2M,,i,. The dynamical equivalent circuit can be translated into a block

diagram established in the stationary stator frame as shown in Figure 1.4.
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Figure 1.4: Block diagram of DFIG in the fixed stator frame

The stator and rotor quantities are transformed from their three-phase reference frame
into the defined (dgq) coordinate and vice versa (Figure 1.5 ) using Clarke and Park
transformations established in Appendix A. It is noted that this block diagram is
implemented on Matlab/Simulink for the modeling of the DFIM.
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Figure 1.5: Block diagram of the DFIG

As can be noticed from Figure 1.4, the machine is equivalent to a three-phase current

source having the following input and output vectors:

In generator mode, the mechanical speed 2 is seen as an input parameter.

1.1.2 Steady state operation

Based on a simplified model of the machine, where copper and iron losses and

magnetic leakages are neglected, the DFIM is characterized by the following:

P, = —gP, (1.20)
Ws = wy + Pk (1.22)

The expressions describe the steady-state operation with sinusoidal quantities. They
correspond to supersynchronous motor convention where Py is the entering stator
power, P, is the entering rotor power and P,, the outgoing mechanical power. g is
the slip ratio defined as follows:

L ws =P wr

_ 1.23
g o o (1.23)

1.2 Analysis of the CDFIM

The CDFIM is composed of two wound rotor induction machines connected in
cascade (Figure 1.6). The stator of the Power machine (DFIM2) is directly connected
to the grid, whereas the stator windings of the Control machine (DFIM1) are supplied

from a power frequency converter. The two rotors are mechanically and electrically
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coupled eliminating the need of brushes [48], [86]. In what follows, 1 and 2 subscripts
will be employed to refer to DFIM1 and DFIM2 quantities respectively.

Ps;  DFIM2  Pr

Grid/
Load |

DFIM 1
supply

Figure 1.6: CDFIM in supersynchronous motor convention

The major interest of a CDFIM is the operation in synchronous mode [11], [16]. The
machine is able to operate stably as a brushless variable speed generator over a wide
speed range with controllable dynamic response [31]. The synchronous operation
occurs when the rotor currents induced by both Power and Control machines evolve
with the same frequency [79]. This way, the Power machine windings can be controlled
through the rotors from the Control machine stator in a brushless manner. Therefore,
according to the mechanical speed variation, the Control machine stator frequency
is adjusted in order to maintain the synchronous mode and achieve constant output
frequency. Besides, by controlling the voltage phase and magnitude, the output
voltage magnitude and the amount of active and reactive powers provided by the
generator can be dynamically controlled in a similar way to a single DFIG [47], [92].

The structure of the CDFIM depends on the following main parameters:

— the numbers of pole pairs p; and py of both DFIMs.

— the interconnection type between the rotors windings of the two DFIMs charac-

terized by using the coefficient A,

o { 1 for a direct coupling sequence (1.24)

—1 for an inverse coupling sequence

These parameters have a significant impact on the behavior of the CDFIM in terms
of power flow, converters sizing and system efficiency. Theoretically, the two wound
rotor induction machines can have any pole pair combination with rotors connected
in inverse or direct coupling sequence. Nevertheless a detailed analysis of all the
possible CDFIM architecture configurations has been established in [91], [92] in order
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to identify the most promising ones. Applying the same supersynchronous motor

convention for both machines as shown in Figure 1.6, (1.20) to (1.23) are rewritten as:

Py =—q Py (1.25) Py = —goPs (1.29)
Poi =P+ Py =(1—g))P, (1.26) Pna = Py + P = (1 — g2) Py (1.30)
We1 = wp1 + P10 (1.27) Ws2 = Wy + Pafl (1.31)

g = “’Sl;f@ = Zi (1.28) g2 = wSQW_SQpQQ = Zz (1.32)

Considering ideal rotor interconnection, the instantaneous power is conserved. Thus

the rotor interconnection is described as follows [91]:

Py =—P, (1.33)
(1.34)

Wr1 = )\CWTQ

The above equations are used to derive the power and frequency behavior of the
CDFIM at steady state. From (1.27), (1.31) and (1.34) the two stator frequencies are
related by (1.35)

Ws1 = /\CWSQ + (pl - >\cp2) Q (135)
The CDFIM slip ratio is defined as
92
.= = 1.36
9e = (1.36)
— Q
_ /\C )\cws2 + (pl )\cp2) (137)

Ws2

The synchronous speed €2; of the CDFIM is defined to be the mechanical speed that
cancels g..
Referring to (1.25), (1.29) and (1.33) the power flow in the CDFIM is characterized

by the following relations:

Pg = —g.Ps (1.38)
Py = —(1 = g1)gcPe (1.39)
P2 = (1—g2) P (1.40)
P = Pu1 + P2 = (1 — gc) Peo (1.41)

The global behavior of the cascade considering all configurations is synthesized in

Table 1.1 where Ap = p1 — p and Xp = p1 + po.
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Ae | Pole pairs Je synchr. speed ! ! 2 ! 2
P32 PsQ P82 P52
conf.
Q Q)
prL=p2=0p 1 does not exist | —1 _p p 0
1 Ws2 Ws2
wsa + ApS2 Ws2 p1€2 | pf2 ApS)
P17 D2 E— - —0c | — —
Ws2 Ap Wea | Wea Wa2
Ws2 — 2PQ Ws2 pQ pQ 2pQ
h=p=p | ——— —Jc
-1 Ws2 2p Ws2 Ws2 Ws2
Wsy — 2ps) Ws2 p1d | p2{2 Yp€d
b1 # D2 —— —gc
Ws2 Ep Wg2 Ws2 Ws2

Table 1.1: Configurations and power flow

According to the power flow performance, it can be deduced that the direct inter-
connection configuration must be avoided. In fact for p; = py there is no global
electromechanical conversion thus the CDFIM performs as a static transformer, and
for p; # po the signs of the two mechanical powers are different thus the two DFIMs
operate in a combined motor/generator mode. The only satisfying performances are
achieved by an inverse coupling sequence since the total mechanical power is provided
by both DFIMs, proportionally to their respective number of pole pairs. In order to
obtain a good efficiency, the mechanical power P,,» must be maximized, whereas P,,;
must be minimized. A configuration with p, > p; is the most interesting solution
that provides a high system efficiency with the lowest per unit losses [64]. The inverse

coupling sequence results in the following frequency and speed relations [47], [118]:

— 2pf2
ge = Ws2 T SPAC (1.42)
Ws2
Ws1 = EPQ — Ws2 = —GcWs2 (143)
Ws2
L= 1.44
500 (1.44)

It is noted from (1.38) that the power transmitted to DFIM1 stator i.e. to the
converters is proportional to the slip ratio of the CDFIM (similar to the DFIM). Thus,
for a limited speed range (centered around the synchronous speed), the converters
are sized for a fraction of the CDFIM nominal power. The advantage of the CDFIM
resides not only in the brushless structure but also in the ability to minimize the
power delivered to/by the converters.

The CDFIM operates in both subsynchronous (€2 < §2) and supersynchronous
(Q > Q) speed ranges. The behavior of the machine depending on the operational

speed is presented in Table 1.2. The results correspond to supersynchronous motor
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convention.
Generator mode Motor mode
subsynchronous | supersynchronous | subsynchronous | supersynchronous
Je >0 <0 >0 <0
P, <0 <0 >0 >0
Py <0 <0 >0 >0
Py >0 <0 <0 >0

Table 1.2: Operation mode of the CDFIM

It is noted that the stator-1 power P;; can flow in both directions. In generator mode,
the power is entering in the stator-1 windings during subsynchronous operation, while
in supersynchronous operation P, is fetched from the stator to the converter. At
synchronous speed (g. = 0), the stator-1 frequency is equal to zero in order to maintain

a constant output frequency and Py is theoretically null (if losses are neglected).

1.3 Modeling of the CDFIG

A modular representation of the CDFIG (decoupled state space model) is elabo-
rated. It is based on the conventional model of two distinct wound rotor induction
machines expressed in their own three-phase reference frames and combined in in-

verse rotor interconnection. Two cases are considered: grid-connected CDFIG and

standalone CDFIG.

1.3.1 Rotor interconnection model

As mentioned in the previous section, only inverse coupling configuration has a
significant interest for generation system applications. Thus a rotor interconnection
model is derived based on the relations between the three-phase rotor-1 and rotor-2

voltages and currents [93].

[Ur2]3r2 =C [UT1]3r1 (1.45)
[ir2]3r2 =D [irl}gﬂ (1‘46)

C and D being the interconnection matrices given by:

-1 0 0
. D=|0 0 -1 (1.47)
0 —1 0

Q

Il
o O =
_ o O
O = O
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Relations (1.45) and (1.46) describe an inverse coupling sequence between the
two rotor windings with a supersynchronous motor convention employed for both

machines. The system representing the rotor interconnection has two input quantities

([vr1]3, + [ir2)5,5) and two output quantities ([vro]s, , [ir1]3,1)-

1.3.2 Grid-connected generator model

In a grid-connected CDFIG configuration, the output stator-2 voltage is imposed
by the utility grid, and the stator-1 is fed by a voltage source power converter. Thus,
the system has as main inputs the stator voltages ([vs1]s,; 5 [Us2]540), and as outputs
the stator currents ([is1]s,; , [4s2]350)- A modular representation of the generator can

be adopted based on two distinct machines as illustrated in Figure 1.7.

Tem 1T T[isl]Esl TemZT T[iSZ]SSZ
H i (_
[vsl]Ssl DFIG 1 [vr1]3r1 ::J;lrlileg [Ur2]3r2 DFIG 2 [v52]352
[irl]Br [ir2]3r2 T
1

Q

Figure 1.7: Model of a grid-connected CDFIG

DFIG1 operates as a voltage source supplied by its stator side whereas DFIG2
operates as a current source. The two machines are connected through inverse
coupling sequence described by (1.45), (1.46). A simple interconnection of all the
building blocks forms the global model of the CDFIG. Based on the representation
of the DFIM established in section 1.1.1, the machine is equivalent to a three-phase
current source. The input and output quantities are respectively ([vs]s, , [vr]5,.) and
([4s)54 s [ir]3,). This representation is coherent for the modeling of DFIG2. However, in
order to transform the equivalent model of DFIG1 into a three-phase voltage source
as described in Figure 1.7, a proper Point of Regulation (PR) is defined by adding
fictitious capacitors and resistors to the rotor windings of the DFIM1 as shown in

Figure 1.8 [78].

() L1 ls2

Vi

Figure 1.8: Point of Regulation equivalent circuit of the grid-connected CDFIG

Grid

The rotor voltage can now be expressed in terms of the machine currents using a first

order transfer function. Therefrom, a new voltage equation that includes the rotor
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voltage among the output variables is introduced. The equivalent circuit of a rotor
phase is represented in Figure 1.9 with Cyy = 3C}, and Ry, = R}1/3. [,1 being the

rotor self inductance.

Ly R 14 lri1

i L
A by

Tel(t)‘ Urlrt)T ::Cfl Rfl

Figure 1.9: Equivalent RLC circuit at a rotor phase

The Kirchhoff law yields to (1.48). 4,71 is the load current.

d 1 . . Ur1
Lo = = ozg — i1 — 1.48
at'’" T o (Z b Rﬂ) (1.48)

The Park transformation applied to the three-phase quantities results in (1.49) in the

stator (dg;) frame.

d 1 U
— U = — | 4pp1 — by — — + jpQCHY, 1.49
e Cr < L1 — Y1 Ry Ipitlpi® 1) ( )
The introduction of this voltage equation into the block diagram of Figure 1.4, forms
the following new input output vectors that are in accordance with Figure 1.7, given

that 4,,,; must be virtually equal to 4,,.

U = [ﬂslal}m]t (1.50)
y = [%«hiﬂ]t (1.51)

Since the introduction of the fictitious capacitances and resistances should not
perturb the operating point of the machine, the R-C elements must be selected
carefully. At no load, the RLC circuit in Figure 1.9 is equivalent to a second order
system expressed as:

Up1(S 1
1(s) _ (1.52)

L
e1(s) 1+ %’1 + s(RnCp1 + Rl )+ 11Cp18°

f1

R Cr+11/Rp

. The natural fre-
2\/l7'10f1(1 + R/ Ry1)

The damping ratio of the system is ( =

quency is wy = M
0 V liRpCrr
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R and Uy are chosen properly to fulfill the following criteria:
— The damped resonance frequency wg. = wov/1 — ¢? should be at least 10 times

greater than the maximum operating frequency w1 maa;

1
— The peak resonance 20 log W has to be less than 30db;

— The voltage gain at wyq mae less than 0.1db;
— The power dissipated in the damped resistance R should not exceed 1% of
the machine nominal power.
A solution for Uy and Ry that verifies the aforementioned conditions is given in
appendix B.
It has to be noted that the addition of capacitors only, creates a PR but induces high
peak resonance which might yield to numerical instability problems. For this reason

a damping resistor is connected in parallel.

1.3.3 Stand alone generator model

In standalone operation, the generator supplies an isolated load. The main inputs
of the CDFIG are the load current and stator-1 voltage ([vsi]s,; s [4sr2]5.0)- The
outputs are the terminal voltage and stator-1 current ([vss]sy , [451]5,). A modular

representation of the system is presented in Figure 1.10.

Teml T[i51]351 TemZT T[USZ]SSZ
— e
[U51]351 DFIG 1 [vrl]Srl CI(I)lJ;lI;ieg [vr2]3r2 DFIG 2 ["'5L2]352
[lrl]gr [iT2]3T2 T
1
Q

Figure 1.10: Model of a standalone CDFIG

The DFIMs M1 and M2 both operate as an autonomous voltage source having as
output variables the rotor voltage and the stator voltage respectively. In order to
transform the equivalent model of each DFIG into a three-phase voltage source with
its corresponding input-output vectors as described in Figure 1.10, two PR are defined
at the rotor side of DFIM1 and at the stator side of DFIM2 as depicted in Figure 1.11.

Load

DFIM 1
// R

Figure 1.11: Point of Regulation equivalent circuit of the standalone CDFIG
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The same procedure is followed for DFIM2. A new voltage equation that includes
the stator voltage among the output variables is introduced. The Kirchhoff law in

the (dgo) stationary reference frame induces:

d 1 Vo
g = = g — i — = 1.

with Cpy = 3C%y; Rpz = R}y/3 and iy, the load current. The introduction of this
equation in the block diagram of Figure 1.4 transforms the machine model into a

voltage source with the following new input output vectors where i ;o =~ 7.9:

ul - [yr27l.sL2]t (154)
y/ - [2327Zr2]t (155)

At no load each stator phase is equivalent to an RLC circuit that corresponds to a
second order system. Here likewise the fictitious capacitances and resistances are

chosen carefully to satisfy the conditions defined above.

The two representations of the CDFIG, developed in this section, are implemented
on Matlab/Simulink for simulations in order to validate new control strategies for a
grid-connected and a standalone application. It shall be noted that the presence of
the fictitious R-C elements in each of the two DFIMs is crucial for the modeling part
of the CDFIG, in order to preserve a modular representation of the system. Yet they
will be discarded during the control implementation since the cutoff frequency of the

RLC circuits is much greater than the closed-loop system bandwidth.

1.4 Unified reference frame vector representation

The idea of the CDFIM was introduced more than a century ago [126]. However,
despite its advantages this generator was not widely used, mainly due to the inherent
complexity of its structure and the difficulty of controlling and working with such
a system. The complexity arises from the existence of two wound rotor induction
machines with different pole pair distributions, interconnected through inverse rotor
coupling sequence. This complex architecture increases the order of the system
together with the number of degrees of freedom and dynamical state variables; it also
generates a multiple reference frames system.

In fact the set of equations (1.1)-(1.10) describe the behavior of each DFIM in its
proper (dgq) reference frame related to a certain pole pair distribution. Therefore the

CDFIM can be described using two different reference frames (dg;) and (dgs) related
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to DFIM1 and DFIM2 respectively.
— The Control machine M1 is represented in its corresponding reference frame

(dg1) by the following expressions:

vy = Rsig + Ccliq)sl +j€ady (1.56)
Uy = Roaiy + ;;t% + jEn P, (1.57)
@y = Laig + Moy (1.58)
Q.1 = Lty + Myig (1.59)
Term = ;lesrlg{isﬁn} (1.60)
Py = ;%{vsl%ﬂ} (1.61)
Qo = ;’%{vsl%sl} (1.62)
where:
§s1 =& + p1bm (1.63)

— The same equations are used to describe the Power machine M2 in its reference
frame (dg2).
Consequently at steady state, the Control machine and the Power machine d-q
quantities operate at different frequencies that are linked by the rotor interconnection
model.

The inverse coupling configuration given by (1.45) and (1.46) can be expressed in
rotating (dq) reference frames. A Park transformation is applied to the rotor quantities
of DFIM1 and DFIM2 respectively using successively a Clarke transformation (1.64),
(1.65) and a rotation of the coordinate system (1.66), (1.67).

T3 [Ur2]a57,2 = (T3 [Url]a57,1 (

T2 [ira] o5, = DTs2 [ir1] 45, (
P7H(&) [vrol g, = Ty3CT52 P~ (&) [Vr1] 4q, (1.66
P7H(&2) [in2l gy, = TosDT32P ™ (€41) [ir] gy, (

Rearranging (1.66), (1.67) leads to the following rotor interconnection relation in

complex form. The conjugate operation arises from inverse coupling.

(QTQ)dqQZB_j(ETH_fﬁ) (@rl)dql (168)

(L“2>dq2:_e_j(£rl+€r2)(i"l)dql (169)
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It is noted that &.; and &, are the rotor frame angles of each machine with respect
to its arbitrary (dgq) frame. The complex quantities z,; and z,, are expressed in two
distinct frames (dgq;) and (dgz) that are related to two different machines DFIM1 and
DFIM2 respectively, which are connected in inverse coupling sequences and presenting
different pole pair distribution. Then the rotor interconnection rotating term is set
up to link the two frames.

Since the elaboration of a control scheme based on multiple reference frames is
complex, it is convenient to describe the CDFIM in a unified dq reference frame with
a given pole-pair distribution, related to one of the two DFIMs [38], [107]. This way,
all quantities are induced at the same frequency which could be more relevant for
vector control synthesis and the development of an efficient controller despite the
complexity of the system [106]. Hereinafter, the common reference frame related to the
Power machine is adopted for the vector representation of the CDFIM. The different
reference frames related to each induction machine are illustrated in Figure 1.12. Four

fundamental frames can be distinguished:

Figure 1.12: Multiple reference frames (mechanical angles)

— the stationary reference (afs2) related to the Power machine with p, pole pair
distribution;

— the static (af5) frame related to the Control machine with p; pole pair distri-
bution;

— the rotor reference frames (a5,1) and (af,2) associated to M1 and M2 respec-
tively. They are located respectively at a mechanical angular position (6,1, 0,,2)
from (B, afBs2);

— the unified Power machine reference frame (dgo) with ps pole pair distribution
situated at the mechanical angle > from (ofs2).

The transformation into a common reference frame should take into consideration
the different pole pair distributions, the angle between the two rotating frames and
the inverse coupling sequence. Based on the rotor interconnection model, the vector

transformation of a quantity z from the Control machine (dgq;) reference frame to the
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Power machine (dgs) reference frame, or vice versa, is performed by:

() dgy=e 77142 (2) 4y, (1.70)
(2)ag, =€ 71T (2) 4y, (1.71)

Applying the vector transformation (1.71) to the DFIM1 quantities in (1.56) to (1.62)
and (1.68), (1.69), the vector model of the CDFIM in the common Power machine

synchronous reference frame (£, = wso) is expressed as follows:

d
Vg = RSQZSQ + %@32 + jws2@32 (172)
: d ,
Vg1 = Rsllsl + %Qsl +J (Ws2 - EPQ) @31 (173)
. d ,
Upg = Rpolypg + £@r2 + J (ws2 — p2f2) @, (1.74)
. d ,
Upy = Ryl + %@m + J (w2 — p22) @4 (1.75)
g82 = L82Zs2 + MS’I‘QZ’{‘Q (176)
Q. = Laia + Main (1.77)
@T‘Q = LTQZ'/Q + Msr2152 (178)
@rl = Lrlzrl + Msrlzsl (179)
The rotor quantities are related by:
ZTQ - _@.rl (181)

Let v, = v,9 = v, and i, = 4,9 = —i,,, expressions (1.74),(1.75) and (1.78),(1.79)

result in:

@r - @7‘2 - @rl - LT’ZT + MST‘QZsZ - MSTlisl (182)
o d :
Vypg — Upp = err + %QT + (Wsz - sz) @r =0 (1-83)

where @, is a fictitious quantity representing the rotor circuit loop flux linkage, and:

Lr = Lrl + Lr2; RT = er + R'r2 (184)
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Moreover, stator active and reactive powers in this common synchronous reference

frame are resumed as:

3y (n -
B pn -
Qsl = 53{251151} (1.86)
3 -
3 -

Finally the electromagnetic torque of the CDFIM is expressed as:

Tem - Teml + Tem2 (189)
3 A 3 .o
= _gleST:l%{lsllT} + inMSTQ%{ZSZZT} (190)
In another form
3 3 .
Tem = §p1% {lslgsl} + EPZS {252952} (191)

Thanks to the unified frame vector model, the complex generator has a similar
structure as a single DFIM. This allows the development of control strategies and

analysis tools analog to the classical wound rotor induction machine.

Conclusion

The mathematical model and steady state behavior of a CDFIM are developed
in this chapter. The inverse rotor coupling configuration is the most promising
architecture for generating systems. It achieves satisfying performances in terms of
power flow, converter sizes and system efficiency. A modular representation of the
generator is elaborated based on the model of two distinct wound rotor induction
machines expressed in their own reference frames. Both grid-connected and standalone
configurations are implemented. The model is then extended to describe the machine
in a unified reference frame. This representation is more appropriated for the power

sizing of the machine and the elaboration of control strategies.
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Chapter 2

Power Operating Domain of the
CDFIM

Introduction

The chapter deals with the steady state power operating domain of a CDFIM
with regards to its rated parameters. The power sizing of the generator is of great
importance for practical applications. It ensures the machine is being operated inside
its safe working range. Besides, it allows to choose the machine that is best adapted
for the intended application, according to its power capability limits.

Based on the vector model of the machine in the unified synchronous rotating frame,
a rigorous analytic method is elaborated in section 2.1 to derive the active and
reactive power margins of the cascade. Generic power limit curve expressions are
then established in section 2.2 based on a per unit representation of the machines.
Therefore, the problem formulation can be adapted to any power range of machines
and the obtained conclusions remain true. The active versus reactive power diagram
of the CDFIM is built in section 2.3 followed by multiple simulation results revealing
the influence of the slip range and terminal voltage variation on the reactive power
capability of the machine (sections 2.4 and 2.5). A particular attention is paid to
medium and high power scale machines in section 2.6, leading to simplified limit curve
equations. It is noted that these ranges are target in most industrial applications.
The impact of magnetic circuit saturation on the power generation domain is included
in section 2.7. The study reveals a more restrictive domain due to the saturation
phenomenon in the machine. Finally the operating domain is tested experimentally
in section 2.8 using a laboratory scale machine. The experimental results validate the

analytical limits.
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2.1 Power limitation curves

To ensure that the electrical machine operates within its safe limits, the steady
state operating domain of the CDFIM in terms of active and reactive powers is
investigated regarding the rated quantities of the machine i.e. |izon], [Vsonls lirnly [Zrnl,
lisinls [Usinl, and Pigy. |z] = /X7 + X2 refers to the amplitude (the maximum value)
of the alternating quantity. The complex structure of the cascade results in increasing
the number of parameters that define its limit margins. The nominal quantities |i,|
and Pk, are imposed by the characteristics of DFIM2, |i,,,| and |v,,| given by (2.1),
(2.2) depend on the design of both DFIM1 and DFIM2 whereas |i ,| and |vg,,| are
determined by the DFIM1 rating. The terminal voltage |v,,| is defined by the grid.

It is considered to be constant, equal to its nominal value during normal operation.

|1rn| = min {‘1r1n| ) |1r2n‘} (21)

|an| = min {|Qr1n| ) |Qr2n|} (22)

In order to derive the operating power diagram of the CDFIM, the output active
and reactive powers (Py, Qs2) are expressed as a function of each rated quantity
distinctly at steady state. Then the corresponding limit curves are depicted in an
active versus reactive power chart, and the resultant power domain of the cascade
will be bounded by the most restraining limit curves [10], [33].

Considering the Power machine synchronously rotating frame with the g-axis aligned
along the stator voltage phasor v,,, and neglecting the voltage drop across the
stator resistance Ry which is an acceptable assumption for high power machines, the

following equations are deduced at steady state:

Vioa = 0, Vi = ’Qsz‘ (2-3)
(1)3211 = 07 quQd = ‘/82(]/(")82 (24)
3
Ps2 = 5‘/8211152q (25)
3
QSZ = 5‘/32(1[52d (26)

2.1.1 Power machine stator current limitation

Referring to (2.5) and (2.6), a relation between the Power machine stator current

amplitude and the output powers can be easily established as:

3 . 2
P322 + QEQ = <2 ’Qsz| |252|> (2-7)
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2.1.2 Rotor current limitation

In the defined voltage oriented frame, the stator and rotor current d-q¢ components
are related by (2.8), (2.9) using equations (1.76) and (2.4).

CI)s2d Msr2
Loog = — I, 2.8
2 Ls2 Ls2 ¢ ( )
Msr2
ISZq - _Tﬂ[n] (29)

Introducing the value of g4, [s2, in (2.5)-(2.6) yields to

3Mpo
Po = — I 2.1
s2 QLS2 V;Qq rq ( 0)
3 3Ms,
Qs2 : Visglra (2.11)

B 2L52w52 20 2Ls2

Hence, the active and reactive powers are expressed in terms of the rotor current

amplitude as follows:

2 . 2
3 [vel|’ BMr2 [vso] |2, ]
P2 . TR I 2.12

%2 * (Q 2 2L32w52 2L32 ( )

2.1.3 Rotor voltage limitation

At steady state, the rotor current and voltage are related by the following expres-

sions in the mentioned synchronous frame using (1.74), (1.78), (2.8) and (2.9).

‘/rd = Rr2Ird - 92ws202Lr21rq (213)

MS?"
‘/7“(1 = RT2]7‘q + 92W5202Lr2lrd + gQTz‘/tqu (214)
s2
With gowsr = wea — pafl.
Therefore, the quantities 1,4, I, can be expressed in terms of V.4, V;,, by (2.15) and
(2.16).

1 Lo My,

L4 = ? (Rrgx/ni + 92(4}520-2[/7“2‘/7“11 - ggw820—22[/2‘/;2Q> (215)
2 s2
1 M,

I, = @ (—gngQO'QLTQWd + RpoVig — 92Rr2L;VS2q> (2.16)
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Including the above relations in (2.10) and (2.11) yields to:

3 M
2 sr2
Py — AV, = _§m‘/82q (—92ws202 LoV + RyaVig) (2.17)
Q _pyvy =S M2y, (RyaVya + gaws20aLyaVig) (2.18)
s2 2Vs2q — 9 LS2C,2 s$2q r2 Vrd GoWs209Liro Vg .
where:
Ay = — = 2.19
2 2L%,Ch (2.19)
By = 1 = 2.20
27 2L W ( - Coy (2.20)
CQ = R32 + (QQWSQUQLT2)2 (221)
(2.17) and (2.18) result in the following power relation.
2
2\ 2 2\2 - 1 3M3r2 ’Q82| ‘QT‘
(o= Aaluaf) + (@ = Balual?)' = & (s 222

2.1.4 Control machine stator current limitation

The active and reactive powers can be expressed in terms of M1 stator current,
since the Power machine and the Control machine currents are related. Indeed, a

relation between the two stator currents can be established at steady state using
(1.76), (1.82) and (1.83).

RT@&Q RTLSZ . . LTCDSQ . LSQLTUP .
- s — Myt — ——"ign | =0 2.23
Moy | My 27920 ( Moo st = Ty L (2.23)
M?
Wh =1— sr2 )
oo LeoL,

Decomposing into d-g components, (2.23) becomes as follows in the synchronous

stator voltage oriented coordinate.

LSQRT Rr Lr LSQLTO—
Is - 7(1)5 - s 7(1)5 s Msr Is s pIs

Mo 2d M. 2d — G2Ws2 Mo 2¢ T G2Ws2 14519 + Gos2 Moo 2
(2.24)

LSQRT Rr Lr Ls2LrU

713 = 7(1)5 s 7q)s - s Msr [s - s pIs

Moy 2% M., 2¢ T GaWs2 M., 2d — J2Ws2 14514 — GaWs2 Mo 2d
(2.25)
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2.1. POWER LIMITATION CURVES

Rearranging (2.24) and (2.25), s, Is2, are expressed as a function of I14, Is14:

Mo | gaw, Lo, + R?
Iq = - —gaw? LyopyMg11, so R Mgy I 2z ek - s
2d Ll | GoWiaLipop Mgr1ls14 + Gowso 1ds1g + M. o 2%
(2.26)
Msr [ RrMsr
Is?q - 72 _g2w52RrMsr1[sld - g§w§2Lro-pMsr1]slq + 922‘/;24 (227)
LSQCI L L82

Substituting (2.26), (2.27) in (2.5) and (2.6) leads to

3Msr

P82 - Al‘/?s22q = 72‘/52q |:_g2w52RTMST1[S].d - g§w§2Lr0pMsr1[slq} (228)

2L3201

2 3Msr2 2 92

QsZ - Bl‘/:gzq - 7‘/5211 [_QQWSQLrUpMsrl[sld + g2w52RrMsr1[slq} (229)

2L5201

where:
A= — = 2.30
YTor (2:30)
3|R? + 0, (gowsa Ly)”
B = [ p (920l (2.31)
2w Lo Cy

01 = Rz + (QQCUSQLTUP)Q (232)

Therefrom, the output powers are expressed as a function of the Control machine

stator current as follows.

2
2.
o (et pel) e

2.1.5 Control machine stator voltage limitation

2 2 1 3 Ws MS"' MST ys Z,s
(PSQ_Al ’252’2) +(Q82_Bl ‘ys2’2) :< g2 - 2‘ 2|| 1|

In order to derive the limit expression defined by the Control machine stator
voltage, a relation between Py, Q52 and |vg,| should be elaborated.
At steady state operation, (1.73), (1.76) and (1.77) become:

. . . Msrl . . Msrl
= RS S cHs (LS S Ls - is ) - cWs 7®8 234
Va1 1251 T JGcWs2 1251 + 2M8r212 jngMsr272 ( )

With gewss = weo — 2pSL.

Relation (2.34) is described in terms of d-g components as follows in the mentioned
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CHAPTER 2. POWER OPERATING DOMAIN OF THE CDFIM

oriented frame:

M,
‘/sld = Rsllsld - gchQlelslq - gcws2L32M71]s2q (235)
sr2
M, M,
‘/slq = Rsllslq =+ gcw52L31[sld + gcws2Ls2M : Ist - gcw82M - (I)s2d (236)
sr2 sr2

Consequently, the expressions of I14, 51, are deduced in (2.37) and (2.38).

L4 = ;0 {Rsﬂ/sld + gewso L1 Vg — gzwggleLSZ%::;]s% + gewsoRg1 Lo %Z:;]szq
+ ggwsstlﬁz:;Vqu} (2.37)
T4 = 50 |:R51V91q — gewsa L1 Vg — gzwggleLSQ%::;ISQq — QCWSQRleSQ%::;Ist
+ gcRa %;qu} (2.38)
where:
Dy = R% + (gews2 Ls1)? (2.39)

Introducing the relations of I44, I51, in (2.28) and (2.29), the power expressions are

put in the following form:

3Msr
P52 = 27, CQ' VSQq (Kﬂ/;ld + KQ‘/;lq + K3Is2d + K4182q + K5V82q) (2‘40)
s2V1
3Msr
@ = ﬁ‘/ﬂq (KoVaia — KiVig + Kaloa — K3l + KeVig)  (2.41)
s2V1

Then, replacing o4, [2, with their corresponding expressions using (2.5) and (2.6)

leads to the following relations between the output powers and M1 stator voltage.

2 L,C 2

~ Py ( - K4> = 3 K3Qu = KaVigy = Viag (KiVara + K3Varg) - (2:42)

3 Mer 3

2 L,,C 2

§Q82 ( ]\42 - — K4> + §K3P52 - K6‘/522q = Vts?q (KQV;M - Kl‘/;lq) (243)
sr2

The above equations are squared and rearranged leading to the following form:

Ao (P + Q%) — Bolval” Po — Colval’ Qo = (KT + K3) |val [vef?
— (K2+ K3) Jval* (244)
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2.2. GENERIC OPERATING DOMAIN

(2.44) can be also written as (2.45):

By Co 2 C2+ B2 K2+ K? A
(PSZ 2A ’052‘ ) <Q52 ‘—52‘ > = 04A2 0 — 5140 8 ’USQ‘

K? + K3
+ RS 1 gl (245
0
where
4120 2
521 2
Ay = 9 < Az, — K4> + K3 (2.46)
4 [ L5 K,
By=- |K;| =2 - - K KK 2.47
0 3| <Msr2 4>+ 36‘| ( )
4 [ LsQCl
Co = 3 _K < M2, — K4> — K3K5] (2.48)
Ky, Ky, K3, K4, K5 and Kj expressions are given by:
92W52L32Msr1
Ky = S (= RrRat + gegow?y Laa Lyory) (2.49)
2
gQWSQLSQMSTI
Ky="2>"= " (—¢g.LaR, — 2R L, 2.50
2 M, »Dq ( Gelist g21Lis1 Up) ( )
ngSQLSQMSTl
Kiy=—"—"" ""K 2.51
’ Mer 2 ( )
gcw52Ls2Msrl
K="= ""K 2.52
* Msr2 ! ( )
CMS’I’
Ks = gR, + L kg, (2.53)
Msr2
L R2 chsrl
K = o L2 — K 2.54
o Msr? <g2w ? Up - Ws2> Mer ! ( )

On the basis of (2.7), (2.12), (2.22), (2.33), and (2.45), the power limitation curves
are described by various circles. The limit is defined by setting the machine quantities

to their nominal Values: |Zs2n|7 |Q82n|7 |Z7”n|7 |an|7 |Zsln| and |Qsln|'

2.2 Generic operating domain

A more generic study is presented in this section. The analysis is based on per unit
representation of the machine in order to formulate generalized conclusions to any
power range of machines. The main innovation is that it achieves a power operating

domain of the CDFIM regardless the power scale of the considered system [7].
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CHAPTER 2. POWER OPERATING DOMAIN OF THE CDFIM

2.2.1 Per unit system

Base values of the per unit system, for each induction machine, are defined in
Table 2.1. The nominal amplitude of the alternating quantity is used as reference. X,

denotes the RMS rated value of quantity = and m the transformer (stator to rotor)
MST Vrn

~

Ly Vin

turns ratio given by: m =

S

Base value

V2V,

Quantity
Stator voltage base Vi,

Stator current base I,
Stator impedance base Zg,
Rotor voltage base V.
Rotor current base I,
Rotor impedance base Z,,
Base power S,

Base angular frequency wy,

\/§[sn

‘/sb/lsb

mVy, ~ \/§Vm
[sb/m = \/§Irn
Vio/ Iy = m* Zg,
%Vsb]sb = Sy

21 fn

Table 2.1: Per unit system applied to each DFIM

Therefore the DFIM electrical parameters, referred to the stator side, can be expressed

in per unit form as follows:

Ry . L giwp; ) M g i0p;

o = : 5 = : ;= 2.55

' Zshi g i h M Z b (2.55)
R, Liwy .

re — ) ry — = 1, 2 2.56

" m? Zsbi v m? Zsbi ! { } ( )

Notice that the above notation results in x,; = ;.
For each DFIM, the per unit expressions of stator and rotor quantities are derived

using the corresponding machine base as:

. L (o) ¢ i Wi Psi Wsj
*. __ =5 *' __ =St @* — —S1 . - 7’ *‘ _ 7%t 257
BT T T VT Vg PTTS T, (2:57)
, Ly Uy D, wy; Qsi .
* T, * T, (I)*: T . i = — 172 2.58
T T T Ve T V0 Sy’ 1.2} (2:58)
The power ratio between the machines is given by:
S
T=— 2.59
S, (2.59)
and since
Vivilsvi = Vivilrvi (2.60)
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thus, the following relation can be established:

VevrLrn = 7V lrpo (2.61)

Two new parameters p; and 7 are further introduced, describing the rotor current

relation and the rotor impedance base ratio respectively.

Iy = prive (2.62)
2

y="1 (2.63)
-

2.2.2 CDFIM vector model in per unit

Based on the above mentioned per unit system, the CDFIM vector model in the

unified Power machine synchronous frame is expressed as follows.

Vgo = Ts2lso + @&952 + ijQQSQ (264)
Vo = Ts1ly + Jbﬁ@“ + jgewin®, (2.65)
Uypy = T2l + w—b%% + JGow @y (2.66)
Vo = Tr1lp + Jbagﬂ + ]QQWSQQH (267)

Dy = Tsalsy + Tnalyy (2.68)
Q5 = Taiy + Ty (2.69)
@:2 = erZ:Q + thZZQ (270)
@:1 = mrll‘:l + xhlzzl (271)
The output powers are given by (2.72), (2.73).
Ps2 = R {(QZQZ;Q)} (272)
s2 = R} {(Q:Qi:Q)} (273)

The rotor quantities are related as follows, corresponding to a supersynchronous motor

convention:
@: = @:2 = _)OIZ':l (274)
e (2.75)
PI
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It is noted that the angular frequency bases w,; and wyy are considered to be equal to
a reference frequency w, (e.g. the grid frequency).

The steady state equivalent circuit of the CDFIM is deduced in Figure 2.1.

Tsio = Tg — Tp; and T, = T, — Tp; are respectively the stator and rotor leakage

reactance.

ok 5k . .
Lo Tsl/gc Xs1g L rrl/QZ Xr1g rrZ/QZ Xr2o L2 Xs20 Ts2 Loz

Figure 2.1: Steady state equivalent circuit of the CDFIM in the Power machine
synchronous frame

2.2.3 General power curve limits

The generic limit curve expressions are derived from section 2.1 by applying the

per unit transformation to the CDFIM parameters. The equations are summarized

as follows.
* -k 2
p§2 + qu = (’QSQTL‘ ‘15277,‘) (276)
Wil
-s2n * - 2
p;+(%f— 2*) = (ol 2] 2.7
Ts2Wso
* 2\ 2 * 2\ 2 1 * * 2
(pe2 = a2 [0 ?)" + (a2 = b2 [05])” = — (1l [25a]) (2.78)
2
. 2 " 2 1 % * %
<p52 - |y82n|2) + (qS2 - bl |y32n|2) = a (pfg?ws?rhl |y32n’ |@sln|)2 (279)

2 2
(Pe2 = a0 050 ]*) " + (52 = bo [0320]?) " = co [lnl* + cor (030, [031,]))° (280

where:
gy = 272 (2.81)
C2
1 2, %2 .2 1—
by — ! (1 I 92w Tra0( UQ)) (2.82)
TgoWgo Co
Cy = 12y 4 (Gow’yooTy)’ (2.83)
2
gy =1-— k2 _q T2 (2.84)
Ts2Lr2 Ty
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and
) = g2y (Tr1 + Y7r2) (2.85)
&)
C(re )+ GRwI2 (T YT2) (T YO2Tr0)
by = S (2.86)
Wiy a0y
1= (rpn+ ’W’rz)2 =+ gSw;‘% (1 + 702$r2)2 (2.87)
and
ks — kyks + ksk,
o — (c1ks — kaks + kske) (2.88)
ko
ke — kyike — ksk
by = (c1kg Z 5 — ksks) (2.89)
0
1 B B 2,2 2 B 2
Co = kj |:(Clk6 ]{?4]{76 k3k5) ]{35 k‘G —|— (Clk’5 k’4k’5 + k3k6> } (290)
0
1
o= o prT (K +k3) (2.91)
do = T?l + (gcw:2$sl)2 (2.92)
ko = (Cl - k4)2 + kg (293)
k1, ko, k3, k4, k5, and kg expressions are given by:
wix
k= % |9e920 33701 (Tr1 + Y02T02) = Tt (o1 + 772)] (2.94)
0
Wiy
by = S (g vy +4702) — gara (1 +70512)] (2.95)
0
ks = —gewgTniks (2.96)
ki = gewgorniky (2.97)
T
ks = ga (rr +72) + geThl ko (2.98)
YT h2
1 et 4 Vo)’ i
ke = —— |gow?y (Tr1 + YTr2) (Tr1 + YO2T02) + (rn j 2) _ detm k1 (2.99)
YTh2 Ws2 Y Th2
The nominal quantities in the per unit system are expressed as:
il = 1pa; | = P e e} (2.100)
Ir2b
yyzln‘ — 1p.u'; ’Q;tn‘ — mln{lyr1n| ) |Qr2n|} S 1 (2101)
Viap
i, = 1p.u;  |uk,,| = 1p.u,; wi = 1p.u. (2.102)

As can be expected, the limit curve expressions depend on the electrical parameters
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CHAPTER 2. POWER OPERATING DOMAIN OF THE CDFIM

and the ratings of both induction machines i.e. |, |, [v%.], pr, and 7. Therefore, for
a given range of machines, the power operating boundaries of the CDFIM and its
ability to supply reactive power would be affected by the choice of the Control and
the Power machines. Consequently, a proper combination should be adopted in order
to achieve the optimal performance of the cascade. Moreover, it shall be noted that
the power capability of the CDFIM is affected by the slip range and the terminal
voltage. The impact of the latter parameters on the power domain, is discussed in

the following sections.

2.3 Power operating margins

The above mentioned limit boundaries are all depicted in a single power chart,
that illustrates the reactive and active powers in its x and y-axes respectively. The
resultant steady state operating domain of the CDFIM is determined by the most
restrictive limit curves. The power capability traces of a laboratory scale CDFIM are
depicted in Figure 2.2. The parameters of the machine are shown in Appendix B,
Section B.1. The results correspond to normal grid conditions with a given slip ratio
g. = —0.1. With respect to supersynchronous motor conventions, generated active

and reactive powers are considered to be negative.

15
10
d R
g s
& 5 &
Q o
5 =
0 5
2 :
2 5| %
= B 2z .
< (2)—] i,y [limitation | : : g {1—|i2n [limitation
-10p |ig1p |limitation ? """ 1 -1902i—i,, [limitation S
; (41—, [limitation | : : : 2 {3r—is1, limitation| i 54
-15 (5} |51, [limitation| : : {4—|v,, [limitation oo
T I T N N N _25 = H H H
-15 10 -5 0 5 10 15 2-15-1-050 05115 225
<+— QOver-excited —+—— Under-excited —> <— Qver-excited —+—— Under-excited —>
Reactive Power ¢, (p.u.) Reactive Power ¢, (p.u.)

Figure 2.2: Power operating domain of the laboratory scale CDFIM

As can be observed in Figure 2.2, the power margins of the CDFIM are determined
by the stator currents. The capacitive reactive power production (over-excited mode)
is limited by the Control machine stator current |i};,| and the inductive reactive

power consumption (under-excited mode) is limited by the Power machine stator
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2.3. POWER OPERATING MARGINS

current |i¥, |. Furthermore, for a limited slip range, the voltage limitation curves

*

| and |v7, | do not intervene in the determination of the resultant power operating

lv
limits. However for high slip values, they can affect and reduce the power production

domain as it will be shown in Section 2.4.

Remarks

1. Equations (2.7), (2.12), (2.22), (2.33), and (2.45) are useful to directly derive
the voltages and currents in all the machine windings for a given operating point
i.e. Py and 4. Knowing these quantities will help to determine the copper
losses i.e. the heating in the machine as well as its magnetic state. This has a
direct impact on the design of the machine in terms of copper winding section

and iron sizing.

2. The steady state operating domain of a single DFIM is investigated in [36], [60],
[129]. The power boundaries are defined by the limit curves (2.76) to (2.78).
It is shown that the power capability of the machine is limited by the stator
current |¢¥, | in under-excited mode and the rotor current |¢¥, | in over-excited
mode. Consequently, it can be deduced that the power operating margins of
the CDFIM and its capability to generate reactive power are reduced compared
to the DFIM2 set alone.

3. As mentioned previously, the operating domain of the CDFIM is determined
by the parameters and characteristics of both DFIMs. Thus is it convenient to
highlight the importance of adopting an adequate combination of the Power
and Control machines that ensures optimal behavior of the cascaded machine.
Considering the laboratory scale DFIMs given in Appendix B, two combinations
can be adopted: configuration A defines M2 as the Power machine and M1 as
the Control machine (as adopted in the remaining of this manuscript), then
configuration B substitutes the position of the two DFIMs. The resultant
operating limits using (2.76) to (2.80) for both configurations are shown in
Figures 2.3a and 2.3b.

As can be deduced, only configuration A can have significant interest for
generating systems. In fact, the CDFIM can operate at the entire active power
region and is able to generate reactive power over a wide active power range.
Whereas in configuration B the power operating domain is extremely reduced.
The CDFIM cannot operate at nominal active power and can barely generate
reactive power for a very limited range. The operation of the CDFIM requires
reactive power consumption instead. Although both machines have the same
power rating, the difference resides in the rotor current ratio (i.e. pr) and the

p-u. electrical parameters of each DFIM.
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1 —Ilsznlhmltatlon 5 1 —|lrn |11m1tat10n
2 lis1n [limitation|. \: L < {2 +—|is1p [limitation
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Reactive Power g ,(p.u.) Reactive Power ¢ ,(p.u.)

(a) Configuration A (b) Configuration B

Figure 2.3: Power operating domain of a CDFIM

4. Up to this point the stator resistance Ry was neglected. A more accurate power
domain is obtained by including the voltage drop across the resistance. In the
mentioned stator voltage orientated reference frame, the flux expression (2.4)
becomes:

Rsolso4 |vs2| Rs2152q

(I)SQq = ) CI)s2d
Ws2 Ws2 Ws2

(2.103)

Applying the modification to (2.24) and (2.25), the expression of |i};,| limit

curve becomes:

2 2 1 .
(P2 = anr J02a) "+ (a2 = bur [01o)” = = (prgawlamne [0l |, ))?

(2.104)
where:
2 2 2, Ts2 2
G2Tpo" (Trl + ,YTTQ) + 9572 (757"1 + ’Yl'rg) + W (Trl + ’77“7,2)
ayp = 52 (2105)
C11
2 *
bll _ Ts2 (Trl + F}/TTQ) + g%wsg*(xrl + '733}2) (mrl + 7021}2) (2106)
WsaC11
e = [ (11 +Y72) + garsa (T + ’Y$r2)]2
2
Ts .
+ 7*2 (7”7~1 + 7717‘2) — 02T 52Wo (a:rl + ’)/02$r2) (2.107)
s2

It yields to the power diagram illustrated in figure 2.4. As can be noticed, the

influence of the resistance is negligible.
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Figure 2.4: Power operating limits. Solid: ry is neglected; dashed: 7, is considered

2.4 Influence of slip range variation

The analytic expressions established above show that |, | and |vf,| limit curves

*

.| limit expression is a function of g and g. which,

depend on the slip ratio g, and |y

in turn are related as:
_ b2
Xp

Since the converter processes only the slip power, g. is usually limited e.g. to +0.3 in

g2 =1 (1—ge) (2.108)

order to reduce the power converter size. Thereafter the variation range of g depends
on the configuration retained for p; and ps.

Based on (2.78), (2.79) and (2.80), the influence of a slip variation on each of the
aforementioned limitation traces is emphasized in the following. Simulation results

are collected in Figures 2.5 and 2.6 for the laboratory scale machine.

1. |vf,| limit curve By increasing go, the radius decreases and curve (4) moves

to the right and up as one can clearly see in Figure 2.5, which may reduce the
CDFIG capability to provide active and reactive powers for high values of g, as

depicted in Figure 2.5d.

2. |vf,,| limit curve It can be noticed that the limit curve is mostly involved by

ge- An increase in |g.| reduces the limit trace defined by |v%,, |, but does not

affect the actual limits of the operating domain.

3. |iZ;| limit curve On the basis of equations (2.79) and (2.85) to (2.87), one can

prove that by increasing g», the radius and the value of b; increase. Besides

ay increases for small values of g but then begins to decrease when g, exceeds
a particular value. Thus, when gs, increases the limit curve (3) expands and
moves to the right and down. Knowing that the variation in the radius is more
substantial than the shifting value, an increase in g would enlarge the power
production margin of the CDFIG as highlighted in Figure 2.6.
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Figure 2.5: Influence of slip variation on the power operating range of a CDFIM

Conversely, for small values of go the limit curve is extremely reduced as the
radius is proportional to the slip value. Indeed for g, < 0.1 the cascade is not
able to operate at nominal active power anymore. Since the ability to provide

active and reactive power is usually limited by the |i},, | limitation curve, it

Lin
is important to retain a high value of g, at every operating speed, in order to
optimize the power generation domain of the system as shown in Figure 2.6.
A null value of the slip ratio is prohibited and a change of the sign is to be
avoided. At this point, it is convenient to highlight the effect of the number of
pole pairs on the power operating range. Referring to (2.108), one can easily
deduce that for the limited slip range g. € [—0.3;0.3], a CDFIM with equal
number of pole pairs results in better performances and optimizes gy for the

entire speed operating region.
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Figure 2.6: Variation of the currents limitation curve with respect to the slip ratio g,

Under realistic operating conditions and optimal induction machine combinations,
the simulation of various power machine scales over a wide speed range shows that
the |vf,,,| limitation curve has no influence on the resultant power domain as the
corresponding radius is much greater than the radius of the current curves. Thus its
expression can be excluded from the determination of the power operating region of
the CDFIM. Whereas the rotor voltage limit curve |vf, | may, in some configurations,
affect and reduce the power production margins for high slip values.

The previous tests were also performed on a 300 kW machine and they have led
to the same conclusions. It seems justified then to conclude, that the reactive power
production (over-excited mode) of a CDFIM is determined by the stator current limit
|i%,,,| for a limited speed range, and by rotor voltage limit |v¥, | for large slips; whereas
the reactive power consumption (under-excited mode) is limited by the stator current

limit |i%,,| for the entire operating region.

2.5 Influence of a terminal voltage variation

Previous results considered a constant voltage supply at nominal conditions. The
impact of a voltage variation on the operating region of the CDFIM is explored
hereinafter. Simulation results are presented in Figure 2.7 for different terminal
voltages. As can be noticed, subsequent to a voltage drop, the limit area shrinks but
the eccentricity moves to the left and down. This can be deduced from equations
(2.76) and (2.79). The radius of the limit curves are reduced and curve (3) is shifted.
As a result, the power operating region of the CDFIM is reduced over a wide power
range. Nevertheless, the machine will be able to generate more reactive power at low

active power operation which is interesting in the case of grid voltage sag.
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Figure 2.7: Power operating range of CDFIM at different terminal voltages.
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2.6 Power limit curves for industrial application

scale machines

In medium and high power scale machines, that are the most used in industrial

applications, the following condition is widely verified

Tri <<< Ty (2.109)

Therefore the above limit curve expressions can be further reduced leading to the

following simplified relations:
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2.6. POWER LIMIT CURVES FOR INDUSTRIAL APPLICATION SCALE MACHINES

The power limit traces of a high power CDFIM based on two identical 300 kW
induction machines are depicted in Figure 2.8 for a slip ratio g. = 0.3 The parameters
of the machine are given in Appendix B Section B.2. The minor difference between the

initial and the simplified limit curves prove the coherence of the new limit expressions.
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Figure 2.8: Power operating limits of a 300 kW CDFIM . Solid: initial limit expressions;
dashed: simplified expressions

As highlighted previously, the ability of the CDFIG to generate reactive power is
limited. Its limit depends on the electrical parameters and ratings of both induction
machines. The simplified limit curve expressions can be used to revise the design of
the machine in order to achieve better performances in terms of power capability.
In order to increase the reactive power production margins of the generator, the radius
of curve (3) must be increased and/or the center must be shifted left and down. This
is translated by an increase in the value of '¢’ and a decrease in the values of 'a’ and
'b’. Reference to (2.114) to (2.116) the following conclusions can be deduced:

— An increase in the power ratio 7 enlarges the power operating domain. However

this value is practically limited (7 < 1) and cannot be significantly increased.

— The reactive power capability can be expanded by increasing xp; (i.e x5 ). This
also reduces the magnetizing current of the machine.

— Increasing xpy (i.e z4) and/or decreasing x,; and . amplifies 'a’, '0’ and ’¢’.
Since the variation in the radius is more substantial than the shifting value, this
will result in increasing the reactive power limit of the CDFIM. The variation
rate is limited by the condition on gy > 0.

Accordingly, a modification up to 3% in the p.u. electrical parameters of the 300 kW
CDFIM is illustrated in Figure 2.9 in dashed line. The reactive power margin is

indeed increased by 8%.
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Figure 2.9: Reactive power capability of the CDFIG

2.7 Magnetic core saturation

The above results and conclusions are valid under the assumption of no magnetic
core saturation. The proposed analytic study considers linear magnetic conditions
with constant inductances that do not vary with the currents. However, since the
Control machine operates at variable flux levels, it would be interesting to emphasize
the impact of the magnetic circuit saturation on the power operating margins of
the CDFIG (refer to Figure 2.1). The saturation phenomenon of induction machine
is treated in the literature [16]. A magnetizing curve can be determined based
on experimental measurements. The steady state equivalent circuit of a DFIM is

illustrated in Figure 2.10.

r?’l/gl Xrig E‘Tl X516 Ts1 L

Figure 2.10: Steady state equivalent circuit of the DFIM

No-load tests are performed on the Control machine. The machine is supplied at
variable voltage from rotor side and the stator voltage and rotor current are measured.
The saturation curve of the laboratory scale machine is depicted in Figure 2.11.
During capacitive reactive power generation (over-excited mode), the control flux
is increased. Consequently the iron core is magnetically saturated especially when the
Control machine is heavily excited. This is reflected by a decrease in the magnetizing
reactance xp; and a significant increase in the Control machine stator current (in

comparison with the case where magnetic saturation is neglected).
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Figure 2.11: Saturation curves

Since the control current is the limiting variable in this mode of operation and xy; is
directly related to the radius of the limit curve (refer to (2.79)), it can be deduced
that the magnetic saturation significantly limits the capability of the generator to
supply capacitive reactive power. In under-excited (inductive) mode, the limiting
variable is the Power machine stator current. Thus the reactive power capability is
not influenced by the magnetic saturation since the power machine flux is stable at
constant output voltage.

Taking into consideration the magnetizing curve and the variation of z;,; for every
operating point, a new limit bound for the laboratory scale machine is derived by
interpolation. For a given active-reactive power operating point (psa, ¢s2) from the
theoretical non saturated limit curve, the magnetizing current 75, is determined based
on the steady state equivalent circuit of the CDFIM (refer to Figure 2.1). Then,
reference to the saturation curve in Figure 2.11b, the real magnetizing reactance xj;
is deduced. In that case, the new reactive power that can be supplied by the machine
under this active power operation and taken into consideration saturation, will be
moved to ¢., that is on the new curve. Its value is computed using (2.79). This
procedure can be generalized and the new limit bound is plotted in Figure 2.12. As
can be noted, the limit curve in presence of saturation is more restricted as it is shown
in dashed line. Thus, the reactive power capability of the generator (over-excited

domain) is reduced.
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Figure 2.12: Effect of magnetic core saturation on reactive power generation. Solid:
without saturation, dashed: with saturation.

2.8 Experimental validation

2.8.1 Experimental bench

The purpose of this section is to validate experimentally the presented analytical
approach and verify the steady state power operating limits of the CDFIG. The
laboratory scale bench is illustrated in Figure 2.13. The CDFIM is driven by a

Unidrive SPIlPrime mover motor"DFIMl " DFIM?2 "Diode bridge
D= T——

| Inverter || Inductive Load Bank ”Waltmcterl

Figure 2.13: CDFIM: experimental test bench

servo-controlled synchronous motor of 2 kW. The mechanical speed of the prime
mover is adjusted by a universal drive UNIDRIVE SP control unit. Notice that the
DFIMs are magnetically independent. Their shafts are directly coupled and the rotor
windings are interconnected through inverse sequence. Similar to the simulation, the
test is undertaken for g. = —0.1. In this case the Control machine just consumes
active power (due to the losses in the machine), thus the machine is supplied through
a diode bridge rectifier cascaded to a Pulse Width Modulation (PWM) inverter
(FUJI TMBP50RA120 module) based on Insulated Gate Bipolar Transistors (IGBT).
The IGBT inverter operates at 5 kHz, its control signals are generated by a Xilinx
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2.8. EXPERIMENTAL VALIDATION

Spartan-3 FPGA integrated on a single board rio (Sb-rio). The FPGA is programmed
from a block diagram representation in Labview interface.

For the experimental validation, the machine is operating in generator mode.
The CDFIG is driven at constant speed (2 = 5527Trad/ s). A variable inductive load
is connected to the CDFIG in order to describe the peripheral limit curve of the
theoretical operating domain. The machine is controlled to retain at steady state
the nominal output voltage |v,,,| regardless of the load variation. This is achieved
through the regulation of the Control machine voltage v,; in open loop operation.
Subsequently, for each operating point, the current and voltage measurements at

steady state are collected and compared to the nominal parameters of the CDFIG.

2.8.2 Experiments

In order to emphasize the impact of magnetic circuit saturation on the power
operating margins of the CDFIG, two experimental tests are conducted. The first
test is performed at reduced output voltage to prevent saturation phenomenon. The
second test is conducted at a higher voltage that induces magnetic circuit saturation.
The results are presented in per unit form with respect to the reduced power and

voltage bases.

Experiments Avoiding Magnetic Circuit Saturation

While avoiding the magnetic saturation, several operating points from the pe-
ripheral limit curve of the theoretical non saturated domain were reached by varying
the inductive and resistive loads as depicted in Figure 2.14a. The corresponding
|i¥;| measurements are collected in Figure 2.14b. As foreseen, the nominal current is
induced in the stator of the Control machine M1, with a relative error of 5-7%. This
confirms that the reactive power capabilities of the CDFIG are limited by the Control
machine stator current ratings. Whereas the remaining current and voltage quantities
persist under their rated value pursuant to (2.7), (2.12), (2.22), (2.33), and (2.45);
which proves the validity of the analytic method elaborated in this manuscript. The
experimental measurements at steady state, for the particular point A (refer to Figure
2.14a) are shown in Figure 2.15. The minor differences between the expected values
and those obtained experimentally arise from iron losses in the machine that were
neglected in the computation of the power curve expressions in addition to inevitable
measurement errors. It is noted that the Power machine is operating at a stator
frequency wsy = 1007 rad/s. It induces a rotor frequency w,o = —w,; = 457 rad/s
and a Control machine stator frequency ws; = 107 rad/s. These values satisfy the
frequency relations (1.27, 1.31, 1.34 and 1.43) established in Chapter 1 for the inverse
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coupling interconnection.
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Figure 2.14: Experimental test 1 (avoiding saturation)
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Figure 2.15: Experimental results avoiding saturation (point A)

Experiments Considering Magnetic Circuit Saturation

While testing at higher voltage, the saturation occurs. The response of the CDFIG

at steady state is analyzed under different loads lying within the theoretical non

saturated operating limits (solid line) as presented in Figure 2.16a. In this case, the
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2.8. EXPERIMENTAL VALIDATION

nominal control current is theoretically expected. However, it can be noted in Figure

2.16b that due to saturation phenomenon, a greater current is required to compensate

the output voltage magnitude.
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Figure 2.16: Experimental test 2 (considering saturation)

As a result, the capability of the CDFIG to supply capacitive reactive power is reduced

when core saturation is considered because of significant effect on the control current.

The experimental results at steady state, for the particular point B (refer to Figure

2.16a) are shown in Figure 2.17.
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Figure 2.17: Experimental results considering saturation (point B)
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As can be seen, the control current exceeds significantly its nominal value, whilst the
remaining quantities are kept below their ratings. In order to study the impact of
the saturation, an additional test is performed at a point C that corresponds to the
theoretical saturated limit curve (dashed line in Figure 2.16a ). The steady state
variation of the control current is shown in Figure 2.18. The current induced in the
Control machine stator windings is equal to 1.1 p.u. This value is close to the nominal

current, which proves that indeed the point C defines a new limit bound.

Décl. sur front

<11

Figure 2.18: Experimental measurement of 74, at point C

Conclusion

The chapter investigates the steady state power operating domain of a CDFIM
that is of great interest when it comes to sizing a machine in a practical application.
A rigorous generic analytic method is proposed to derive the limit area in which
the machine can operate safely without exceeding its rated quantities. It is shown
that the power boundaries depend on the combination and design of both induction
machines. An important result of this study is that the inductive reactive power
consumption limit is determined by the Power machine stator current |iy,|, whereas
the capacitive reactive power production is limited by the Control machine stator
current |iz,| and is reduced compared to the DFIM set alone. The power operating
margin is subject to further limitations resulting from terminal voltage drops and
speed variations. The effect of magnetic circuit saturation is further discussed. The
reactive power generation domain is reduced due to the saturation phenomenon.
Experiments performed on a laboratory scale CDFIG validate the presented approach
with and without saturation.

The results presented in this work give way to a new prospect. The simplified
limit curve expressions suggest that a possible revision of the design of the machine

might yield to better performances in terms of power capability.

The power limit range of the CDFIM should be taken into consideration in the

next chapters, in order to ensure the machine being operated within its ratings.
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Chapter 3

WECS Modeling

Introduction

The growth of the wind energy sector is significant in view of increasing pollution
and lack of fossil fuels. In the early development of the wind technology, the majority
of the WTs have been operated at constant speed. With recent advances in power
electronics and electrical generators control, variable speed W'Ts equipped with
pitch angle control have become the dominating unit. The variable speed operation
improves the efficiency and the reliability of the system by increasing the output
power production and reducing the mechanical stresses, the acoustic noise and the
torque pulsations [32] [84].

The DFIGs are among the predominant units for high power WECS, since they
are able to supply constant frequency electric power at variable speed operation.
Independent regulation of active and reactive powers is accomplished by means of
converters sized for a fraction of the nominal power (30-35%) depending on the
slip (operating speed) range and the reactive power requirements [36], [60], [148].
Nevertheless, the main drawback of this classical structure is the presence of brushes
and slip rings which increase significantly the maintenance cost and reduce the life
time of the machine [122], [131]. The CDFIG arises as an alternative solution to the
DFIG by virtue of its similar behavior, and brushless structure.

This chapter is devoted to the modeling of a grid-connected WECS based on
a CDFIG. It offers an overall description of the system. The mechanical part is
modeled in a first place (section 3.2). It includes the model of the wind turbine, the
gearbox and the generator shaft. The model of a non stationary wind speed based
on spectral analysis follows in section 3.3. Concerning the electrical part, the model
of the grid-connected CDFIG designed in Chapter 1 is retained. The mathematical

model of the power frequency converter is elaborated in section 3.4.
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3.1 Configuration of a WECS based on a CDFIG

The configuration of a WECS based on a CDFIG is illustrated in Figure 3.1.
The generator is driven by a variable speed wind turbine. The stator of the Power
machine (M2) is directly connected to the main supply, whereas the stator windings
of the Control machine (M1) are supplied at variable frequency via a reduced size
power converter. In order to operate at variable speed in both subsynchronous and
supersynchrounous mode, a bidirectional power converter is required to allow the slip
power transfer P;; in both directions. This is achieved using a back-to-back converter
based on IGBT transistors with PWM control [27], [100]. During supersynchronous
generator mode, the slip power is supplied to the grid. The Machine Side Converter
(MSC) is operating as a rectifier and the Grid Side Converter (GSC) as an inverter.
In subsynchronous generator mode the slip power is fetched from the network to the

Control machine. In this case the GSC operates as a rectifier and the MSC as an

inverter.
Grid
DFIM 2
Y ig
GSC
VA “@3 _¢
_,\M_(Ym_
VvV L [ Wind turbi
1 ind turbine
P, Q Controller Py

Figure 3.1: Configuration of a WECS based on a CDFIG

A modular representation of the grid-connected wind generating system is inves-
tigated. Normal grid conditions are considered. Figure 3.2 represents the different
components of the WECS. Each unit is modeled as an object and connected to the
others by means of input signals and output variables as shown in the figure. The
model and block diagram of the current source grid-connected CDFIG is elaborated in
section 1.3.2. It is based on the mathematical model of two single DFIMs connected in
inverse rotor coupling sequence. The remaining components are detailed hereinafter.
The system model is implemented on Matlab/Simulink software to test and validate

new control schemes. The parameters of a 300 kW WECS are given in Appendix B.
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The CDFIG is based on two identical 300 kW DFIMs.
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Wind speed| vy, Q il
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Control unit

Figure 3.2: Global diagram of the WECS PWM control

3.2 WT model

The wind turbine generating system represented in Figure 3.3 consists of a horizon-
tal axis wind turbine with three blades, coupled to the generator through a gearbox.

The latter converts low speeds of the turbine to the higher speeds of the generator.

AW
—~ G
—~— E
Vasi =
C =
Toer EQ P
= (7
E Tg em
Turbine Gearbox Generator

Figure 3.3: Representation of a WECS

According to Betz’ law, W'Ts can extract only a fraction of the power from the wind
which is limited by the power coefficient of the turbine C),. Therefore the aerodynamic
power captured by a WT can be expressed as follows [124], [134]:

1

P = iCppﬂRf)vi (3.1)

p being the air density, R, the radius of the turbine blade and v,, the wind velocity.

Hence an aerodynamic torque described by (3.2) is generated at the wind turbine
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shaft to drive the CDFIG; where €); is the mechanical speed of the wind turbine.

Pier 1 1

The power coefficient C,(\, §) characterizes each wind turbine [2]. It is defined as a

Taer -

function of the pitch angle 8 and the tip speed ratio A which, in turn, is given by:

_ Rth

Uy

A (3.3)

The parameters of a 300 kW wind generating system are presented in Appendix B,
Section B.2. The power coefficient expression is given by (3.4) [4].

116
Ai

C,(, B) = 0.5109 < — 048 — 5) e+ 0.0068) (3.4)

1 1 0.035
— — 3.5
A A+0.085 (41 (3:5)

The variation of the power coefficient as a function of tip speed ratio is illustrated in

figure 3.4 for different values of the pitch angle.
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Figure 3.4: Power coefficient versus tip speed ratio characteristics for different values

of

It can be noticed that for each value of 3, there is a value of \ for which the power
coefficient is maximum. The optimal operating point, for the particular WT used in
this study, occurs when 8 = B, = 0° and A = \,x = 8.1. It induces the absolute
maximum power coefficient Cp,q, = 0.475 that allows the maximization of the power
captured by the WT. Consequently, according to (3.3), there is a particular mechanical
speed to be followed for a specified wind velocity in order to achieve this optimal
behavior. This operation is known as the Maximum Power Point Tracking (MPPT)
and will be investigated in Chapter 5. Two methods will be presented for tracking

the optimal operation of a wind turbine based on a CDFIG and maximizing the
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3.3. WIND SPEED MODEL

generated power: the conventional "instantaneous MPPT" algorithm and a novel
"mean MPPT strategy". In the first classical approach, the system is carried to extract
instantaneously the maximum available power for every wind speed. Whereas the
mean MPPT strategy intends to generate the maximum constant power related to
the average of the wind speed.

The gearbox is mathematically model by (3.6) and (3.7), G being the gearbox

ratio and 7}, the aerodynamic couple referred to the generator side.

Q
TCLBT
T, =% (3.7)

A simplified representation of the generating unit is to consider the system as
a model with two lumped masses: the WT and the generator, having respectively
the moment of inertia J; and J, [134]. Accordingly, the dynamic equation at the
generator shaft is modeled by *:
ds?

J—=T,+Tem — [0 3.8

Here J is the combined moment of inertia of the turbine and the generator, f, is the
viscous friction coefficient and T, and {2 represent the electromechanical torque and
the rotational speed of the generator, respectively.
Ji
J = o2 + Jg (3.9)
Reference to the above equations, the block diagram of the mechanical part is built

in Figure 3.5.

3.3 Wind speed model

An accurate representative wind speed model is fundamental for the elaboration
of new control methods and the assessment of the overall system behavior. Since
WTs are maintained normal to wind direction for maximum power extraction, an
horizontal wind speed model is adequate and can be established based on Van der

Hoven and Von Karman power spectrum.

1. With respect to the supersynchronous motor convention adopted to the CDFIM model, T,, < 0
in generator operating mode.
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Figure 3.5: Bloc diagram of the WT

The wind speed v,,(t) is analytically expressed by the superposition of two components,

a slow varying component v,,(t) and a turbulence component v;(t):

V() = Ui () + v (%) (3.10)

The low frequencies component v,,(t), for medium and long term variations is most
commonly described by the Weibull distribution having the following probability
density function (pdf) [56]:

TN
flom) = = (C> o () (3.11)
where k is a shape parameter and c is a scale parameter. The pdf is essential to
determine the expected generated power and the economic viability of the project.
The high frequencies component v;(t), for short term variations can be described by a
normal distribution with zero mean value and a standard deviation related to the
slow component variation.

These two components can be clearly identified in Van der Hoven’s power spectrum
depicted in Figure 3.6 [135]. It represents a large frequency band power spectral
analysis of horizontal wind speed made over more than six decades, calculated in the
range 0.00047 to 900 cycles/h. The power spectrum shows two eddy energy peaks that
occur respectively at a low and a high frequency which are separated by an energy
gap. Regardless some differences in details, the spectrum retains the same pattern
under varying sites and synoptic conditions [135]. Tt is noted that the partition of
the wind speed into two different components (equation (3.10)) is valid due to the

presence of the spectral gap between both the short term and the medium and long
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Figure 3.6: Van der Hoven’s spectrum for horizontal wind speed

term components. The turbulence component contains the frequencies above the
spectral gap with a time range of seconds to minutes and the slow varying component
includes all frequencies below the spectral gap with a time scale of hours, days, etc.
Accordingly, it can be stated that the average of the instantaneous wind speed over
a period T, lying within the spectral gap (10 to 20 min) is virtually equal to the

medium and long term component [19]:

1 ytotle

Ta to— %

Umean = Uy (t)dt >~ vy, (to) (3.12)
Therefore, it can be deduced that the high frequencies wind speed fluctuations induced
by the turbulence term do not intervene in the average produced energy, which is
determined by only the medium and long term variation. However, it has a major
impact on the power quality generated by the wind turbine which may disturb
the network stability. On that basis, the generation of a constant output power,
irrespective of wind speed fluctuations, would sustain the power system stability.

A wind speed generator is implemented in this work using Van der Hoven and Von
Karman power spectrum [19], [85] where the low frequencies component is treated as
a stationary process and the turbulence component as a non stationary process. The
slow varying component is modelled according to Van der Hoven’s power spectrum
associated to a specific site. A mathematical representation described by (3.13), (3.14)

is generated by sampling the low frequency domain of the spectrum.
N
O (t) = A; cos (wit + ¢;) (3.13)
=0

where w;, © € {1,.., N}, is the discrete angular frequency, S,,(w;) is the corresponding
power spectral density, ¢; is a random value in the range [—m, 7| generated with a

uniform distribution, and A; the amplitude of the harmonic at frequency w; computed
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as in (3.14)

A; = 2\/; [Svo(wi) + Sy (Wit1)] [wiy1 — wi] (3.14)

™

The initial value A, represents the long time scale wind speed average v,, calculated
at a period greater than the largest period in the Van der Hoven’s model.

The Van der Hoven’s spectrum cannot be employed for the implementation
of the turbulence component, which is regarded as a non stationary process. Its
characteristics should depend on the medium and long term wind speed variations.
Accordingly, a non stationary turbulence model can be stochastically described based

on Von Karman power spectrum with adjustable parameters:

L
0.47502—

Su(w) = (1 i (w;};f (3.15)

U,

where o is the turbulence intensity and L the turbulence length. As it can be noticed,
the model depends on the terrain properties and on the low frequencies wind speed
evolution. The short term component is simulated using a shaping filter (3.16) with
adjustable parameters and a white noise input [85].
K,
Hy(s) = —— (3.16)
(14+T,s)8
The static gain K, is calculated in a way to have a normalized standard deviation of
the colored noise n.(t), at the output of the filter. The turbulence expression is thus
obtained by multiplying the colored noise n.(t) by the expected standard deviation

d, of the wind speed:
v (t) = dyne(t) (3.17)

In order to reduce the computing time, the 5/6 order filter is approximated by a
rational filter. One solution is to adopt the following transfer function [85]:
A (1 4+ m,T,s)

Hv(5> = K, (1 + Tvs) (1 + mbTvs)

(3.18)

with m, = 0.4 and m; = 0.25. The parameters K, and T, of the filter are generated
and adjusted periodically according to the low frequency speed variation. The
simulation of the short term component is obtained based on the following procedure.
Two sampling periods are adopted: 7}, in minutes ranges to sample the slow varying
component vy, (t) and 7, in seconds ranges to sample the turbulence component

(white noise).
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3.3. WIND SPEED MODEL

1. Generate the discrete value vy, ; using the sampling period T,;.

2. For each step i of this procedure, update the parameters of the rational filter

according to the following expressions:

Ti= 3.19
o (3.19)

6l =kg o Vm.i (3.20)
: T

Ki= : 3.21
v\ T,S0w (3:21)

K' is determined through the condition of a normalized standard deviation as

mentioned above with:

J i - 2
§i=%" 1t (maTujow)” (3.22)
=0 |1+ (Tijow)’] |1+ (myTijow)’]
T
p— -2
= (3.23)

dw is the sampling step of the angular frequency and k,, the slope of the

regression curve.

3. Generate the colored noise n(t) using the discrete form of the filter H(z) with

the sampling period T},

4. Calculate the wind speed as follows:

Vo () = Ui (t) + 6L nl(t) (3.24)

Figure 3.7 illustrates a non stationary wind speed profile simulated over a time duration
of 45 min with L =180 m, k,, = 0.16,7, = 1 s, T; = 60 s and dw = 0.002 rad/s.

16 ! ! ! ! ! ! ! !
14k T R L L SR PR 1 R -
gt TR TN Y

Wind speed (m/s)

! | |
4 0 5 10 15 20 25 30 35 40 45
Time (min)

Figure 3.7: A non stationary wind speed profile
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3.4 Back-to-back converter model

The back-to-back converter comprises two voltage source PWM converters con-
nected in cascade through a DC bus as represented in Figure 3.8. Each converter
includes three legs consisting of six IGBTs and six anti-parallel diodes. The DC
capacitor linking the MSC and the GSC stabilizes the DC-link voltage. In order to
achieve full control of the grid current, the DC-link voltage is boosted to a level higher
than the amplitude grid line-to-line voltage [12]. A grid filter is placed between the
GSC and the grid. The inductor transforms the input circuit into a current source,
reduces high frequency components of line current and provides boost feature to the

GSC [69].

—C Eslb /

’islc T \
g(; g;; {3 g; ‘K’} vslfilﬁslli Ivslc

Figure 3.8: Structure of a back-to-back converter

Among the main advantages of the back-to-back PWM converter are [70], [100], [136]:
— Low harmonic distortion of the line current.
— Bidirectional power flow, thus operation of the CDFIG in subsynchronous and
supersynchronous modes.
— Quasi sinusoidal input current.
— Adjustment and stabilization of the DC bus voltage.

— Regulation of the reactive power flow and the input power factor.

3.4.1 Converter model

As illustrated in Figure 3.2, the converter model receives as inputs the DC voltage,
along with the three-phase line currents. It calculates the DC current and the three-
phase modulated voltages (the converter terminal voltages) given the three-phase
reference voltages generated by the control unit.

The converter modeling is elaborated under the assumptions of ideal switching,
continuous conduction mode and no losses. A generic model of a two level static
converter is represented in Figure 3.9. where:

— Uy is the constant DC bus voltage.

— 13 is the modulated DC current.
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3.4. BACK-TO-BACK CONVERTER MODEL

— 114, 11p, i1 are the three-phase line currents.
— V14, V1p, V1. are the modulated three-phase voltages .

— S, S} are the bidirectional ideal switches.

It is noted that the convention of an inverter are considered in the figure, then the
model will be adapted to the GSC and MSC pursuant to the notation in Figure 3.8.

it
Sy Sv Sey

c >

[
Sp ) S } 51 a__vuilvlc

M

r

Sa

|
) .
Uge| —— \ b —%b
1

Figure 3.9: Generic model of a static converter

In order to describe the full operation of the PWM converter, two relationships shall

be established: the first one gives the three-phase voltages in terms of the DC voltage;

the second one computes the DC current given the three-phase currents. Switching

functions associated with the converter legs are introduced to describe the converter

switching states. k; is the switching function associated with the leg j (j = a,b, ¢).

These functions are generated by comparing the reference voltage from the output of

the controller to the sawtooth carrier.

L if vijref(t) > Vearrier(t),

thus S; is ON and S is OFF.
0 if v1jpef(t) < Vearrier(t),

thus S; is OFF and S} is ON.

k’j:

Accordingly, the following voltage expression is computed.

Uim = ijdc

On the other side, relation (3.27) is always verified.

VaM — UbMm Vig — V1b
VoM — UeM = | V1p — V1c
Ve — VaM VU1e — Vi1a

(3.25)

(3.26)

(3.27)

The unity of the solution is obtained by considering the zero-sequence component of
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the three-phase voltages nil, leading to:

V1a 2 -1 -1 ka

Udc
V1b = 3 -1 2 —1 ]{Jb (328)
Vle -1 -1 2 ke

The current in each converter leg is computed by (3.29). Then Kirchhoff law yields to
(3.30).

it = kaila + kbilb + kcilc (330)
The voltage source PWM converter is modeled by (3.28), (3.30) in the three-phase

coordinate.

3.4.2 DC-link model

The DC bus model receives as inputs the DC currents of the MSC and the GSC
and calculates the DC voltage as follows. The Kirchhoff current law yields to (3.31).

d . .
C@Udc = 1dec — 1, (331)

3.4.3 Filter model

Applying the mesh analysis (Figure 3.8), the three-phase voltage balance across
the inductors is:

€ga Vga l9a lga

, d|.
€gb| = |Ugb ‘f‘Rl 1gb +Ll% Lgb (332)

e ) 7 7

gc gc gc gc

In a Park coordinate rotating at the grid frequency w,, (3.32) becomes:

d

Egd = ‘/;d + Rllgd + Ll%Igd — Llwgfgq (333)
d

qu = ‘/gq + legq + Ll%]gq + Llwglgd (334)

Besides, the instantaneous input active and reactive powers are given by (3.35), (3.36).

3

P = §<Egdlgd + Egqlyq) (3.35)
3

Q= 5( galga — Egalgq) (3.36)
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Conclusion

In this chapter, the mathematical model of a grid-connected wind energy generating
system based on a CDFIG is presented. A simplified model of the wind turbine based
on two lumped masses is implemented. The power frequency converter feeding the
generator is based on a back-to-back PWM converter. It allows bidirectional power
flow between the generator and the grid. The evolution of a horizontal wind speed is
synthesized taking into consideration two components. The slow varying component is
computed based on Van der Hoven power spectrum associated to a specific site. The
turbulence component is considered as a non stationary process. It is implemented
using Von Karman model and assumed to be dependent on the medium and long
term wind speed evolution.

The control scheme of an integrated wind power plant will be investigated in the
next chapters. It requires the regulation of the MSC together with the GSC.

7






Chapter 4

Vector Control of the WECS

Introduction

This chapter deals with the vector control of a grid-connected WECS based on
a CDFIG. The integration of new generating plants into the network requires the
regulation of the two back-to-back converters: the MSC and the GSC. A voltage
sensorless approach based on virtual flux orientations is elaborated for the independent
control of the active and reactive power flow. The GSC is manipulated in order to keep
a constant DC-link voltage level and adjust the amount of reactive power exchanged
with the grid. The MSC is controlled to achieve decoupled regulation of the machine
output stator active and reactive powers.

In grid-connected operation, the system intends to extract the maximum power
and achieve optimal behavior of the wind turbine. However, due to the considerable
progress of wind power generation systems, new grid code requisites are introduced.
In addition to power optimization, the system must provide additional reactive current
to support network stability through voltage regulation. On that basis, the reactive
power capability of the integrated unit and the contribution of the GSC to reactive
power production are to be investigated.

The chapter is organized as follows. The control strategy of the global system
is addressed in section 4.1. The virtual flux orientation approach is introduced in
section 4.2. The vector control of the GSC is investigated in section 4.3. Section
4.4 is devoted to the control of the MSC. Despite the complexity of the CDFIG
representation, an efficient controller is implemented based on the vector model of the
generator in a unified rotating frame. The steady state power operating margin of
the generating plant and its contribution to reactive power supply during grid faults

and normal conditions is detailed in section 4.5.
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4.1 Control strategy of the back-to-back converter

The integration of wind energy conversion plants into the grid involves the control
of both the MSC and the GSC. The objective of the CDFIG controller is to achieve
maximum power extraction of the wind turbine. A decoupled vector control of the
MSC enables independent regulation of the CDFIG output active and reactive powers.
The active power is adjusted in order to track the optimal operating point of the
WT and maximize the power generated by the integrated unit. The reactive power is
controlled to support the network stability through power factor regulation. As for
the GSC the main function is to retain a constant DC-link voltage level regardless of
the direction of power flow between the Control machine and the grid. It can also
contribute to the reactive power supply.

Hereinafter, a decoupled vector control strategy, based on virtual flux orientation
is proposed for the regulation of both converters. The grid voltage sensors are replaced
by a VF estimator, so the orientation frame angles are no longer computed from grid
voltage measurement. Among the main advantages of the VF orientation are: lower
harmonic distortion, sinusoidal current even under unbalanced and distorted grid
conditions, more stable orientation devoid of measurement noise, voltage sensorless
operation that improves reliability and reduces installation cost [70], [71]. The overall
control structure of the generating system is described in Figure 4.1 and will be

detailed in the following sections.

Grid P} 1/2{
[/
tg P,Q P
- GSC MSC
LAY N—
vevvsna il SSIEEEII 2
—o- WA i
[i,], iR { BT gj
“ | Estimator
PWM PWM .
el e P
[vg,wf];; ap [USI'rgf]?)sl
Controller Controller [¢ 52352
Udc,refT Qre/ QSZ,rei[ TPSZ,re]
‘ Speed
ek controller Brer

Figure 4.1: Voltage sensorless control of WECS based on CDFIG

The output active power set point (Psaerr) is derived by the WT speed controller
in order to achieve optimal operation of the WT according to the adopted MPPT
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method. The reactive power set points (Qs2ref, Qres) are provided by the Transmission
System Operators (TSO) according to the grid code requirements and the power
capabilities of the generating plant i.e the CDFIG and the GSC (as will be investigated

in section 4.5).

4.2 Virtual Flux estimator

The virtual-flux-based approach was introduced by [72] for the control of a three-
phase PWM boost rectifier. It assumes that the grid line voltages, in combination
with the AC side inductors are quantities related to a virtual AC motor as shown in
Figure 4.2; where R; and L; represent respectively the stator resistance and leakage

inductance of the virtual motor.

PdC ) PL
P,Q - ldC lL
> >
.... T ]
g '
—‘_: _N'(WY\ 'S >; C—_ UdC
: —AAMA-YYN )é
l €q Vg I Ef“{.} fbﬁ fcd}
Virtual AC motor

Figure 4.2: GSC circuit diagram with AC side presented as virtual motor

Accordingly, it can be stated that the grid voltage e, would be induced by a virtual

air gap line flux @ which are related by (4.1) using phasor vectors:

Q:/%ﬁ (4.1)

On the other side, a virtual flux expression can be derived based on the converter

input voltage v, and the line current 7, as follows:

®,., being the converter virtual flux vector and ®; the inductor virtual flux vector.

Given the measured DC-link voltage Uy, and the converter switching states f;, the
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converter input voltages are estimated as follows using (3.28).

o | [ 2 -1 1]
b | = ; 1 2 —1||f (4.4)
By 1 -1 2 || £

In the stationary («f) coordinate, relation (4.4) becomes:

‘7904 - Udc (fa E - ];C> (45)

~ Udc
Vg/?’ = \/g

Therefore, neglecting the line resistance R; and referring to (4.3), (4.5) and (4.6) the

(fb - fc) (46)

virtual flux components in (a/3) reference frame are estimated as:

/ 3V ( 12 — @ - f;Q> dt + LIy (4.7)
PR z‘l—c (faz — fa3) dt + Lilys (4.8)

Under sinusoidal and balanced grid condition, the line voltages are approximated by:

d ; .
& = £(|@| ') = jw,® (4.9)

Resulting in the following estimated line voltages in stationary frame. w, being the

grid frequency.

Eyo = —w,®p5 (4.10)
Eyp = wy®, (4.11)

It should be noted that the low pass filter behavior of the integrator in (4.7) and (4.8)

reduces the noise of the estimated quantities.

4.3 GSC control

The objective of the GSC controller is to keep the DC-link voltage constant
regardless of the magnitude and direction of the Control machine power Pj;. It can
also adjust the amount of reactive power exchanged with the grid. Various control
strategies for the GSC have been proposed in the literature [73], [100], [127], [136]. A

decoupled vector approach using VF orientation is briefly discussed in the following.
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It enables independent control of the active and reactive powers flowing between
the supply and the converter. The DC voltage and the reactive power are adjusted
through the regulation of the line current d-q components.

Considering the VF oriented reference frame, which is a rotating coordinate system

aligned to the virtual flux ®, the dynamic behavior of the GSC can be described as

follows:
Eyq = Vyg+ Rl + thfgd — Lw,lyy =0 (4.12)
Eyq = Vyg + RI,, + thlgq + Lwgloa = Jeg| = w,y || (4.13)
P =Byl (4.14)
Q= ;qulgd (4.15)

Neglecting the filter and converter losses, the power flow between AC and DC

sides is approximated by:

Ugeige ~ P (4.16)

Applying the GSC average model, the DC link voltage expression is derived by

(4.17):
d 1. .
%Udc = 5 (ch - ZL) (417)
Based on the above relations, the open loop block diagram of the GSC in the VF

oriented frame is built in Figure 4.3.

System 4) |

Igq T3 Pl1 - 1] |Uqg

+
Zqu Uge Cs

Figure 4.3: Open loop block diagram of the GSC in the VF oriented frame
As noted in the figure, a decoupled vector control can be applied to the converter

with two parallel cascaded loops. The reactive power () is regulated by action on

the line current d-component; and the active power P i.e. the DC link voltage Uy,
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is controlled by adjusting the current g-component. The current set points Iyq,es
and Iy, ,.; are provided respectively by the reactive power and the DC link voltage
controllers. The inner loop regulates the line currents. Feed forward terms are added
to compensate the cross coupling perturbations associated with line inductance and
the grid voltage. The vector control scheme of the GSC using hierarchical loops and

Proportional Integral (PI) controllers is illustrated in Figure 4.4.

Udc,ref S;
+

PWM

VF est.

i Virtual
+ AC motor__}

+—1

Figure 4.4: VF oriented Vector control scheme of GSC

The Park transformation angle to the VF (dq) frame is defined based on the

estimated virtual flux components as:
P
¢ = arctan <§>6> (4.18)

Furthermore, the instantaneous active an reactive powers are computed using the

measured line current and the estimated virtual flux as follows:

.3 3 . N
P =2 (Eyalga + Egplys) = 5w (Palos — Dplyn) (4.19)
~ 3 3 ~ .

Q= ) (Eyslga — Egalgs) = 2% ((I)ajga + (pﬁ[gﬂ) (4.20)

The output of the line current controller forms the the AC side voltage references
Vydrefs Vagrer €xpressed in the VF reference frame. The three-phase references [v e, f]3
for the PWM control are generated by an inverse Park transformation from (dq) to

(abc) coordinate.
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4.4 MSC control

In the targeted integrated wind turbine application, the controller must provide
independent regulation of the output active and reactive powers of the generator.
Thanks to the unified frame vector model of the CDFIG, a decoupled vector control
can be implemented, equivalent to the well known stator field oriented control of a
single grid-connected DFIG [105], [128]. The approach is based on cascaded loops
with two regulation paths, devoted to adjust the stator current direct and quadrature
axis components distinctly.

Equations (4.21) to (4.28) summarize the dynamic behavior of the CDFIG in the

common Power machine synchronous reference frame.

d
Usy = Rzl + 2 Ry + ja @ = ¢ (4.21)
. d ,
Vg1 = RSlZsl + %Qﬂ + J (wSQ - ZPQ) Qsl (422)
d
@52 = Ls2132 + Msr2ir (4.24)
9sl = leisl - Msrlzr (425)
@r - Lrl.r + MSTQZsQ - Msrl@.sl (426)
3 .
P52 = iéR {(ys2152)} (427)
3 .
QSQ = 5% {(232152)} (428)

The orientation of the d-axis along the M2 stator flux vector ®., ensures a complete
decoupled regulation between the output active and reactive powers. Neglecting the
voltage drop across the stator resistance R, the stator flux @, and the grid voltage
virtual flux ® are approximately equal. This way, grid voltage sensorless operation
is achieved through VF orientation technique using the transformation frame angle
2 = €.

In utility grid case, the stator flux is imposed by the grid and is considered to be
constant under normal conditions. Thus, in the above mentioned coordinate system,
where the d axis is aligned to the rotating virtual flux phasor @, the following relations

are established:

d

Dyzg >0, Po2a > [Lo| = |2, %@5211 =0 (4.29)
Viaa = 0, Vigg = |vg] = w, |2 (4.30)

Py = 2 (ViaqLs2q) (4.31)

Rs2 = 3 (Viags2a) (4.32)
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Referring to (4.23), (4.24) and (4.26), the Power machine and the Control machine
M2

stator currents are related by (4.33), where w,s = wse — p2Q and 0, =1 — 7 822 .
s2Lip
Rr LT d RTLSQ, LSQLT-O- d ) d .
T g, C, - L
Msr2 =2 * Mer dtiéﬂ Msr2 2 Msr2 dtlﬂ ! dtlﬂ
. Lr . LSZLTU .
+ JWr2 <J\457~2(b82 - Msrllgl - MST2 p7132> =0 (433)

Moreover a relation can be established between the Control machine stator current and
voltage 14, and v,; respectively and the Power machine stator current ¢,. Rearranging
(4.22), (4.24) and (4.25) leads to:

. d . Mg d LM d .
= RS s LS 1. 4s1 T =5 I ts
Vg1 151 T 1 gLt M., dt2s Mo P
. . Msrl L52M8T1 . )
cWs Ls Lsl T @s lg 434
+jgw2( 141 Msr? 2+ Msr? 52 ( )

d
Introducing the expression of —i,; from (4.33) in (4.34), results in the following

dt
relation:
RTL51L82 . L82 (Uerle ) d . . leRr
= ——— — - Msr 11 5s RS =s @5
1 MsrlMSTQZSz Msr2 Msrl ! dtl 2 * 1hs1 * MST1M8T2 2
( Lrle Msrl) d + . < M8T1L82 UerleL32> .
- BN cWs — W | s
MsrlMsr2 Msr2 dtisz I\9 ? Msr2 ? MsrlMsr2 2
. . . Lrle Msrl
+ J (ngSQ - wr2) le@gl + J (wrQJ\/[srl]\/[Srz - gchZJWSTz) (1)32 (435)

Decomposing into d-g components, expression (4.35) becomes as follows in the VF

reference frame:

RTL81L82 Ls2 (UpL'rle ) d
— 1 — Mg ) —1pq= -V, = U, 4.36
My My My \ Moy ) gpter = Vot e =Uaa (436
RrleLs2 LsZ (Jerle > d
1 — Mg ) - Lsog = =V = Us 4.37
MsrlMsr2 2 Msr? Msrl ! dt 2 e * e ta ( )

As observed, vy and iy, d-¢ components are linked by a first order linear transfer

function:
K
Tiaaa(s) = T Vet (4.38)
MST1M5T2 g, Lr M2 1 UlLrl + 02Lr2
K,=——"; = (2L - ¢ = >0 4.39
P RrleLSZ’ P ( Rr leRr Rr ( )

The terms a4 and a4, defined in the following, refer to the d-q coupling disturbances
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composed of a cross perturbation and a back EMF related to ®,.

leRr MsrlLs2 UerleLSQ)
= Rs ]s 7(1)5 - W2 T W2t -[5
i Hetd * Msr1M5r2 . <g 2 Ms7"2 2 MST1M8T2 2
- (gcst - WT2) lelslq (440)
MST1L52 0 LTL81L52
aqg = Rl +(cw5_wr p>Is + (Jews2 — wra) L1 1
q 14514 GeWs2 M., 2 M1 M, 2d (g 2 2) 14s1d
Lrle Msr1>
g ————— — JeWeo— | Dg 4.41
* <w 2Msr1Msr2 Je 2Msr2 2 ( )

Referring to (4.31), (4.32), (4.36) and (4.37), the open loop transfer function of
the grid-connected CDFIG, defined in the VF (dgs) reference frame is presented in
Figure 4.5.

i System !

. |
Vsldl_ - Us1d Ky Lyoq §V | Q52
| +? 1ty s 2'52q |
| aq ‘

: I
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I aq |

V14l %U I 3 - P
q slg K 52 2
: L Vg ——
| 1+tys

Figure 4.5: Open loop transfer function of a grid-connected CDFIG in VF frame

As can be deduced, a decoupled sensorless vector control of the CDFIG is achieved
with the VF orientation. The output active and reactive powers can be independently
adjusted through hierarchical loops. Py and Qg2 are controlled through the action
on the Power machine stator current I59, and I respectively. The latter are driven
by the Control machine stator voltage Vsi, and V4.

Accordingly, a vector control consisting of two nested loops is implemented on
each axis using PI controllers. Due to the symmetry of the machine model in the
defined oriented frame, identical controllers are implemented on each axis. The outer
loop controls the active and reactive powers. The output of the power controller
generates the stator current set points Isoqref, [s2gref- The inner loop regulates the
Power machine stator current and provides the voltage demands Viigres, Viigres-
Compensation terms agq, @,, based on (4.40) and (4.41), are added to the output of the
controller by feed forward action to overcome the effect of the coupling disturbances.
It provides linear transfer functions in order to simplify the controller design and
ensure good dynamic response and tracking of the reference values. The terms are

computed based on the virtual flux estimation and the stator current measurements
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in the (dgy) frame.

4.4.1 Stator current control loop

The study is carried out on a 300 kW CDFIG. The parameters of the machine are
given in Appendix B. The current control loop is depicted in Figure 4.6.

Ideq ref+ Usldq Ky 1s2dq
T CIS (S) 1+1,s
- D

Figure 4.6: Stator current loop block diagram

The plant to be controlled is a first order transfer function Gy, (s) (4.42). Numerically,
the cutoff frequency is wy, = 33 rad/s.

Is2d,q o Kp o 79.86
Uadqg L1+7s 1+0.0303s

Gr,(s) = (4.42)
A PI current controller Cy_(s) is designed in order to satisfy the following specifications:
— Zero steady state error
— The settling time of the closed-loop is three times smaller than the open-loop
settling time.

The first order inner closed-loop dynamic is represented by (4.43).

[s2d,q _ 1
Lodgrer 14 0.01s

Fi.(s) = (4.43)

4.4.2 Power control loop

The power outer loop is illustrated by the block diagram in Figure 4.7. The stator
current dynamic is taken into consideration. The open-loop transfer function is given
by (4.44). The settling time is equal to the inner closed-loop settling time.

P
O _ Lo (5)3v,, (4.44)

ISZd,ref Is2q,ref 2

GP(S) =

The PI controller C'p(s) is synthesized to meet the following specifications:
— Zero steady state error

— Settling time eight times greater than the currents settling time.
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P, Usldq Ky | ISqu 3 PSZI QsZ

s2,ref » QsZ,ref + Co(s ISquJ’GfA + 3
RQ—Cr(s) 49?7 Cr,(s) e i ~Viag
|

Figure 4.7: Outer power loop block diagram

4.4.3 Control scheme

Based on the stator current measurements (i,;,%,) and the derived value of the
virtual line flux @, the MSC control scheme using voltage sensorless approach is

described in Figure 4.8.
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Figure 4.8: VF oriented Vector control scheme of MSC
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The Power machine stator current is transformed from the original (abcgs) coordinate
to the VF oriented frame (dge) by performing a Clarke transformation to (afs2)

followed by a Park transformation (4.45) using the frame angle &s.

(@)age = €77 (2)apes (4.45)

The Control machine stator currents are first transformed from (abeg) to (afs1) by
means of the Clarke transformation. Then, the vector transformation from (afs)
reference to (dgs) frame is performed by (4.46) which is based on the relation defined
in (1.70).

(l)dqz — e—]'(§52—1019m1—]329mz)(i)oéﬁSl (4.46)

Here likewise, the instantaneous output active and reactive powers are estimated as
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follows:
N 3 . 5
P = S, (Palizs — Pplia) (4.47)

5 3 . 3
Qe = 5wy (Palua + Psli2) (4.48)

The voltage references Viigref, Vsigres at the output of the controller are established
in the VF rotating reference frame (dgs). The signals must be transformed into the
M1 three-phase stator frame (abc,;) in order to form the sinusoidal reference values for
the PWM modulation. This is achieved through a vector transformation (by rotation)
using relation (4.49) followed by an inverse Clarke transformation. It induces the

DFIM2 stator quantities to operate at w, for any rotational speed.

(@agy = €I ErPOm R0 ), (4.49)

4.5 Power operating domain of the generating unit

The increasing penetration of wind turbine is challenging the network stability,
due to the uncontrollable generated power that arises from wind fluctuations. For
this reason, the grid codes are adapted for wind power integration into the grid. The
requirements defined by the TSO for large wind farms are becoming more restrictive
and similar to conventional power plants in order to preserve the network stability
and contribute to voltage regulation [1], [37], [43], [130]. In fact, in addition to active
power production, extended reactive power supply is required not only under grid
disturbances but also in steady state operation. Indeed, following network faults,
the unit plant should withstand voltage sags and remain connected to the grid and
must provide reactive power for voltage regulation purposes. Besides, during normal
tolerated steady state operation, the integrated unit should operate at different power
factors (leading or lagging) depending on the voltage level at the Point of Common
Coupling (PCC). On that basis, the system must be able to produce or consume
reactive power in order to compensate voltage variations and retain the terminal
voltage within the tolerate range. Figure 4.9 illustrates the power factor range for
two different TSOs under normal operating conditions [1],[139].

As shown, this diagram may vary slightly from one TSO to the other because
of the differences in the grid structures. The aforementioned requisites are to be
satisfied at the PCC. Thus, the required reactive current can be provided using the
CDFIG itself, the GSC, FACTS, transformers equipped with on-load tap changers,

shunt reactors and capacitors, cables or other reactive power sources [13], [139].
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Figure 4.9: Power factor requirements given by two TSOs for steady state operation

In order to meet network requirements without exceeding the ratings of the system,
it is imperative to define the working range of the generating unit in terms of active
and reactive powers, and its ability to provide reactive power for voltage regulation
under different terminal voltage levels. The steady state operating limits of the CDFIG
with respect to its rated parameters is elaborated in Chapter 2. The analysis has
shown that reactive power consumption is limited by DFIM2 stator current nominal
value |i49,|, while the reactive power production is delimited by DFIM1 stator current
maximal value |i ..z The latter being determined by DFIM1 and MSC ratings.
Therefore, to benefit from maximum reactive power capability, the MSC should be
able to carry the stator current nominal value |i | and a portion of the nominal

voltage |vs1,|- The power limit curves of the CDFIG are recalled hereinafter:

3 . 2
P322 + Q?z = (2 ’Qsz| |232n|> (4‘50)

392w52Ms7’1Msr2 |Q82| |l
2LoC?

2

(Ps2 - A |Qsz‘2)2 + (Qs2 - B |Qs2|2)2 = < Slma$|> (4-51)
The analysis can be further extended to include the contribution of the GSC in
reactive power production. The main task of the controllers is to maintain constant
the voltage of the DC bus. However, it can supply reactive current and increase
therefore the power operating domain of the global generating system. The capability
of the converter depends on its rated line current ‘@'gn’ and the DC link capacitance.

Referring to (4.14) and (4.15), the power exchanged between the network and the
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GSC can be expressed as a function of the line current amplitude as:

P = Glal ) (52

Since the objective of the GSC is to ensure M1 active power transfer for DC voltage
regulation, the priority is always given to active power. Consequently, neglecting
converters losses, the additional reactive power that can be provided by the GSC is

expressed as:

Q= ¢ (‘;’ leg| [ign))? = P2 (4.53)

Notice that the active power Ps; transmitted to the Control machine depends on the
output power Py, and the rotational speed §2. Taking into account the losses in the

machine, the power transmitted to the rotor of a DFIM is expressed as follows
—g (Ps - -P]S) - Pr - Pjr (454)

Applying (4.54) for both machines and considering supersynchronous motor convention,

the power transmitted to the converter becomes

1 1
Psl = —gCPSQ —|— gCPjsg + ;.PjTQ + g*f)jrl ‘l‘ Pjsl (455)
1 1

Pjs and Pj, denote the copper losses in stator and rotor resistance respectively and

are given by:

3
Pjs = 51t s (4.56)
Pjr = 2Rr [ (4.57)

Furthermore, assuming optimal operation of the wind turbine, the mechanical speed

is derived as follows with reference to (3.1) and (3.3).

2Po)3  GB
Q= 4.58
P RS Cpmaz (4.58)

Combining (4.50),(4.51) and (4.53), the total power capability of the 300 kW gener-
ating unit is illustrated in Figure 4.10 comprising a 150 kVA converter. It is worth
pointing out that the power limit chart should be implemented in the controller to
ensure the system being operated within its ratings. Then, the distribution of the
reactive power set points between the available VAR sources is subject to an opti-

mization problem. Referring to Figure 4.10, it can be deduced that following voltage
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drops, the operating area of the generating unit is significantly reduced. Thus, it is
convenient to mention that under normal grid conditions, the priority is accorded to
active power generation for maximal power tracking of the WT, yet it can be switched
to reactive power priority during voltage sag to participate to voltage regulation.
Indeed, it would be interesting to decrease voluntarily the active power generation so

as to provide the required reactive power stated by the grid codes.

Active Power

'psZn

0.8-06-04020 02040608 112
Reactive Power ¢_,(p.u.)

Figure 4.10: Power operating domain of a 300 kW WT at different terminal voltages.
Solid:‘gg’ = ; dashed:’ej: 0.8 ‘an‘

g

Conclusion

The control scheme of a grid-connected WECS based on a CDFIG is presented
in this chapter. A virtual flux oriented vector control is applied for the decoupled
regulation of active and reactive powers, leading to grid voltage sensorless operation.
The controller is based on two cascaded loops implemented on each converter. The
main function of the GSC controller is to maintain a constant DC-link voltage. The
MSC is optimizing the power generated by the WT through independent regulation
of the CDFIG output active and reactive powers. Despite the complex mathematical
model of the generator, an efficient controller is implemented thanks to the unified
frame vector representation. Moreover, the generating unit is dynamically controlled
to provide additional reactive power according to the new grid code requirements.
Accordingly, the steady state power operating domain of the integrated unit is
established to ensure the system being operated within its ratings. It is shown that
reactive power capability of the CDFIG can be enlarged by including the contribution
of the GSC.
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Chapter 5

Maximum Power Point Tracking
strategies for Wind (Generation
Systems under normal grid

conditions

Introduction

Variable speed WECS are controlled to maximize the power generated by the WT
by tracking its optimal behavior. This operation is known as the MPPT algorithm.

Instantaneous MPPT algorithms are elaborated in the literature to track instanta-
neously the optimal operating point of the WT and extract the maximum available
power for every wind speed. However, due to the stochastic aspect of the wind
speed and its turbulence high frequencies component, fluctuating and uncontrollable
power is generated by the WT which affects the injected energy quality and results in
network disturbances. In order to retain the power system stability, a novel method for
tracking the optimal operation, while providing enhanced energy quality is elaborated
in this chapter. The proposed method, denoted "mean MPPT", intends to generate
the maximum constant power related to the average of the wind speed.

After a brief description of the instantaneous MPPT algorithm in section 5.1,
the proposed new mean MPPT strategy is analyzed in section 5.2. For the purpose
of comparison, the two methods are implemented on the elaborated model of WT
based on the CDFIG. The generating unit is regulated based on the virtual flux
oriented vector control established in Chapter 4. Simulation tests are performed
on Matlab/Simulink environment using the non stationary wind speed model. The

results validate the new control approach and emphasize the characteristics of each
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method regarding the system efficiency and the quality of the produced energy.

5.1 Instantaneous MPPT approach

Various techniques for instantaneous maximum power tracking of WECS have
been widely discussed throughout the bibliography. The generating unit is seeking to
extract the maximum available power for every wind velocity and track instantaneously
the optimal operating point. This can be achieved through a direct regulation of
the generator mechanical speed. Alternatively the turbine speed can be indirectly
adjusted at its optimal value by controlling the torque or the active power of the
generator [29].

This section offers a brief description of the conventional well known instantaneous
MPPT algorithm. It reveals the dynamic response of the wind energy plant in order to
highlight the WT performance and establish a comparative study with the new mean
MPPT approach. The method followed hereinafter to achieve the optimal behavior
consists in controlling the stator output active power Py of the CDFIG, which is
made equal to the maximum available aerodynamic power. Based on the generator
rotational speed, the active power set point is computed through the speed power
characteristic curve of the WT. Referring to (3.1) and (3.3) the optimal active power
to be generated is derived by (5.1) and the blade pitch angle is set to its optimal

value g = 0°.

1 Q \°
PsQ,ref = _icpmaxpﬂ-Rfy <G/\opt> (51)

Notice that the reference value depends on the mechanical speed which is determined
by wind changes. Thus the output power will be affected by wind speed high
frequencies oscillations.

The instantaneous MPPT control scheme is implemented on the 300 kW power
plant model based on the CDFIG using Matlab/Simulink environment. The system is
regulated by means of the virtual flux oriented vector control. The test is conducted
under normal grid conditions using the wind profile established in Figure 3.7. Simula-
tion results are collected in Figure 5.1. The active power per unit values are with
respect to the nominal active power base Py,. As it can be observed, the tip speed
ratio and the power coefficient are varying in the immediate vicinity of their optimal
value Aoy and Cppe, respectively. Consequently, the wind power generating system
is keeping good track of the optimal behavior, with the objective to maximize the
power captured by the wind turbine for every wind speed. It is worth pointing out
that prominent deviations in the power coefficient C'p arise from sudden variations in

the wind speed caused by wind gust.
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Figure 5.1: Wind turbine behavior in response to the instantaneous MPPT algorithm
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The variation of the generator mechanical speed indicates that the controlled system
is able to operate in both subsynchrounous and supersynchronous mode. As a result
the power transmitted to the converters is either fetched from or feeding the utility
grid. The DC-bus is properly controlled in order to maintain a constant voltage level.

The instantaneous MPPT strategy ensures maximum system efficiency. However,
this power optimization is at the expense of the power quality and the network
stability. As foreseen, uncontrollable fluctuating power is generated by the WT due to
the wind speed high frequencies component. The oscillations in stator output power
can be clearly observed in Figure 5.1. These fluctuations affect the quality of the
energy injected into the network, and induce as well high variations in the generator

electromechanical torque that increase the stress on the grid side.

5.2 Mean MPPT strategy

Simulation results in previous section has shown that, despite the high system
efficiency and power optimization, the instantaneous MPPT method generates oscil-
lations in the output power that induce network disturbances. The aim of the new
mean MPPT strategy is to enhance the energy quality feeding the grid by providing
quasi-constant output power regardless the wind speed variations, in order to sustain
the power system stability. In addition, the controlled unit must ensure high efficiency
and benefit from the maximum available wind power so as to achieve the optimal
operation. Accordingly, the principle of the proposed method is to produce the maxi-
mum constant power that refers to the average of the wind speed vy,eqn, predicted
over a predefined period T, [8], [9]. This can be accomplished through the regulation
of the CDFIG stator active power using the sensorless decoupled vector scheme with
virtual flux orientation. The suggested method involves at each step the prediction of
the mean wind speed vy,eqn, OVer the upcoming interval, then the optimal power set
point to be provided by the speed controller is derived as:

1
Ps2,ref - _§Opmampﬂ—R2U3 (52)

p“mean

The main issues regarding the presented approach are the prediction of the mean
wind velocity and the choice of the interval length T,. Referring to (3.12), if the time
scale Ty, is chosen within the spectrum gap, the average of the instantaneous wind
speed is virtually equal to the medium and long term component. Consequently, the
turbulence component associated to high frequencies oscillation is removed, and the
mean value is defined by only the slow varying component of the wind speed. There

from, the generating plant is carried to reach the optimal operation and ensure high
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efficiency through the optimization of the power related to the slow varying term of
the wind speed. Moreover, since the low frequencies component v,,(t) is slow varying
on a time duration 7T,, it can be stated that the average v,,cqn, Which is approximated
to v, (t), will slightly differ between two consecutive intervals. Accordingly, a linear
prediction technique is adopted hereinafter that predicts directly the average of the
wind speed at a time step ahead given a finite number n of observations over the
passed intervals.

The linear prediction method is a time series analysis concerned with system
modeling in a time varying environment [68], [115]. Since wind speed signal is a time
varying process, the development of a parametric model using a limited number of
observations can be useful for prediction or forecasting. The linear prediction model
assumes that the output signal of a system is a linear combination of its past samples
and present and past inputs. The objective is to find the model that fits best the signal
waveform, which is the mean wind speed in our case. Since the input is unknown, the
future mean value is predicted based on the present and past observations, using the
following linear transformation (5.3). This model is known as auto-regressive (AR) or

all-pole model.

Yp(i + 1) = ary(d) + asy(i — 1) + ... + any(i —m + 1) (5.3)

where y is the output observation, ag, k = 1,...,m are the model coefficients and
m is the model order. The model order must be selected carefully, and the model
coefficient are computed periodically at every step based on a modeling window. The
latter contains a finite number n of the latest mean wind speed observations (present
and past samples) and is used to find the best model of the signal, then this model
can be used to predict the mean wind speed for a time step ahead. Notice that the
model is adjusted periodically with every new observation.

The model parameters are estimated using the least squares error method. Indeed,
since the linear prediction model cannot fit perfectly the signal waveform, a model
error is generated. The prediction error e(i), also known as residual, is the difference
between the real value y and the predicted value y,, at the same instant. It is expressed

as:

e(i) = y(1) — yp(i) (5.4)

Including the modeling error, equation (5.3) is reprinted as:

y(i) =a1y(i — 1) + agy(i — 2) + ... + any(i — m) + e(7) (5.5)
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Applying the above relation on the n samples, a set of equations can be written and

rearranged as follows:

Y =XA+E (5.6)
where:
Y = [y@) yli—1) . yli— )] (5.7)
A = {al as ... am}T (5.8)
E = [e(i)eli—1) .. eli—j)] (5.9)
oyi-1) y(i—-2) .. yli—-m) |
y(i—2) y(i—3) ...y(i—(m+1))
X — ) ’ ' (5.10)
y(i— (G +1)) vyt = (m+ 7)) |
j=n—(m+1) (5.11)

The total squared error given by (5.12), describes the energy in the error signal

D=E"E= > ¢ (5.12)

I=i—j
In least squares method the model parameters a;, are derived through the minimization
of the total squared error D with respect to each of the parameters. As a result, the

elements in matrix A can be found as:
A=(XTX)"'XTy (5.13)

Consequently, according to (5.13) the model coefficients are calculated at every
step using the corresponding model window. Then the predicted mean value of the
upcoming interval is computed using (5.3).

In brief, the mean MPPT procedure is resumed as follows:

1. Predict at time ¢y the mean wind speed associated to the interval to+7T,. This is
achieved through linear prediction method with a limited number of observations
using relations (5.13) then (5.3).

2. The predicted mean value is retained as a set point for the computation of the

constant power reference value Py ¢ using equation (5.2).
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3. The previous steps are repeated periodically at time ¢ + ¢7},.
The mean MPPT approach is validated on Matlab/Simulink under the same

conditions of section 5.1. The simulation tests are carried out using the wind profile
implemented in Figure 3.7. The model order and the number of observations for the
linear prediction are chosen according to the minimum squared error based on several
wind profiles. Numerically, m = 3 and n = 10. Moreover, a leading capacitive power
factor cos ¢rer = 0.98 is imposed at the PCC. Hereinafter the reactive current demand
is supplied by the CDFIG, providing it complies with the limit operating domain of

the machine. Accordingly the reactive power reference values are computed as:

Qs2ref = (P + Py) tan ¢y (5.14)
Qrep =0 (5.15)

Simulation results are reported in Figure 5.2 over a span of 45 min and an average
period T,= 10min. As can be noticed, the generating unit is providing constant power
over the defined interval T}, irrespective of wind fluctuations, which improves the
energy quality feeding the network and decreases the stress on the generator and the
grid side by damping electrical torque oscillations. At this point, it is convenient
to highlight that the wind energy contributes to the production of electric energy
as well as rotational mechanical power. Subsequently, a lack or excess in the wind
turbine input power will give rise respectively to a deceleration or acceleration in the
mechanical rotational speed in order to provide the required output power demand.
Then the pitch angle control can be activated in order not to exceed the rated power
and desired speed range (yet the mechanical control is discarded in this study). Indeed,

according to the shaft dynamic model (3.8), the power relation (5.16) is verified.

Poer + Py = P+ Pee (5.16)

The power flow at the turbine shaft is illustrated in Figure 5.3. Py is the frictional
losses and P,,.. the mechanical power stored in the shaft inertia. Notice that with
respect to supersynchronous motor convention, the CDFIG mechanical power P, is
negative in generator mode operation.

Here likewise, the generator is operating in both subsynchronous and supersyn-
chronous modes as shown in Figure 5.2. The generator speed corresponding to the
average wind velocity (at optimal operation) can be set at any point by the choice of
the gearbox ratio. Of course, to stay within the desired limited slip range, this point

should be around the synchronous speed.
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Figure 5.2: Wind turbine behavior in response to the mean MPPT algorithm
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Figure 5.3: Wind turbine power flow

In addition to power quality improvement, the controlled unit manages to ensure
the power factor requirements by providing the appropriate amount of reactive power.
It also sustains a constant DC voltage regardless of load variations with a relative
error less than 2%, as it can be observed in Figure 5.2.

Furthermore, it shall be noted that the mean MPPT algorithm may reduce the
CDFIG ratings for a given wind profile. In fact, the characteristics are determined
by the average of the wind speed, whereas for the instantaneous MPPT strategy the

machine characteristics are defined by the maximum wind speed value.

Nevertheless, the implementation of this new MPPT method reduces somewhat
the efficiency of the system compared to the classical MPPT strategy. Indeed the
average produced active power, for the given simulation time duration, is decreased
by roughly 5%. Simulation results validate that the system is tracking the optimal
behavior of the wind turbine. However, the deviations of C, and A with respect to
their optimal value is more substantial, for the reason that the controlled system
is optimizing the power related to the average of the wind speed rather than the

instantaneous value.

Conclusion

This chapter presents maximum power tracking techniques of a variable speed
WECS based on a CDFIG. The conventional instantaneous MPPT algorithm is first
presented. Then, a novel mean MPPT approach is elaborated for tracking the optimal
operation of the WT. The controlled unit is carried to produce the maximum constant
power associated to the average value of the wind speed, predicted over a predefined
interval. In comparison with the instantaneous MPPT method, the proposed new
strategy improves the quality of the generated power by feeding constant power
irrespective of wind oscillations. This tracking method decreases the stress on the

generator and the grid side and supports the network stability. However, the system
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efficiency is reduced since the controlled unit optimizes the power that refers to the
slow varying component of the wind speed instead of the instantaneous value.

The MPPT approaches are validated by simulation using Matlab/Simulink envi-
ronment. The generating system is regulated based on the decoupled VF oriented
vector control investigated in Chapter 4. The dynamic reactive power control of the
integrated unit enables power factor regulation at the PCC according to grid code

requisites.
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Chapter 6

CDFIG Supplying Isolated
Constant Frequency AC Loads

Introduction

The CDFIG is a good candidate for VSCF systems, specially in applications where
high level of reliability and long time maintenance periodicity are required. This
brushless structure can be directly connected to a constant frequency grid, despite
speed variations. The generator is driven by low power converter, fixed by the range
of the operating speed. This chapter establishes the control of a standalone CDFIG
supplying an isolated load, and operating as a variable speed constant frequency
generator. Despite the complexity of the generator modeling an efficient controller can
be elaborated based on the theory of a unified reference frame vector representation.
In standalone operation, the controller aims to adjust the amplitude and frequency
of the output voltage irrespective of load and speed variations. Here, the generating
system considered for simulation is designed for supplying an isolated three-phase load
dedicated to embedded aircraft applications but can be adapted to other industrial
applications such as autonomous wind energy and hydro-power systems.

In section 6.1, the model of the standalone generator in embedded aircraft electric
power generation systems is presented. The control of the generator is detailed in
section 6.2. The terminal voltage is adjusted through a decoupled vector control with
two nested loops. In section 6.3, the control approach is validated by simulation
using Matlab/Simulink environment with both load and rotational speed variations.
An experimental validation of the proposed control strategy follows in section 6.4.
The performance of the controlled system is further tested under unbalanced load in

section 6.5.
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6.1 Model of the standalone CDFIG

The configuration of a standalone CDFIG in embedded aircraft industry is pre-
sented in Figure 6.1. The global structure is similar to a single DFIG [62], [88]:

load

Filtering capacitor

||€& 1 : PMSM
| e

DFIM 2 Rotor
[ interconnection

lr1

Turbine

Figure 6.1: Configuration of an autonomous system based on a CDFIG

the stator of DFIM2 is directly connected to the grid, whereas the stator of DFIM1 is
fed by a power frequency converter. The windings are connected to a voltage source
inverter supplied by a rectifier which in turn is connected to a PMSG, allowing initial
excitation of the CDFIG and full autonomous capabilities to the system. For a limited
speed range, the converters are sized for a fraction of the nominal power. When a
bidirectional back-to-back power converter is used, the machine can operate in both
subsynchronous and supersynchronous modes. In this case a proper control of the
PMSG is required to keep the DC-link voltage constant regardless of the direction of
the power flow [62]. However the study presented in the following is focused on the
control of the CDFIG (i.e. the MSC).

A modular representation of the system is elaborated based on the conventional
model of two distinct DFIGs combined in inverse coupling sequence as shown in
Figure 6.2. The model and block diagram of the standalone voltage source CDFIG

are detailed in section 1.3.3. As well the inverter model is presented in section 3.4.1.

| Inverter | LTS Load
mover
(Vsilzsy|  [[Es1]3sy Ql —'[Tem [is12]3s, [Vs2]3s,

=1 - U [P [

! . |
I IDFIG 1 | [Vr1]3r,| Inverse ([vr2]s,, |DFIG 2| 1

! couplingl |
I’—, [ir1]3r1 |—) [lr2]3r2 _| |

b - -

- CDFIG
Figure 6.2: Global model of a standalone CDFIG
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The loads can be modeled using an equivalent current source. Regarding the me-
chanical part in aircraft application, the electromagnetic torque of the CDFIG can
be neglected with regard to the turbine torque [91]. Thus, the mechanical speed
is considered to be a varying parameter imposed by external source, independently
of the load variation. The global model of the system is established by a simple
interconnection of the different components. This modular representation is imple-
mented on Matlab/Simulink for simulations in order to validate new control techniques
and evaluate the behavior and response of the generator regarding speed and load

variations.

6.2 Control strategy

In the targeted application, the CDFIG is driven at a variable speed and supplies
an isolated three-phase load. The controller must provide constant frequency and
amplitude for the terminal voltage in spite of load and/or speed variations. Thanks to
the unified frame vector model, the complex CDFIG generator has similar structure
as a single DFIG. This allows the development of control strategies and analysis
tools analogous to the ones used for a classical wound rotor induction machine [34],
[99], [102]. An indirect stator field oriented decoupled vector control is adopted to
adjust the output voltage v, of the CDFIG. The approach is based on cascaded
loops with two regulation paths, devoted to adjust the rotor current d-axis and g-axis
components distinctly. The voltage magnitude is controlled through the regulation
of the Power machine stator flux ®.,. Unlike the utility grid case, in standalone
applications the stator flux is no longer imposed by the grid and can be adjusted by
action on one of the rotor current components. The other component is used to force
the reference frame orientation [6].

The equations of the CDFIG in the common Power machine synchronous reference

frame using phasor quantities and supersynchronous motor conventions are recalled

hereafter:
Vo = Raigp+ C‘;tfbsz + jws®@ (6.1)
by = Ruig+ gt (e - 5p0) &, (6.2)
0 = R, + jtch +J (w2 — Q) @, (6.3)
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g82 = LSQZSQ + Msr21.r - LSQZ“Q (64)
Qsl = LSlZsl - Msrlzr (65)
@T‘ = Lrl.r + Msr2l‘52 - Msrlisl (66)

1,2 = g + Mol being the stator magnetizing current. If stator field orientation is
considered with the d-axis aligned along the stator flux vector ®,,, the following

relations are deduced:
Duzg = Lu2g = 05 Puoa = || = Lialy2a (6.7)

Introducing (6.7) in (6.4) and decomposing into d-g components yields to:

MST2
[s2q = - Ly [rq (68)
M,
Toq = 124 — T2I’Fd (6.9)
s2

Referring to (6.1), (6.7), (6.8) and (6.9) the dynamic behavior of the magnetizing

current (i.e. stator flux) is expressed as:

L LQ2 d L

—1 —2 [y = ——V, I, 6.10

Msr? 2 * R32M5r2 dt nad R52M5r2 2 * ! ( )
‘/32q = RS2ISQ(] + ws2L52],u2d (611)

At steady state, the grid voltage magnitude should be maintained constant. Neglecting

the resistive voltage drop with regard to the back EMF wy L2194, the following
relations are obtained:

Vi2a = 0 (6.12)

‘/;2q =~ W32Ls2fu2d =~ |Q32| (613)

It can be noticed from (6.10) that I,54 and I,, are linked by a first order transfer

function. The voltage d-axis component Vo4 is considered as a disturbance.

K,u Msr2 X L32

I La(s), K, = = 6.14
el K iz (6.14)

u2d(3) =

Rs2

Since the influence of Vo4 is negligible, the magnetizing current, i.e. the stator flux, can
be directly controlled by adjusting the rotor current d-component. The magnetizing

current demand 1,24 ,.f is determined by the output stator voltage reference value.
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According to (6.13), the current set point is computed as:

] |QS2|ref

p2d,ref — I (615)

s2Ws2 ref
In this context, the rotor current g-component forms a degree of freedom, it is thus
manipulated to force the vector orientation of (dgo) along the stator flux. The required

I, set point is derived from the condition of ®4, = 0 as:

Ls2
Irq,ref - _M7[32q (616)

sr2

Notice that I, must track its reference under the action of a fast control loop
(compared to the flux control loop) to reach an effective reference orientation. This
approach may be denoted: "indirect stator flux orientation vector control'. The
orientation condition means that the stator flux orientation frame angle (the Park
angle) &5 can be derived from a simple integral of the output frequency demand
wsaref as shown in (6.17). It does not have to be computed from stator voltage

measurement, since the orientation is forced by the condition (6.16).

582 - /WSQ,refdt (617)

Consequently the orientation is more stable and devoid of measurement noise and
stator voltage harmonic distortion. These harmonics would be intensified if the
orientation angle was calculated from voltage measurement.

Referring to (6.3) and (6.6), a relation can be established between the machine

currents as:

. ‘ d . . . d . . ‘ d .
(Rr + ijQLT’) 1, + L’F%L’r + ]wr2Msr2132 + Msr2 %152 - JWTQMS’I’:[ZSI - Msrl %lsl - 0

(6.18)

d
where w9 = (wso — P22). Substituting the quantity of %132 using (6.4) gives:

d d d
Rr -wr Lr l.r Lriir ‘wr Msr 1.5 Msr —1, — ‘wr Msr Zs - Msr 71.5
(+]2)+Updt+32 2lgp + 2 gtn — JWraMsrla 1 gLt
(6.19)
On the other side, the Control machine stator current and voltage i,; and v,; respec-
tively and the rotor current i, are related as (6.20) with g.wss = wsy — X2
d

Vg1 = Rsl@gl + le%@gl - Msrl %lr + jgcws2lelsl - ]QCWSQMSHZT (620)
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d
Introducing the expression of —i,; from (6.19) into (6.20) yields to:

dt
leRr . 0. Lrle d . . L51M5r2 d . . .
Vg1 = ]\4”1 (28 + < p]\4sr1 - Msrl) %lr + Rsl@sl + m%@y - jPIQlelsl
. rle . . L51M5r2 .
T — YeWs Msr Ly T lg 6.21
+](W2MST1 JeWs2 1)1 + Jwr2 Mo Ls2 (6.21)

Then decomposing into d-g components, the following expressions are obtained:

LS].RT‘ g Lrle d
el S el eI ) O g = Vg — ag = U, 6.22
Moy d+ ( Mo ) gpird 1d — Q4 1d ( )
LSIRT g LTLSI d
m[rq + (pjwsrl - srl) %L“q = ‘/slq — Qg = Usiq (623)

As it can be noticed v,; and 7, d-g components are linked by a first order linear

transfer function:

K Mo o,L M?
Ir = 77.(]3 X K’r = S r = 2= >0 6.24
dv‘](s) 1 +Tr5 ld’q(s)’ leRT’ 7 ( Rr leRT> ( )

The factors aq and a,, given by the following relations, define the d-q disturbances

composed of a cross coupling perturbation and back EMF related to DFIM2 stator

flux.
leMsr2 d LTLSl
g = Rolag+ 22202 C g QL I, —(wT g MST)IT
d 11s1d M., dt p2d T P1 14s1q 2 M, GcWs2 1 q
leMsr2
- Wy [S 625
wre—y =g (6.25)
L,L, LM,

aq = Rsljslq - plﬂlejsld + (CUTZ M 11 - gcws2Msr1) [rd + W2 ]\14 . 2182&626)

Consequently the rotor current components /4 and I, can be adjusted by action
on the Control machine stator voltage V14 and Vjy, respectively. On the basis of
previous relations, the open loop transfer function of the standalone CDFIG in the
predefined field oriented synchronous frame is deduced. The transfer function to be
regulated is thus illustrated in Figure 6.3.

As can be observed, a decoupled vector control of the CDFIG can be achieved with
the stator flux orientation. An indirect regulation of the output voltage magnitude
can be performed through hierarchical loops using PI controllers (refer to Figure 6.6).
An outer loop to adjust DFIM2 stator flux and an inner faster loop to control the
rotor current and force the indirect field orientation. The output of 1,54 loop forms
the rotor current command /,4,.r. The disturbance generated by Vi, is negligible.

The voltage references Viigref, Vsigrer are provided by the rotor current controllers.
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Figure 6.3: Open loop transfer function of the standalone generator

Due to the symmetry in the machine model, identical controllers are implemented on
each axis. Compensation terms a4, G4, based on (6.25) and (6.26), may be added by
a feed-forward action to the output of the PI controllers to provide linear transfer
function and overcome the coupling perturbations. The stator flux derivative terms

are not included in the compensation terms since they are nil at steady state.

6.2.1 Rotor current control loop

For this standalone application, the study is detailed for a laboratory scale CDFIG.
The parameters are given in Appendix B. However simulation tests are also carried
out on the high power scale 300 kW machine. The results are given in Appendix C.

The plant to be regulated is a first order transfer function Gy, (s) given by (6.27).
The cutoff frequency is w;, = 164 rad/s. The rotor current control loop is illustrated

by the block diagram in Figure 6.4.

Ird,q . KT’

G — —
1,.(s) Ustag 1+ 75

(6.27)

A PI controller C, (s) is synthesized in order to achieve the following requirements:
— Zero steady state error

— The settling time of the closed-loop is equal to the open-loop settling time.

I

Irdq,ref+ C (S'\ Usldq Ky rdq
-% A=) 141,58

Figure 6.4: Block diagram of rotor current loop
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6.2.2 Flux control loop

The outer loop is illustrated in Figure 6.5, where Fj (s) represents the inner loop
dynamic. The open-loop dynamic of the magnetizing current /,54 is characterized by

(6.28).

124 K,
— F 6.28
Ird,ref fr (S) 1+ TusS ( )

Numerically, the open-loop cutoff frequency is w;, = 4.9 rad/s. The settling time is

much greater than the internal closed-loop settling time.

K, (fra [ K | luad

I :
2d,ref + ) Usta
A Ciu (s) 4‘_1?7 Clr () 14z, s | 1+z,s
|

Figure 6.5: Block diagram of outer loop

Therefore, it is possible to discard the rotor current closed-loop dynamic Fj (s) for
the design of the outer loop PI controller. Thus, the transfer function to be regulated

is:

Iy K
G = 2= = 6.29
IH(S) I 1+TM3 ( )

The PI is designed to meet the following specifications:
— Zero steady state error
— The settling time of the closed-loop is five times smaller than the open-loop

settling time.

6.2.3 Currents estimator

As shown in previous paragraph, the rotor current and the stator flux should
be regulated. Yet these quantities are not accessible and an estimator should be

implemented. A simple open loop current estimator is proposed hereinafter [91]:

é52 = Ls2zu2 = / (QSQ - RSQZ&Q) dt (630)
~ 1 ~ ,
1y = Mer (@32 - LSQZSQ) (631)

6.2.4 Control Scheme

Using the measured stator voltage and currents (v, 159,14 ), and the derivative

values of the rotor and magnetizing currents (@r,iu), the control scheme of the
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standalone CDFIG is implemented in Figure 6.6.

I 1 U V.

u2d,ref rd,ref sld,ref sldref :
s A A T e e
I I dy

u2d rd

[Vs1]351 PWMgL HQ&

I u V. ,
rq,ref c (S) slgref, slqref i abcsl [151]351
+% I + A A T .....
'1" o~
rq q &s2, Om1, Ome
H asz]_ E‘ gmlzgmz
Liaor :
wsZ,ref f | — 552 stda ‘Ciqz ________
<—{ Compensation
dggq terms

Figure 6.6: Control scheme of standalone CDFIG

The Power machine stator quantities are transformed from the original (abcgy) to
the predefined rotating (dgo) frame by performing a Clarke transformation to (a/fs2)
followed by a Park transformation (6.32) with the frame angle .

(i)dtn = eIt <£>a552 (632)

As for the Control machine, the stator currents are transformed from (abcs;) to (afs1)
by means of the Clarke transformation. Then, the vector transformation from the

(afs1) reference to DFIM2 (dge) synchronous frame is performed by (6.33):

(2)dgy = eI E2TPOmmptn2) () o (6.33)

(@ = € ErPOm R0 (), (6:34)

At the output of the controller, the voltage references Viigyef, Vsigres are established
in DFIM2 synchronous frame (dgs). Therefore a transformation (by rotation) back to
the DFIM1 three-phase stator frame (abc,;) is required to engender the sinusoidal
reference values for the inverter. It is attained based on relation (6.34), which induces
the DFIM2 stator quantities to operate at the demand frequency wss ¢ for any shaft
speed, during steady state and transient conditions. Notice that it is possible to

directly control the voltage magnitude |ve,| = /V3, + V2

24 Since it is proportional

to the magnetizing current 7,4 as per (6.13). However, regulation of the stator flux
instead of the line voltage reduces the noise and harmonic distortion due to the low

pass filter behavior of the integrator.
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6.3 Simulation results

Simulations are carried out to test and validate the performance of the proposed
control strategy. Two tests are conducted. The first is done at constant speed and
variable load, the second is performed at variable speed. The results are evaluated
with respect to the BS EN 2282! requirements. The transient envelopes of the output
Root Mean Square (RMS) voltage as specified by this standard are given in Figure 6.7.

— Abnormal
16 — — Normal rare
: — . — Normal frequent

Transient envelops (p.u.)

Time (s)

Figure 6.7: Transient envelopes of the RMS voltage specified by BS EN 2282

6.3.1 Simulation with load variation

The generator is driven at constant speed (2 = 1.1p.u.) feeding an inductive load
with a lagging Power Factor PF=0.9. Under these conditions, and based on the power
operating domain of the CDFIG, the corresponding machine cannot operate at rated
active power load. In order to clarify this point, the power generation capability of
the CDFIM at (€2 = 1.1p.u.) is depicted in Figure 6.8.

17— _ :
0.9 0% -
0.8 : :
0.7}
0.6}
0.5
04}
0.3}
0.2}

0 : .

0 02 04 0.6 0.8 1
Active Power P, (p.u.)

Power Factor PF

Figure 6.8: Power factor capability of the CDFIG

1. BS EN 2282: Characteristics of aircraft electrical supplies
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Here, the domain is computed in terms of the active power and the power factor
based on the following relation:

Py
PF=——*2__ (6.35)

v Ph + Q%
As can be seen, the maximum load P,,,, presenting a lagging PF of 0.9 that is included
in the operating domain is 56% of the full active load. Accordingly, step changes in
the load from 25% up to 100% of the maximum active power P,,,, are performed on

the generator. Results are collected in Figure 6.9.

=1
=
= 0.75
3 o058
g 0.
S 0
-
=209
. =
@ 308
= 07
o 11
g3 1
;i:o.g
0 wa0.8
Z =07
0.6
- 1
=]
V-] 0L OO O O O O
s =
2e 0
§'NUJ_0.5 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
5
& S| TR SR S . SO AP0 SO0 U L T S N S8 DU R O A PO 06 UG BRSNS OIN BN 0N S

Rotor current

1
o
()]

T!‘
&
305
< o
2
5
©)

1
—_

Time (s)

Figure 6.9: Response of the CDFIG under load variation

As observed, the magnetizing current is keeping good track of its reference value
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despite load variations. Small disturbances occur after step changes in the load due
to a temporary loss of orientation that is immediately compensated. The output
voltage is properly controlled at constant frequency and magnitude pursuant to the
grid code imposed by BS EN 2282, with a relative steady state error < 3%. This
small deviation in the magnitude derives from the neglect of Ry in expression (6.15).
The evolution of the Control machine stator current and the rotor current regarding
the load variation is further illustrated. As the connected load increases, a greater
current is required to maintain a constant output voltage. The control of the CDFIG
is also tested under more severe load variations. The results are shown in Figure 6.10.

They are satisfactory and comply with the requirements.
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Figure 6.10: Response of the CDFIG under severe load variation

6.3.2 Simulation with speed variation

The simulation is performed at 90% of P,,., with speed varying between —30%
and +30% of the synchronous speed (2, = 1p.u.). The response of the CDFIG to
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speed variations is illustrated in Figure 6.11.
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Figure 6.11: Response of the CDFIG under speed variation

It can be deduced that a variable speed constant frequency operation is achieved
since the grid frequency is maintained constant (equal to 1p.u.) regardless of speed
variations. Furthermore the speed disturbance is properly rejected by the controller
so the voltage amplitude is kept within steady state limits imposed by BS EN 2282.
The machine operates in both subsynchronous and supersynchronous modes and

stator-1 frequency wy; is adapted to compensate any speed variation.

6.4 Experiments

Experiments are performed on the laboratory scale machine to validate the
performance of the proposed control strategy. Two tests are conducted: control

with load variation and with speed variation. In order to simplify the implementation
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of the control algorithm and reduce the execution time, the compensation terms are
discarded. The PI controllers are able to suppress the d-q perturbation effects.

An incremental encoder of 4096 pulses per revolution (ppr) is mounted on the shaft
to detect the rotor position. It should be noted that the absolute rotor positions are
required for the transformation of the machine variables to the (dgs) reference frame.

The initial rotor position of each DFIM is thus needed to obtain correct alignment.

6.4.1 Experiments under load variation

The first test is done at constant speed (€2 = 1.1p.u.) with a resistive load varying
from 25% up to 100% of the nominal stator current. The experimental results are

collected in Figure 6.12.
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Load current M2 voltage
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Rotor current

Figure 6.12: Experimental results under load variation

The output voltage is properly controlled at constant frequency and magnitude. The
voltage amplitude remains equal to its reference despite the load variation. The rotor
current responds correctly to the load change. As expected, the rotor current increases

when the load increases.
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6.4.2 Experiments under speed variation

The test is done at 50% of nominal stator current. The machine is tested in both
subsynchronous and supersynchronous modes. The speed goes from 1.1€2, down to
0.8€2, and then increases to 1.2€2,. The experimental measurements are given in
Figure 6.13.
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Figure 6.13: Experimental results under speed variation

The results show the precise tracking of the voltage amplitude to its reference.
The speed disturbance is properly rejected by the controller. The grid frequency is
maintained constant in spite of speed variation. The Control machine stator current

reacts correctly, its frequency is adapted to compensate any speed change.

6.5 Impact of load imbalance

The previous results consider normal grid conditions. The generator supplies three-
phase balanced load. However in standalone isolated applications, unsymmetrical
conditions such as unbalanced loads happen much more frequently [103]. As a
consequence, the performance of the controller under imbalance operation is to be
considered. Two types of unbalance may occur at the stator terminals[103]:

— type I: one-phase imbalance where one phase load impedance unequals the two

others,
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— type II: three-phase imbalance with three unequal load impedances.
Hereinafter, the generator is tested under three-phase unbalanced load condition
(type 1T with 70% load imbalance i.e. Z, = Z,,Z, = Z,/0.3 and Z. = Z,/0.3). The
generator is first operating at normal grid conditions (balanced load). Then at ¢ = 2s,
unbalanced load is introduced. The generator is driven at 2 = 1.1p.u. The simulation

results are collected in Figure 6.14.
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Figure 6.14: Response of the CDFIG under load imbalance

As can be seen, the quantities in the (dgy) frame are no longer constant. They include a
DC component and an AC component at double the output frequency 2ws,. The rotor
and the control stator currents are distorted. Besides, the presence of unbalanced loads
causes torque pulsations on the generator at twice the supply frequency, unbalanced
load current, and output voltage imbalance (voltage unbalance factor of 8%) that
degrades the dynamic performance of the control system. This behavior arises from
the existence of a negative sequence component, and will be detailed and explained
in the next chapter. The results confirm that the traditional vector control approach
is unable to compensate the output voltage unbalance induced by the connected

unbalanced load. Therefore, improved control methods of the CDFIG are to be
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implemented.

Conclusion

The modeling and control of a standalone variable speed CDFIG feeding an isolated
load at constant voltage and frequency is investigated in this chapter. The application
for embedded aircraft power generation system is considered. Despite the complex
structure of the generator, an efficient controller design is elaborated with just two
cascaded loops. Decoupled vector control using stator field orientation is implemented
for the regulation of the output stator voltage. In this approach, the Power machine
stator flux is controlled instead of the voltage amplitude by action on the rotor
current d-component; whereas the gq-component is adjusted to force the orientation
of the reference frame. The indirect orientation reduces the voltage harmonics and
protects the frame angle from measurement noise. Simulations performed under a
wide range of load and speed variations validate the effectiveness of the proposed
strategy. Experiments are performed on the laboratory scale CDFIM as well. The
experimental results attest the control performance.

The study is extended to reveal the behavior of the controlled system under
unbalanced load. It is shown that under such conditions, the traditional vector
strategy with PI controllers involves torque pulsations, current distortion and output
voltage unbalance due to the effect of the negative sequence component. Therefore
more accurate compensation methods and advanced control techniques are required

to balance the stator output voltage.
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Chapter 7

CDFIG Feeding Unbalanced Load

Introduction

This chapter addresses the imbalance issue of a standalone CDFIG caused by
unbalanced loads at the stator terminals. Under this operating condition, the Power
machine stator voltage will be unbalanced due to the load effect. Two compensation
methods are proposed to balance the output voltage. The first approach is an improved
form of the traditional vector control strategy with conventional PI controllers. It
is based on a dual rotating reference frames, called positive and negative frame, to
control simultaneously the positive and the negative sequence components of the
machine quantities. The second proposed compensation strategy deals with only one
rotating frame. It is developed based on a repetitive control method implemented in
the rotor current controller.

The chapter is organized as follows. Section 7.1 analyzes the unbalance problems
of the CDFIG during unbalanced operation conditions. The behavior of the gener-
ator under unbalanced connected load is validated by experimental measurements.
Then, the two proposed methods for controlling the unbalanced system are discussed

sequentially in sections 7.2 and 7.3 and tested by simulation with Matlab/Simulink.

7.1 Analysis of the CDFIG under unbalanced grid

conditions

Standalone generators are generally characterized by their weak networks and
unsymmetrical conditions such as network disturbances, unbalanced grid voltages
or unbalanced loads. As reported in [42], [83], induction machines are sensitive to
unbalanced operation. It is the source of heating problems and reduced efficiency. In

fact, large stator current imbalance is induced due to the negative sequence component.
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The unbalanced current gives rise to unbalanced heating in the machine windings,
leading to faster thermal aging. Unbalanced conditions also generate pulsations in
the reactive power and electrical torque at twice the supply frequency, which increase

the mechanical stress and the acoustic noise [23].

7.1.1 Unbalanced output stator voltage

The connection of unbalanced loads to the stator terminals of a standalone
generator induces unbalanced three-phase voltage at the PCC due to the unbalanced
load current [104]. The connection interface between the CDFIG and different load
types at the PCC is illustrated in Figure 7.1. The unbalanced load current iy, causes
an unbalanced voltage drop vy across the internal stator impedance of the CDFIG,

which results in unbalanced stator voltage at the PCC.

| _e ''''''''''' Bl Balanced
. Zs2 . |7 ] Loads
| : b2 Reo 1,
| |
. %
. _. o_
CDFIG Lli Ul}jtlaréced
PCC 0ads

Figure 7.1: Connection interface at the PCC

If such voltage imbalance is not taken into consideration in standalone operation,
it seriously reduces the quality of stator voltage of the CDFIG. Thus the overall
performance of the system will be considerably degraded, which disturbs the behavior
and response of the generator and other connected loads. Accordingly, an appropriate
control of the terminal stator voltage of the CDFIG is required to compensate the

voltage imbalance and improve the voltage quality of the standalone generator.

7.1.2 Behavior of the CDFIG under unbalanced conditions

Assuming no zero-sequence components (the neutral point is not grounded), a
three-phase quantity is decomposed into positive and negative sequence components
when unbalanced operation occurs. In the stationary (afs) reference frame, the
positive sequence component operates at ws and the negative sequence component
evolves at —wgy [98], [147]. Thus, any unbalanced vector can be written in terms of its
positive and negative sequence components as follows in («afs) frame. x represents

the voltage, current or flux. The superscripts + and — represent the positive and
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negative components.

z=x" 42" (7.1)

— V2X Teiwsatte™) 4 | /o x—milwsatteT) (7.2)

Xt and X~ are respectively the RMS values of the positive and negative sequence
components of quantity x, and ¢+ and ¢~ the phase shifts.

In order to describe the behavior of the CDFIG under unbalanced conditions,
two rotating frames are introduced: The positive reference frame (dq§r ) rotating at
an angular speed wg, and the negative reference frame (dqQ_ ) that turns at —wg
[103], [147]. The different reference frames are depicted in Figure 7.2. The stationary
stator frame (af359), the positive rotating frame (dq§r ) and the negative rotating frame
(dqg ) are identified.

)
[
————————
i)
[ye]

Figure 7.2: Vector diagram describing the dual rotating frames

The transformation from one reference frame to the other is given in (7.3) and (7.4).

(ﬁ)dq; - e_jWS2t<£)aﬁsz = 6_j2wszt(£)dq; (73)
(@dq; = 2 (1) 0, = €j2w52t@)dq; (7.4)

Taking into account the positive and the negative sequence components, the vector z

can be expressed by (7.5) and (7.6) in each rotating frame.

@)dqﬂ“ = (fr)d(fr + (gi)dq"' = (fr)dq; + eiﬂwm@i)dq; (7.5)

(l)dq— = (fr)dq; + (l_)dq; = €j2w52t(l+)dq2+ + @_)dq; (7.6)

Applying (7.3)-(7.6) to (7.2), the voltage, current, and flux quantities are then
expressed by (7.7) and (7.8) in the positive and the negative synchronous rotating
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frames.

() g = V2XTEH7" + V2X e w2t teT) (7.7)
<£>dq2_ = V2X Tel@uatte®) 4 (/o x—pmiv (7.8)

As shown in (7.7) and (7.8), the vector z in the (dqj) or (dq;) frame is the sum of
a DC component and an AC component at twice the synchronous frequency. In the
positive rotating frame, the positive sequence component is a DC component and the
negative sequence component produces an AC component with a resulting frequency
of —2ws. When referred to the negative rotating frame, the resulting frequencies of
the positive and negative sequence components are 2ws and 0 (DC) respectively. In
the rotor and the Control machine coordinates the frequency of the negative sequence
component will be w, = —ws — P2 and w,; = Xpf2 + wye respectively. Thus the
resultant current and voltage quantities are distorted. The operation of the positive
and negative components in each frame is resumed in Table 7.1. A low pass filter or
a notch filter tuned at twice of the synchronous frequency, can be used to extract the
DC component in the (dq; ) or (dqQ_ ) reference frame [103].

Reference frame | afse | dg¢i | dgg af, afs
Positive sequence | wsgo 0 2Wea | wea — Pafd | XpQ — weo
Negative sequence | —wgo | —2wWgo 0 —wey — Pafd | XpL) + wyo

Table 7.1: Analysis of the positive and negative sequence components

Moreover, to explain the torque pulsation during unbalanced operation, the

electromagnetic torque of the CDFIG is recalled in (7.9)

Tem = dem1 + Tem2 (79)
with
3 NPU
Temlz_ilesrl\s‘ {(le)dq; (L”)dq;} (710)
35 .
Tem2:§p2Msr2\9 {(Lﬁ)dq; (Lr)dq;} (711)

Applying (7.7) to the stator and rotor currents results in the following electromagnetic

torque expressions:
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3 , L
Temlz_ilesrlg {ijljjej(wif@) 421 I el o)

+ 218—1_];r6j(2w52t+<p1_+<p?) + stt];e—j(%gtﬂo?ﬂof)} (7.12)
3 , L
Tem2:§p2Msr2% {2[$[jej(<p§rfsoi) + 2[;2[;6](% -3)

N 2@[;6].(2%2#@”@;) n 21.8,2];67“2%2#@;“@?)} (7.13)

As noted in (7.12) and (7.13), T, comprises DC terms arising from the interaction
between the stator and rotor currents of the same sequence (i.e. (i, i) and (i ,4.)),
together with oscillating terms at double supply frequency due to the interaction
between the quantities of opposite sequence (if,4) and (i;, ;). The same procedure
can be followed to reveal the oscillations in the active and reactive powers. It can be
concluded that when the grid is unbalanced, the power and torque will oscillate around
a non-zero average value, the Power machine current and voltage are unbalanced,

while the rotor and the Control machine current and voltage are distorted.

The control of the MSC does not provide enough degrees of freedom to achieve

several control targets simultaneously. For instance, reduce or eliminate the torque
and power pulsation, eliminate the negative sequence component of the rotor voltage
and current and eliminate the stator current and voltage imbalance.
The operation of a grid-connected doubly fed induction machines (DFIG and CDFIG)
under unbalanced supply voltage have been treated in the literature. Under such
conditions, induction generators are normally switched out of the network for their
own protection. This can further weaken the grid. Therefore, control methods are
investigated in order to reduce the torque pulsation [28], [55], active and reactive
power pulsations [22],[123], and/or power stator current imbalance that normally
occur when the network is unbalanced [23], [39], [147], [143]. This will allow the
generator to remain connected to the grid and meet the demanding requirements of
grid codes. However, in an unbalanced standalone application, the main concern is to
control and balance the output voltage in order to preserve the overall dynamic system
performance and protect the behavior of other connected loads [104]. Accordingly,
the development of an appropriate control strategy is required to reject the impact of
unbalanced load on the stator voltages at the PCC.

In order to balance the output voltage, the negative sequence component of the
generated stator voltage must be detected and eliminated by injecting the appropriate
negative component of the rotor current. The traditional vector control scheme in
the positive synchronous frame using conventional PI controllers does not provide the

desired performance and induces tracking errors. In fact, the reference control variables
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are composed of the negative sequence component at twice the supply frequency that
PI controller cannot regulate precisely due to its limited bandwidth. Therefore, to
increase the control accuracy and enhance the compensation capability, new strategies
are to be implemented due to the effect of the negative sequence component. In the
following sections two new control algorithms for an autonomous CDFIG supplying
unbalanced loads are elaborated. The proposed control methods are performed in
the MSC to compensate the output stator voltage imbalance. The first compensation
method uses both the positive and negative synchronous reference frames of the
CDFIG to control respectively the positive and the negative sequence components of
the rotor current. The second strategy is based on a repetitive controller implemented
in the rotor current loop. It is developed to increase the current control bandwidth and
enhance the control accuracy and system stability. The whole scheme is implemented
in the positive rotating frame where no sequential decomposition of the rotor current

is needed.

7.1.3 Experiments

The behavior of the CDFIG under unbalanced condition is evaluated experimen-
tally. Unbalanced load is connected to the generator (60% load imbalance). The
results are collected in Figure 7.3. As observed, the output stator current and voltage
are unbalanced. The rotor and Control machine current are distorted due to the
influence of the negative sequence component. It shall be noted that the voltage
and current waveform comply perfectly with those obtained by simulations (refer to
Figure 6.14).

7.2 Unbalanced voltage compensation strategy

based on dual rotating frames

The proposed strategy uses the two rotating reference frames (dq? ) and (dqg ) to
control both the positive and negative sequences of the rotor current. The strategy
adopted has a main controller implemented in (alq§r ) frame and an auxiliary controller
implemented in (dq{ ) frame. In the positive synchronous frame, the positive sequence
current controller aims to regulate the output stator voltage magnitude and frequency
of the CDFIG. In the negative synchronous frame, the rotor current negative sequence
is regulated to eliminate the voltage imbalance (i.e. compensate the stator voltage

negative sequence).
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Figure 7.3: Experimental results during unbalanced load conditions

7.2.1 Control in the positive reference frame

The dynamic behavior of the CDFIG in the positive rotating frame (dq§r ) is given
by (6.1)-(6.6). The control system for positive sequence components is designed in the
same way as the conventional method presented in section 6.2, when no imbalance
is considered. The cascaded control loops using PI controllers are illustrated by the

block diagram in Figure 7.4.

IyZd,ref c I:d*,ref Us+1d+,r9f
?— 1, (5) ?— € (s) —
I.u+20z+ ) de* i
I:q*,ref C Usiq*,ref
—_,_?' 1,(8) F——
TR

Figure 7.4: Control of the positive components in the positive rotating frame

The subscripts 4+ and — are related to the positive and negative synchronous reference
frames, respectively. Thus, the quantities X;; and X;; are the d-q axis components
of positive sequence in the positive reference frame. As shown in Figure 7.4, the direct
rotor current It in the positive reference frame regulates the stator magnetizing

current which induces the stator voltage magnitude. The magnetizing current demand
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is derived by (7.14)

I Ll (7.14)
2d, = 75 .
padirel Ls2ws2,ref

The output of the stator magnetizing current PI controller forms the d-axis positive
sequence component of the rotor reference current [ :(_1"‘,7'6 £ The g-axis rotor current
I ;;Jr forces the orientation of the reference frame along the positive sequence of the
stator flux @;FQ. The g-axis rotor reference current is computed as:

N Ls2 [+

rqt.,ref = Msr2 s2qt

(7.15)

The inner rotor current control loop generates the d-q positive sequence components
of the Control machine reference stator voltage, U s ; and Ul ot reg DL the (alq§r )

synchronous frame.

7.2.2 Control in the negative reference frame

The negative sequence current is controlled in order to eliminate the negative
sequence component of the output stator voltage. In the negative synchronous frame
(dq{ ), the dynamic behavior of the CDFIG is described by the following equations:

. d _

Ugp = Riglgy + £952 — Jws2PLgo (7.16)
. d ,

v = Raig + a@eﬂ + J (—ws — XpQ) Oy (7.17)

d

@52 = L52132 + MS’I’QZT - LsQZ#Q (719)

Qsl = lezsl - Msrll.r (720)

Qr = Lrir + MST?ZsQ - Msrlzsl (721)

As can be noticed, the machine has similar behavior as in the positive rotating frame.
Thus, following a similar approach to the positive frame, relationships between the
negative components can be computed in the negative synchronous frame. The

open-loop transfer function to be regulated is derived in Figure 7.5.

Usildqf K, Iﬁiq* K, Vsadq_
1 Lszwsz
1415 l1+t,s

Figure 7.5: Open loop transfer function in the negative synchronous frame

As can be deduced, the negative sequence components of the stator voltage V,,- and
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V.~ can be regulated to zero by action on the negative sequence d-¢g components

of the rotor current I, and I~ respectively. The latter are adjusted through the
regulation of the Control machine stator voltage negative components U ,~ and U_; -
Accordingly, a decoupled vector control with two nested loops is implemented in the
negative rotating frame using PI controllers. An outer loop adjusts the negative
sequence d-q components of the stator voltage. The reference values are set to zero.
The outputs of the voltage loop controllers are the negative sequence component
references of the rotor current T S and I er The inner loop controls the rotor
current and forms the negative sequence component references of the Control machine

stator voltages U ;- . / and U The cascaded control scheme of the negative

slq=—,ref"
components in the negative rotating frame is illustrated in Figure 7.6.

Vezd=—resr =0 Lig=rep

G C
Vsaa- La-
ngq’,ref =0 Co(s) Iajq’,ref CL(5) USEq’,Tef
+?_ +?_ r
Ve A

2q~

Usﬁd’,re f
——

Figure 7.6: Control of the negative components in the negative rotating frame

7.2.3 Overall control scheme

In the proposed compensation method, both positive and negative sequence
components have to be extracted from the voltages, currents, and flux. As the
decomposition process involves significant time delays and adds amplitude and phase
errors to the signals, the performance and stability of the system can be reduced
especially under transient conditions [142]. In this regard, an improved form of
the control algorithm is presented. The main controller can be implemented in the
positive synchronous frame (dqgL ) without involving positive and negative sequence
separation i.e. I,qq+, [yoq+ are controlled instead of I, ., I, .. While for the auxiliary
controller, it is designed specifically to regulate the stator voltage negative component
and is implemented in the negative rotating frame (dqQ_ ) with negative sequence
components extracted. The overall control scheme of the standalone CDFIG with
stator voltage compensation based on the dual rotating frame technique is shown
in Figure 7.7. The two hierarchical vector controls, for the main and the auxiliary
controllers, implemented on each rotating frame are identified. Based on the measured
values of the Power machine stator voltage and current, the stator flux and the
rotor current are estimated using (6.30) and (6.31). From the Park frame angles

£2 = Jwsarepdt and —&o, the quantities can be referred to the two synchronous
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rotating frames (dq; ) and (dqz_ ) respectively according to the vector transformation

relations established in (7.3) and (7.4).

Us_ldJr,ref
I I Udiar l+ AP
u2d,ref rdtref sldtref s1d*ref T
ﬁ’(ﬁu (S)W’CI, (5)—4.)%_75&12 (V511361 —
fyzﬁ I+ ag+!
U51q+,ref
, .
Irq*,ref N Uslq*,re + Vslq*,ref abcsl
+ Cir (5 J Ty et ¢ Compens.
i - . T Ggq+ | terms
rq* aq+ 532' Om1 Om2
Irqu” I‘uZdJr l
ir_d’ lraq-
Us_ldJr,ref _____________ -, ; "‘ - |t T
-€ P : otc H
—J 28528 77— r - : 1
1gtrefie 12U - I - + . V5.- — of&s2
s1greni® "~ i slq—ref C[,. ) + rq~ref Co(s) _ s2q~| filter H
- *- - +

o

Figure 7.7: Improved control scheme of the CDFIG in a dual rotating frame

The double frequency AC components are eliminated by using notch filters tuned at

2wg. A typical second order notch filter is given by the transfer function (7.22).

s+ w?

2 We 2
S S w
+ Qf + c

F(s) = (7.22)

Numerically, w, = w, = 2wg; Q¢ = 0.1.
The negative sequence reference voltages at the output of the auxiliary controller
and U

o1q- rey aT€ In the (dq{ ) rotating reference frame. Referring to (7.3),

Us_ld—,ref
these voltages are transformed into positive coordinates (dq§r ) using the angle 2¢,, as

follows:

_ . —j2¢s _ err—
U81d+,’f‘6f +'] 31q+’7‘ef =€ ! 5 ’ (Usld_ﬂ"ef + ]U

slq—,ref

)

The resultant control stator reference voltage is the combination of the outputs from

(7.23)

the main and the auxiliary controllers. Thus, in (dq; ) it will be the sum of the

positive and negative sequence references, i.e. the AC and DC components, obtained

as:
77t -
U51d+»7"5f - Usld*,ref + sldt,ref 724)
_ -
U51q+»7°6f - Uslq*,ref + slgt,ref (725)

Compensation terms ag+, d,+ are added by feed-forward action. Finally the Con-
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trol machine stator voltage references are transformed back into (abcs;) coordinate

using (6.34).

7.2.4 Simulation results

Simulation test is performed on Matlab/Simulink in order to verify the behavior
of the proposed compensation method. The same load conditions of section 6.5 are

considered. The results are collected in Figure 7.8.
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Figure 7.8: Simulation results of the proposed dual rotating frames compensation
strategy

The negative sequence component of the output stator voltage is compensated in
steady state. The double frequency oscillations in the magnetizing current (i.e. the
voltage magnitude) is extremely reduced. Thus the generated stator voltages become
balanced after applying the proposed compensation method to the MSC of the
standalone CDFIG. Besides, the voltage amplitude remains equal to its set reference
despite the presence of unbalanced load. The rotor current d-q¢ components in the
positive rotating frame consist of a DC component and an AC component at double
the synchronous frequency. This is due to the fact that the proposed compensation
method is based on injecting negative components into the rotor currents, in order to
eliminate the stator voltage unbalance. Consequently, the three-phase rotor currents
are distorted as a result of the injected negative sequence component. As mentioned
before, the control of the MSC does not provide enough degrees of freedom to achieve

several control targets simultaneously. Therefore the voltage compensation technique
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does not eliminate the torque pulsation and the negative sequence components of the

stator /rotor currents.

7.3 Compensation method using repetitive con-

troller

The previous compensation method controls the rotor current in two separate,
positive and negative, reference frames. It is based on conventional and easy to imple-
ment PI controllers, but involves frame transformations and sequential decomposition
of the rotor current, which increase significantly the time delay and degrade the
system stability [103]. To overcome this problem, a new control approach for the
unbalanced standalone CDFIG, implemented solely in the positive rotating frame is
proposed hereinafter. The rotor current control loop, based on a repetitive controller,
can directly regulate both positive and negative sequence components in (dq§r ) frame
without sequence separation. The suggested repetitive control is developed to increase
the control bandwidth and achieve good tracking of the rotor periodic reference
currents. These references are generated by an outer voltage control loop and a
negative sequence component, injected to compensate the stator voltage imbalance.

The proposed voltage compensation strategy of the standalone CDFIG is presented
in Figure 7.9.

I + + - Vot o prmemeenens
u2dref C rd ref Ly ref Repetitive |“s1d* ref T
S
i i () >® ” | controller da; /i [valss PWM
Iﬂ2d+ V'dJr VEfT —T
+
Irq ref 8 Irq*ref 8 Repetitive V51q+,ref bcsl
+ + controller
+ T e N A
Iqurref/]\ ITqu—T T 5521 gmll ng
m52,75f+ & Irdq+’ Iu2d+(_‘ -
1;d+ RS I;r_d’ ref :If, (S) X VSEd_
Irq+ ref 671'2552 1= +_ Vs I;I-(l)t(:h —é. ej §s2 :
rq ref s2q | filter i b
+
L

Figure 7.9: Repetitive control scheme of the CDFIG in a single rotating frame

The stator voltage negative sequence components V,_ and ngq, are regulated to
Z€ero in (dq{ ) by means of PI controllers. The outputs of these controllers form the
negative component references of the rotor current I, . and I _ . established in
(dq; ) coordinate. Theses reference currents are expressed in the positive frame using
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(7.26).
Tavveg + 3Ty = €75 (I i+ ) (7.26)

The principal of the proposed compensation method is to add the rotor negative
reference current in the current controller. Therefore, the total rotor reference currents
for the inner loop repetitive controller, implemented in the positive frame, is the
sum of the positive and the negative sequence components (i.e. both AC and DC
components) calculated by (7.27) and (7.28).

[Td+77’€f = [:z_i+,ref + IT:iJr,ref (727)
Lt ver = [;;Jrvref + [7;]+,Tef (7.28)

1 :;H,re PRt the output of the outer loop PI controller. It is implemented to control the
stator magnetizing current and adjust the output voltage magnitude. I ;;ﬂ,e s 1s given
by (7.15) for the orientation of (dq§r > d-axis along the stator flux. The outputs of the
rotor current repetitive controller form the Control machine stator reference voltages

Via+ res and Viig+ .op which are transformed into (abcsi) coordinate using (6.34).

7.3.1 Repetitive control

The AC component of the rotor reference current (2wss) cannot be tracked precisely
using classical PI controllers due to their limited bandwidth. Therefore, repetitive
controllers, that offer high control bandwidth, are implemented in order to achieve
good tracking of the rotor periodic reference current. The repetitive control is a
useful tool to track a periodic reference input or reject a periodic disturbance, where
only the signal period is required [65]. It was first introduced by Inoue, Nakano and
their colleagues in 1981 [52] in order to achieve a high accuracy control of a magnetic
power supply for a proton synchrotron. Then studies dealing with the stability of a
repetitive control system were addressed particularly in [45], [46].

The repetitive control design is based on the internal model principle [41]. It states
that the output of a stable system can track a class of reference signals with zero
steady state error if the generator of these references is included in the closed-loop
system. For instance, a particular common case is a step reference command. No
steady state error occurs for a step input if the stable system control loop contains
an integrator, which is the generator of step functions. The generator (1)f a sinusoidal

. Thus,

s?2 + (2w /L)?
to ensure proper tracking of a periodic signal r(t) of period L that has an infinite

signal sin (27t/L) is a resonant filter with the transfer function

number of harmonic components, an infinite number of resonant filters given by (7.29)
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shall be included in the control loop [149].

_ 1= (27n/L)*

Il

noi 82+ (27n /L)

K(s) (7.29)

s
However, in the repetitive control approach, a simple delay in a proper feedback can
be used to produce an infinite number of poles and hence simulate a bank of an
infinite resonant filters. In fact, a periodic signal with period L can be generated by a
linear system that includes a time delay L corresponding to the period of the signals
as illustrated in Figure 7.10 [46], [149].

Figure 7.10: Periodic signal generator

The time delay system reported in Figure 7.10 constitutes the repetitive controller

with the following transfer function.

B 1
1 —eLs

K(s) (7.30)

The regulator defined in (7.30) has an infinite number of poles on the imaginary
axis, at the points +j27n/L with n = 0,1,2,.... The Bode plot of this function is
depicted in Figure 7.11. It consists of a set of peaks centered at the fundamental and

harmonic frequencies.
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Figure 7.11: Bode diagram of the repetitive controller K(s) =

The gain at these resonant frequencies is theoretically infinite, which amplifies the
high frequencies harmonics. It is proven in [45] that systems with repetitive controller,

containing the regulator defined in (7.30), that can be stable are limited and do not
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include strictly proper systems. In fact, in strictly proper systems, the open-loop
transfer function to be regulated G(s) converges to zero when the frequency tends to
infinity, whilst the repetitive controller continues to create unstable poles at infinite
gain in the loop [46]. Since the CDFIG is a strictly proper system, the rotor current
control loop cannot be stabilized using the simple repetitive controller in (7.30). To
tackle this problem, the gain of the repetitive controller has to be reduced at high
frequencies. Thus, a modified repetitive controller is proposed by replacing the pure

delay by Q(s)e™1* [46]. The modified repetitive controller is then expressed as:

1

K =1 gmew

(7.31)
Q(s) is a stable rational function verifying |Q(jw)| < 1 Vw [46]. A typical repetitive
control system is shown in Figure 7.12. G(s) is the transfer function to be regulated,
K (s) is the repetitive controller, r(¢) is the reference input, y(t) is the system output
and w(t) the disturbance.

G(s)

Figure 7.12: Repetitive control system

By applying the small gain theorem, the closed-loop system in Figure 7.12 is stable if
the following conditions are satisfied [46]:
G(s)

176G is proper and stable (7.32)

S
[t < 7
||.|], denotes the H,,-norm of a stable transfer function [40]. The above conditions
imply that the design of Q(s) will affect the stability and response of the controlled
system. In order to ensure a stable system, it is necessary to have |Q(jw)| < 1 at
high frequencies. The stability margins extend as |Q(jw)| goes smaller. On the other
hand, the tracking error is completely eliminated only if QQ(s) = 1 at the harmonics of
the reference periodic signal. Therefore, the controller design must achieve a trade-off
between the system stability and tracking performance. An adequate choice of Q(s)
is a low pass filter which cutoff frequency w, delimits the rotor current harmonics.
Increasing the operating bandwidth reduces the tracking error, however, the cutoff
frequency should be limited by the stability condition (7.33). It should be noted
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that the repetitive controller is sensitive to frequency variation since the peak gain
decreases sharply at the resonant frequencies, which may degrade the performance
of the control system for small variations of the input frequency [75]. To overcome
this problem, a gain K < 1 may be added to the filter Q(s) [65]. As the gain K
decreases, the peak amplitude is reduced while the bandwidth of each peak increases,
which increases the robustness of the controller with respect to frequency variations.
However, small values of K deteriorate the tracking performance, because the desired

poles for precise tracking are altered by Q(s).

7.3.2 Design of the controller

Although the repetitive controller is able to track a periodic input perfectly at
steady state, it does not provide the desired dynamic performance and transient
response [133]. Therefore, a classic controller can be added to the closed-loop control
system to stabilize the system to be controlled and adjust the transient response.
This type of control is named plug-in repetitive control.

For the CDFIG, the open loop transfer function of the rotor current dynamic G, (s)
in the positive rotating frame is given by (6.27). The system without regulation is
stable. Here, a proportional gain k; is cascaded to the repetitive controller for the
regulation of the rotor current response. The block diagram of the proposed repetitive

control system is described in Figure 7.13.

Irdq+,ref+

Figure 7.13: Block diagram of the rotor current loop using repetitive control

The repetitive controller is tuned at L = 27/ (2ws). The following low pass filter
is adapted to achieve a compromise between stability and precision. Numerically

K =0.995 and w,; = 32wso,.
K

q

Q(s) (7.34)

The Bode plot of the compensated open-loop transfer function G1(s) = k;Gy, (s)K(s)
is shown in Figure 7.14. The rotor current waveform with respect to a periodic
reference input is illustrated in Figure 7.15. As observed a small tracking error is

induced due to the presence of the low pass filter in the repetitive controller.
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Figure 7.14: Bode plots of the compensated loops
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Figure 7.15: Rotor current tracking performance with the repetitive controller

For the regulation of the outer magnetizing current loop, the closed-loop dynamic
of the rotor current Fj, is taken into account. The block diagram is similar to
Figure 6.5. A PI controller C7, is synthesized to achieve the following specifications:

— Zero steady state error

— The cutoff frequency ws of the compensated open-loop transfer function is five

times smaller than the inner loop cutoff frequency wy.
The Bode plot of the compensated open-loop transfer function of the magnetizing
current Gy(s) = Cr,(s)F,(s)Gy, () is shown in Figure 7.14.

7.3.3 Simulation results

Simulation results of the proposed compensation method are presented in Fig-
ure 7.16. As noted, the output voltage is properly controlled. The imbalance is
well compensated to satisfy the control target. The rotor current tracking error is
compensated by the action of the outer voltage loop. The d-g rotor currents are
composed of both DC and AC components, in which the negative components are
injected to eliminate the negative sequence components of the stator voltage. As a
result, the generated voltages become balanced. The repetitive approach regulates
both the positive and negative sequence rotor current components without sequential

decomposing.
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Figure 7.16: Simulation results of the proposed repetitive control compensation
strategy

Conclusion

This chapter deals with the analysis and control of a standalone CDFIG connected
to unbalanced loads. The unbalanced condition yields to unbalanced output voltage
and generates a negative sequence component. Two compensation strategies are
elaborated to eliminate the negative component and balance the output stator voltages
by injecting a proper rotor current. Both elaborated methods achieve good tracking
of the output voltage demand and compensation of stator voltage unbalance. The
first approach uses two rotating reference frames to control separately the positive
and the negative sequence components of the current. The control scheme is based
on classic conventional PI controllers implemented on each axis, but it involves
frame transformations and sequential decomposition of the rotor current, which can
significantly increase the control time delay and degrade the system stability. To
tackle this problem a second control approach for the unbalanced stand-alone CDFIG
system is introduced. The method is implemented in a single positive reference frame
with a repetitive controller that regulates both the positive and negative sequences
of the rotor current. The two compensation strategies are tested and validated by

simulation using Matlab/Simulink.
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Chapter 8

CDFIG Supplying Isolated DC
Loads

Introduction

The next generation aircraft systems tend to use HVDC electric distribution
network. This standard is currently adopted in military aircraft platforms e.g. Boe-
ing—Sikorsky military project Comanche RAH-66 and Lockheed F22 Raptor [53]. In
this regard, the operation of the CDFIG as a standalone DC generator is investigated
in this chapter. The brushless machine is connected to a diode bridge rectifier supply-
ing an isolated load. A decoupled vector control is established to regulate the DC
bus voltage. The controller aims to retain a constant output DC voltage regardless of
load and speed variations.

Section 8.1 is devoted to the modeling of the autonomous DC generator. The
diode bridge rectifier is modeled and the system bloc diagram is built. The regulation
of the DC voltage is detailed in section 8.2. A vector control consisting of just two
loops is implemented. The transient envelops of the output voltage are specified
by MIL-STD-704F1!. This standard specifies the electric power characteristics and
requirements in military aircrafts. The control approach is validated by performing

simulations on Matlab/Simulink in section 8.3.

8.1 DC generator model

The configuration of an autonomous CDFIG supplying an isolated DC grid is
presented in Figure 8.1. The stator of the Power machine is cascaded with a diode

bridge rectifier connected to a DC bus capacitor, whereas the stator of the Control

1. Military Standard, Department of Defense, USA: Aircraft electric Power Characteristics
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machine is supplied by a bidirectional inverter allowing the generator to operate in

subsynchronous and supersynchronous modes.

DFIM 2 Rotor
iy interconnection

o [ b E

Turbine

Figure 8.1: Configuration of an isolated DC grid based on a CDFIG

The set operates as a standalone DC generator connected to an isolated load in
embedded aircraft systems. Note that the diode bridge could be replaced by a
PWM rectifier, but the solution based on diode rectifier is more suitable for embedded
applications due to its simple structure, high efficiency and high reliability. In addition,
it provides a low cost solution in rectifying the AC voltage [94].

The model of the standalone DC generator is elaborated using a modular rep-
resentation of the system based on the conventional model of two distinct DFIGs
expressed in their own reference frames and combined in inverse coupling sequence.

The system model bloc diagram is shown in Figure 8.2.

Inverter Load |y, i |Diode rectifier

[v51]351 [i51]351 [i52]352 [USZ]SSZ
el A it etk el ] wel el
i | DFIG 1 [ [Vrlsn| T0verse Hviols | priga |

|_) ouping [ir2:|37"2 ~| I

Figure 8.2: Global model of the standalone DC generator

DFIMI1 operates as an autonomous voltage source and DFIM2 as a current source.
The model and block diagram of the current source CDFIG are detailed in Section
1.3.2. The generator, including the CDFIG and the diode bridge connected to the
DC capacitor, is a regulated autonomous voltage source. The loads connected to the
grid can be modeled using an equivalent current source. The mechanical speed is
considered to be a varying parameter imposed by external source, independently of

load variation.
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8.1. DC GENERATOR MODEL

8.1.1 Diode bridge rectifier

The DC supply is derived by rectifying the AC output voltages of the three-phase
CDFIG using a diode rectifier. Despite its apparent simplicity, this low cost solution
is highly nonlinear and difficult to represent because the switching states are not
controllable but depend on the three-phase stator currents of the Power machine
M2. However a simplified model of the diode bridge can be elaborated under the
assumption of "continuous conduction mode", ideal switches and no losses [74]. A

generic model of the three-phase rectifier is presented in Figure 8.3.

L idc

| | VaN=Vs2q

peo]

C

D;W D},‘ Dé}

M

Figure 8.3: Generic model of a three-phase rectifier

This model is the dual form of the static converter modeled in paragraph 3.4.1 (Figure
3.9). Therefore, the voltage and current relationships remain valid. The only difference
is that the switching functions associated with every bridge leg j (j = a,b,c) are

Heaviside functions [74], [77]. k; is the switching function associated with the leg j.

1 if D; is conducting and D’ is blocked

(i5(t) > 0) 51
0 if D; is blocked and D is conducting

(i;(t) < 0)

k‘j:

Equation (8.2) computes the three-phase alternating voltages in terms of the DC

voltage. Equation (8.3) describes the DC current in terms of the three-phase currents.

Vsza Van 2 —1-1] [k,
v | = |vpn el 192 1| |k (8.2)
Vs UeN —-1-12 k.

ige = kaia + Kyip + keic (8.3)

Note that in Figure 8.3, the line currents are in opposition with those of the CDFIG

model [is]s,, established previously (supersynchronous motor convention).
[is2]332 == [2]3 (8-4)
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The diode bridge rectifier is modeled using (8.2), (8.3).
In order to reduce the voltage ripples, the rectifier is cascaded with a capacitor filter
at the DC side. The DC bus model is described by the following relation, where iy, is

the DC load current. p
1 . )
%Udc = 6 (ch - ZL) (85)

The block diagram of the DC generator is illustrated in Figure 8.4.

Test block
Eq.(8.1

' | K iLl

; .

[is2]3s, . Diode bridge e DC bus

CDFIG rectifier
- Egs. (8.2) and (8.3) [* Eq.(8.5)
[1752]352 7 A eriBs) Uge

Figure 8.4: Block diagram of the standalone DC generator

Note that in case of a PWM rectifier, the "test block" does not exist. The switching
functions k; are directly applied to the rectifier by the controller.

8.2 Control strategy

In the proposed generating system, the output voltage of the DC generator is
to be regulated at a constant level irrespective of load and speed variations. Based
on the unified frame vector representation, a decoupled vector control of the system
is elaborated. The control of the DC bus voltage is performed through hierarchical
loops: an inner loop to adjust the stator currents of the CDFIG and then an outer
loop dedicated to the DC voltage regulation. Since the rectifier considered is a diode
bridge, only one degree of freedom is required to compensate the DC voltage. The
other degree is manipulated to force the reference frame orientation [5].

Considering the unified Power machine synchronously rotating frame with the
d-axis aligned along the stator current i, relation (8.6) is deduced. On the basis of
a fundamental component model, the rectifier is equivalent to a resistance [88]. Thus,

if the Park frame is chosen to cancel Is,, Vg, is also canceled leading to (8.7).

Isgq =0 thus Ist = 1-52 (86)
VSQq =0 thus ‘/SQd = Vg (87)

Consequently, the CDFIG output active power is given by (8.8) in the mentioned

rotating frame.

3
Py = §Vs2dfs2d (8.8)
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Neglecting the converter losses (ideal model of the rectifier), the instantaneous AC
power is equal to the DC power side. Then the power flow in the converter can be

expressed as follows:

3 .
_5 82d182d = Udcldc (89)

Equation (8.9) describes a relation between the three-phase AC currents and DC
current. The minus sign arises from the conventions adopted for the modeling of the
system. Referring to (8.9) and the average model of the DC bus described by (8.5), it
can be deduced that the output voltage U,. can be controlled by action on the stator
current d-component I,4. The stator current g-component constitutes a degree of
freedom, and can be adjusted through (8.10) to force the vector orientation along the
mentioned reference frame.

Iqu,’/‘ef =0 (810)

Consequently the stator frame angle £, can be derived from a simple integral of
the output frequency wso rer. It does not have to be computed from stator current

measurement, since the orientation of the reference frame is forced by the condition

(8.10):
552 = /WSQ,refdt (811)

As a result, the orientation is more stable and devoid of measurement noise and stator
current harmonic distortion.
On the other side, a relation between the Control machine stator voltage v

and the Power machine stator current i, is established in Section 4.1. It is recalled

hereinafter:
RTL51L52 . L82 (Uerle ) d . . LSIRT
e - - Msr S, s Rs s 7@3
Lot ]\4'37"1]\4'31“2182 Msr2 Msrl ! dtl 2 * thsl * MsrlMsr2 2
< Lrle Msr1> d P + . < MST1L52 UPLTleLSQ) .
- ' W27 —Wra—— | &
MS?”].MST2 Msr2 dt782 I\I ? Msr2 ? MsrlMsr‘Q 2
. . . LrLs Msr
+ J (gews2 — Wya) L1y + J (Wﬁm - gcw82]\4—srl) P, (8.12)

Decomposing into d-¢ components in the adopted rotating frame yields to:

RrleLSQ . LSQ (UPLTLSI ) d

- Msr 7[(3 = _Vs — US 813
MsrlMSTZZSQ Msr2 Msrl ! dt 2d 1d 7+ Qd 1d ( )
RrleLSQ . L82 (Uerle ) d

- sr 715 = —V; = U, 8.14
MSTIMSTQ La2 * MST2 Ms’r‘l 1 dt 2q 1q + aq 1q ( )

As noted, the two quantities v,; and i, d-¢ components are linked by a first order
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linear transfer function:

K Mgy M, L. M;
Ls2a4(s) . — [ (Up

— U, LK, = e ST ) (815
1+ TpS 1d7q(8) P RTL81L52 Rr LSlR’V’> ( )

The d-q disturbances a4 and a,, are given by:

Qq = Rsljsld +

LR, L,.Ls M1\ d
! (I)s2d ( : 1) 7(I)s2d - (ngSQ - WTQ) lelslq

Mt Moo MMy Mo/ dt
- <wr2]wijjzﬁ - gcwszj\]\/ﬁz> q>52q (8-16)
ag = Ralgq+ m¢s2q (Mirj\zﬂ — %ZD i‘bﬂq + (Gews2 — wr2) Lsi 514
+ <gcw52 M;ZiSQ — Wr2 U]I;/Z:f;}i;?) Isoq + (wr2 Mf;?\ZTQ — JeWs2 %Z;) D04

(8.17)

Therefore, the DFIM2 stator currents Is4 and Ig, are compensated through the
action on the DFIMI1 stator voltages Vs14 and Vy, respectively. Based on the previous
relations, the open loop transfer function of the DC generator in the predefined

synchronous frame is derived in Figure 8.5.

T T T T -
| System !
| I
Veidl Usa [ K, |1 NEE u
Po- P s2d | 3Vg2q - 1 dc
| +? 1+tps 2U ¢ -T Cs _I
| Qq i I
| I
| ag !
V51q| _% Uslq Ky IISZq
| l+tys I
|

Figure 8.5: Open loop transfer function of the standalone DC generator

As can be seen, a vector control of the output DC voltage can be achieved through
hierarchical loops using PI controllers (refer to Figure 8.8). The DC voltage is
compensated in an outer control loop. The inner loop controls the stator current
and forces the indirect orientation of the rotating frame. The stator current d-axis
demand is provided by DC voltage controller. The outputs of the current controllers
form the voltage references Viigref, Vsigrer Which are generated in the synchronously
rotating frame. Compensation terms a,4, @, are added by a feed-forward action to
the output of the PI controllers, to overcome the coupling perturbation and ensure

good dynamic response and tracking of the current demands. Note that the terms
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related to the stator flux do not need to be included since PI controllers are able to
suppress their effect in steady state. The same applies to derivative terms that are

nil at steady state.

8.2.1 Stator current control loop

The stator current control loop is recalled in Figure 8.6. The current compensator
is designed in order to achieve the following specifications:
— Zero steady state error

— The settling time of the closed-loop is equal to the open-loop settling time.

Ideq,ref+ CI (S) Usldq Kp ISqu
s

—_x% o

Figure 8.6: Stator current loop block diagram

Numerically, the closed-loop bandwidth is equal to w;, = 164 rad/s. F (s) represents
the inner loop dynamic.
1

Fr(s)=—
(%) = T770.0061s

(8.18)

8.2.2 DC voltage control loop

The outer loop block diagram is illustrated in Figure 8.7. The stator current
dynamic is taken into consideration. The open-loop transfer function is given by

(8.19).

Gu(s) = 2% — Fy.(s)

Ist,ref

3Wiag 1
— 8.19
QUdc Cs ( )

152d,ref' + Kp iIde 3Vs24 Udc

Udcref + U.
: Cy(s —5_)%_ Cp (s)—=4
A U( ) | - 15( ) 1+tys | 2U4.Cs

Figure 8.7: DC voltage loop block diagram

For a three-phase diode rectifier, the average output voltage is expressed as (8.20)
[96].

36
- T s2

Use (8.20)
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Therefore under the assumption of sinusoidal voltages the open-loop transfer function

is approximated by (8.21).

Ude 1

™
— =F — 8.21
ISQd,ref " (S) 2\/g Cs ( )

Gu(s) =
The PI controller Cy(s) is synthesized to meet the following specifications:
— Zero steady state error
— The cutoff frequency of the compensated open-loop transfer function Gy (s)Cy

is five times smaller than the inner loop cutoff frequency.

8.2.3 Control scheme

The control scheme of the standalone DC generator in the synchronous stator

current oriented frame (dgs) is shown in Figure 8.8.

U I U |4 pemeemnennns
dc,re-fr? CU(S) -§- de,re]-:-% CIS(S) sld,re): - sld,ref; P [U51]351 — g,
Udc B iL ISZd B dd : qZ | |@
Iqu,ref c (S) Uslq,ref Vslq,refg abcsl [isl]Ssl
+ I B L
%— +
Iqu dq? T

wsZ,ref '3;52

Isldq ;
Qaq

Compensation
terms

152dq ‘

Figure 8.8: Control scheme of standalone DC generator

The measured DFIM2 stator currents are transformed from the original (abegs) to
the rotating (dgo) frame by performing a Clarke transformation followed by a Park
transformation using (6.32). Besides, in order to compute the compensation terms,
the DFIM1 stator currents are also changed from their natural (abcs;) axes to the
unified synchronous frame (dgy) through a Clarke transformation followed by the
vector transformation (6.33). Finally, to be able to pass the voltages at the output of
the controller as reference values into the inverter, the signal have to be transformed

into DFIM1 three-phase stator frame, using relation (6.34).
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8.3 Simulation results

Simulation is done using Matlab/Simulink software. The control performances
are tested for different loads at constant speed in a first place, then at constant load
under speed variation. The output voltage must be adapted to the machine used for
simulation (Appendix B.1, Section B.1). The HVDC is currently used in military
aircraft platforms. Hence, the results are evaluated according to the MIL-STD-704F
guidelines. The transient envelopes of the DC bus voltage as specified by this standard

are shown in Figure 8.9

1.3 : : :
19 ———\ ______________ ................. ................
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Figure 8.9: Transient envelopes of the DC voltage as specified by MIL-STD-704F

8.3.1 Simulation with load variation

In the first simulation test, the generator is driven at a constant speed (e.g.
Q = 1.1p.u.) with a load varying from 10% up to 100% of the rated power. The
results are collected in Figure 8.10. It can be seen that, in spite of load variations,
the output DC voltage is properly regulated and its dynamic response (i.e. the
transient and steady state response) remains within the limit envelops imposed by
the MIL-STD-704F guidelines at steady state.

8.3.2 Simulation with speed variation

The simulation is performed at 60% of the nominal load with a rotor speed varying
between —30% and +30% of the CDFIG synchronous speed (€2, = 1p.u.). The
response of the CDFIG to speed variations is illustrated in Figure 8.11. As observed
the DC bus voltage is keeping a good track of its reference value irrespective of the
speed disturbances. The limit bounds specified by the MIL-STD-704F are completely
satisfied.
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Figure 8.10: Response of the CDFIG under load variations

At this point, it is convenient to mention the advantage of this vector control
approach, regarding the electric power quality generated at the machine side. In fact,
despite the variable speed operation and the important amount of non linear loads,
the controller induces quasi sinusoidal AC voltage and current at constant frequency
(Ip.u.) at the output of the CDFIG. This enhances the quality of the electric power
generated by the machine. The output frequency wgs can be further adjusted to

ensure the machine being operated below its rated voltage.
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Figure 8.11: Response of the CDFIG under speed variation

Conclusion

This chapter presents the brushless CDFIG associated to a diode bridge rectifier
to be used as a standalone DC generator. A modular representation of the system
is presented first. Then the vector control of the DC bus voltage is studied. It is
elaborated based on the representation of the CDFIG in the unified synchronous
frame, and the steady state model of the diode rectifier. The controller consists of
only two loops. The regulation of the output DC voltage is achieved by action on

the Power machine stator current d-component. The g-component forms a degree of
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freedom and is adjusted to force the indirect orientation of the rotating frame. The
control approach is validated by simulation. The results prove the capability of the

generator to operate properly over a wide range of load and speed variations.
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Summary

This thesis is a contribution to the power sizing and the control of the CDFIG.
With its brushless structure and reduced size converters, this variable speed constant
frequency generator is an interesting solution for many industrial applications where
high level of reliability is required. It shows commercial promises for either grid-

connected or standalone operation.

The CDFIM model for simulation is based on a modular representation of the
system. It is derived from the conventional Park model of two distinct wound rotor
induction machines expressed in their own reference frame. The two DFIMs are
interconnected through inverse rotor coupling sequence, this configuration being the
most promising architecture for generating systems. The mathematical model of
the machine is then expressed in a unified reference frame. This representation is
convenient for the power sizing of the machine and it helps the control design of the

generator in grid-connected and standalone applications.

The steady state operating limits of the CDFIM in terms of active and reactive
powers are investigated in Part I. A rigorous generic analytic method is suggested to
derive the CDFIM power margins. Limitations with regard to nominal quantities are
considered. It is shown that the CDFIG is able to provide reactive power over a wide
active power domain. For a given speed range the power capability of the machine
is determined by the stator current maximum values. In under-excited mode the
limiting variable is the Power machine stator current while in over-excited mode, the
capacitive reactive power generation is limited by the Control machine stator current.
The power limit area can be subject to additional limitations resulting from terminal
voltage drops. The impact of magnetic circuit saturation is also investigated in the
study, and a new limit bound is derived. As it is expected, saturation significantly
limits the capability of the machine to generate reactive power because of significant
effect on the the control current. The power capability limits of the CDFIG are tested

experimentally using a laboratory scale machine. The experimental results validate
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the proposed analytical approach with and without saturation. It shall be pointed
that the reactive power capability of the CDFIM is reduced in comparison with the
single DFIM.

The active-reactive power diagram developed in this manuscript is essential for the
design and control of a generating unit in order to plan the reactive power resources
and clarify the contribution of the machine to reactive power production required by
grid codes. Particularly in wind energy systems where grid utilities require extended
reactive power supply in support of grid voltage not only during voltage dips but also

during steady-state operation.

The CDFIM is presented, in Part II, as a contender machine to replace the DFIM
presently in use in most high power WECS. A new mean MPPT technique is applied to
a grid-connected WT based on a CDFIG. The controlled unit generates the maximum
constant power associated to the average value of the wind speed, predicted over a
predefined interval. Thus, the impact of turbulence component is eliminated and the
grid is fed by quasi-constant power irrespective of wind oscillations. Compared to the
well-known instantaneous MPPT method, the proposed new strategy improves the
quality of the injected power and decreases the stress on the grid side for network
stability purposes. Nevertheless, the system efficiency is somewhat reduced as the
controlled unit optimizes the power that refers to the slow varying component of the
wind speed instead of its instantaneous value.

The complete model and control scheme of the integrated wind power plant are
presented in this study. The active and reactive power flow are regulated by means of
a new decoupled sensorless vector control based on a virtual flux orientation, applied
to both converters. In addition to real power optimization, the generating unit is
dynamically controlled to provide additional reactive power and ensure power factor
regulation according to the new grid code requirements. In this regard, the steady
state operating domain of the global generating unit is established. It is shown
that the reactive power capability of the system can be enlarged by including the
contribution of the GSC. The MPPT approaches are validated on Matlab/Simulink

environment using a non stationary wind speed model based on spectral analysis.

Part III studies the CDFIG operating as an autonomous brushless generator
supplying an isolated load. A particular application considered for simulation is the
embedded aircraft power generation system. Two distribution networks are studied:
the constant frequency AC network and the DC network. In the latter, the CDFIG
is cascaded to a diode bridge rectifier. In both cases a decoupled vector control is
implemented in the MSC and aims to adjust the output voltage irrespective of load and

speed variations. Simulation with Matlab/Simulink software validates the performance
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and efficiency of the controller. The control of the standalone generator feeding three-
phase load is also validated by experiments with a laboratory scale CDFIM. The
obtained results are satisfactory. The operation of the standalone CDFIG supplying
unbalanced three-phase load is investigated too. Under this working condition, the
output voltages become unbalanced and give rise to a negative sequence component.
The classic vector control strategy does not provide the desired performance. Thus,
advanced control schemes are proposed to balance the stator output voltage and
reject the effect of the unbalanced load. Two compensation methods are elaborated.
The first considers two rotating reference frames to control separately the positive
and the negative sequence components of the rotor current. This control strategy
uses conventional and easy to implement PI controllers. Nevertheless, it requires
frame transformations and sequential decomposition of the rotor current, which
can significantly increase the time delay and degrade the system stability. On that
basis, a second compensation approach that deals with only one rotating frame is
elaborated. It is based on a repetitive rotor current controller that regulates both the
positive and negative components in the positive reference frame without involving
sequence separation. Simulation with Matlab/Simulink attests of the feasibility and
effectiveness of the two control methods to compensate voltage imbalance. It is pointed
that all the control schemes developed, in this part, for the standalone generator are
not restricted to the embedded aircraft industry. With minor modifications in the
generating system model, they can be adopted to other autonomous applications such

as wind energy and hydro power systems.

Prospects

The experimental and simulation results presented in this work give way to new
prospects.

In this thesis, the CDFIM modeling is based on a Park first harmonic model of
the induction machine with simplified assumptions. The mathematical model shall
be improved by including the iron losses and taking into account the magnetic circuit
saturation effect. It shall also include higher order harmonics for more accurate

simulation.

Concerning the power sizing of the machine, the results have revealed the reduced
capability of the generator to provide reactive power. This aspect is an important
issue in generating system, particularly in grid-connected WECS. Hence, the following
prospects are raised.

— The simplified limit curve expressions suggest that a possible revision of the

design of the machine might yield to better performances in terms of power
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capability. The reactive power generation can be substantially expanded by
increasing the mutual reactance and decreasing the rotor reactance. Accordingly,
research attentions and design procedures are needed to optimize the CDFIM
design and improve its reactive power capability in order to meet the market
demand and achieve a more compact structure with high power density.

Another interesting point is to derive the appropriate combination of Power and
Control machines that achieves the optimal reactive power generation domain

of the cascade.

In grid-connected wind generating application, a new MPPT method is proposed to

enhance the power quality by feeding quasi-constant power. In future work, advanced

points can be considered.

Testing the proposed algorithm under more severe conditions including fast or
sudden variations in the wind speed.

Finding new methods to improve the mean wind speed prediction method along
with the choice of the interval length.

Analyzing the impact of the mean MPPT strategy on the WT mechanical
structure.

Experimental validation of the mean MPPT approach and testing the control
robustness to parametric uncertainties of the system.

Studying the behavior of the CDFIG and control performance during grid
faults. New control schemes shall be implemented for ride-through capability

and participation to voltage regulation.

With regard to the CDFIG in standalone operation, several prospects come next.

Validate experimentally the proposed control approaches and test the robustness
to parametric variations and the performance of the controller with different
type of loads for both AC and DC networks.

Elaborate a coordinate control of the GSC and MSC to achieve simultaneously
several control targets during unbalanced load (eliminate torque oscillation,
current imbalance, etc...).

During unbalanced operation, take into consideration the zero-sequence compo-
nent for a grounded neutral point and its influence on the control performance.
Finally, it is interesting to study the performance of the standalone generator

during short circuit conditions.
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Appendix A

Mathematical transformations

A.1 Clarke transformation

It is a transformation from a three-phase (abc) reference frame to a bi-phase ()

frame.
Xa *ra x(l XOC
Xﬁ = T23 Ty y Ty = T32 XB (Al)
X, Te T, X,
(A.2)
where
1 -1 -1 1 0 1
2
T23 = g 0 g —g 5 T32 - _% @ 1 ) (A3)
111 _1 _V3 g
2 2 2 2 2
A.2 Park transformation
It describes a rotation of the coordinate
Xd Xa Xa Xd
Xg | = P(¢) Xp | Xs | = P_1<§> Xq (A.4)
X, X, X, X,
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where

(A.5)

¢ denotes the angle between the (dq) rotating frame and the (a/3) reference frame.

In complex (phasor) form:

r=Xq+jXq=Xo+jXp (A.6)
Thus, the Park transformation can be written as:

(2)aq = e_jg(i)aﬁ (A7)
(2)ap = ¢ (2)aq (A.8)
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Appendix B

Generating system parameters

B.1 Laboratory scale prototype

Machine parameters

The electric parameters of the laboratory prototype are identified according to
the method described in [88].

Parameters DFIM1 | DFIM2 | Units
Rated power active Py, Pson 2.5 2.4 kW
Rated stator voltage Viin, Vion 230 220 A%
Rated stator current I, Is, 5.5 5.5 A
Rated rotor current I,q,, 1,2, 13 8 A
Rated rotor voltage V,1,, Vyon 100 150 A%
Number of pole pairs p, p2 2 2 -
Supply frequency 50 50 Hz
Stator resistance R, Rgo 4.6576 | 1.2862 | Q
Rotor resistance R,1, R, 0.9164 | 1.97 Q
Stator self inductance [ 1, [4 0.3364 | 0.1908 | Q
Stator cyclic inductance Ly, Lo 473.277 | 268.54 | mH
Rotor cyclic inductance L1, Lo 81.072 | 138.21 | mH
Rotor/stator mutual inductance My, Mg | 191.43 | 182.76 | mH
Stator to rotor turns ratio my, ms 0.404 0.68 -
Point of regulation resistor Ryi, Ryo 10 20 k€2
Point of regulation capacitor C'y, C'yy 0.1 0.1 pnF

Unbalanced load

Unbalanced resistive load: R, = 60.5, R, = 201.66, R, = 672.22 2

DC side

DC bus U, = 500 V
Capacitor filter: C' = 2.2 mF
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B.2 Parameters of a 300 kW WECS

WT parameters

WT parameter Value Units

Rated power P, 300 kW

Radius R, 14 m

Gear box G 11 -

Combined moment of inertia J 2500 Kg.m?
Cut-in wind speed v,,ip 4 m/s

Rated wind speed v, 12 m/s
Maximum wind speed ;4. 16 m/s

Air density p 1.22 Kg/m®
Viscous friction f, 22x 1072 | N-m-s/rad

CDFIM parameters

The cascaded machine is based on two identical DFIMs with the following param-

eters

Parameters Value | Units
Rated power active P, 300 kW
Rated stator voltage V, 220 A%
Rated stator current I, 530 A
Rated rotor current I,.,, 365 A
Rated rotor voltage V., 317 Vv
Number of pole pairs p 2 -
Supply frequency 50 Hz
Stator resistance R, 12.4 | mS)
Rotor resistance R, 12.4 | m€)
Stator cyclic inductance L 4.1 mH
Rotor cyclic inductance L, 8.496 | mH
Rotor/stator mutual inductance M, 577 | mH
Point of regulation resistor Ry 1 k(2
Point of regulation capacitor C'sy 2 nF

Back-to-back converter

DC-link voltage: Uy = 700 V
Filter: Ry =0.01 Q, Ly =1 mH
Capacitor: C' = 25 mF
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Appendix C

Simulation results for a 300 kW
standalone CDFIG

C.1 CDFIG feeding a constant frequency grid

The simulation results under load variations with a lagging PF=0.9 are presented

in Figure C.1.
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Figure C.1: Response of the CDFIG under load variation

The simulation results under speed variations at P,,,, are illustrated in Figure
C.2.
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Figure C.2: Response of the CDFIG under speed variation

The simulation results during three-phase unbalanced load condition (70% load

imbalance) are collected in Figure C.3.

'
[a]

Output voltage v (p.u.)

-
- O

o

m O w»

Load current iy, (p.u.)

=

&

E—..‘m

o

§ . N

[2 el ] SV

07 i i i i ?49 2.5 i
0 1 2 3 4

Time (s)

Figure C.3: Response of the CDFIG under load imbalance
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C.2 CDFIG feeding unbalanced standalone load

The results of the compensation method based on dual rotating frames are given

in Figure

CA4.
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Figure C.4: Simulation results of the proposed dual rotating frames compensation

strategy

The results corresponding tho the repetitive control strategy are depicted in Figure

C.5.

~ 15

=

o

<

]

=

5]

&

S

-

5

£

O.

=

-

208

22!

Z 06

Q

E 04

O 02
0

T

| Before compens- 2295 0 o (7 h A A
— Afier compens.:
....................... g .
0 1 2 3 4
Time (s)

Load current iz, (p.u.)

-0.1
-0.2

-0.4
-0.5
-0.6
-0.7

.........................

3.02 3.04

0 1 2

3 4
Time (s)

Figure C.5: Simulation results of the proposed repetitive control compensation strategy
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C.3 CDFIG supplying an isolated DC grid

The simulation results during load variations are presented in Figure C.6.
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Figure C.6: Response of the CDFIG under load variations

The simulation results at 50% of the nominal load during speed variations are

illustrated in Figure C.7.

1.4
1.2

Speed (p.u.)

%
8
E
>
O
A N N X . N N N N
o 2 4 6 8 10 12 14 16 18
Time (s)
15 1 :
F R 5 00 TEA NN AR A DA A
53 020 I T L 0.5 b 1P (VAL
SR ARTRTRTATATAVAATR ATRTATAYS o
%--.»"’_0_2 ...... ‘051 : AL
157 158 1569 16 157 158 1568 16
Time (s) Time (s)

Figure C.7: Response of the CDFIG under speed variation

As in the case of the laboratory scale machine, the above results show a good
dynamic behavior of the controller. The system is properly regulated and the output

quantities are tracking their reference value in accordance with the grid code requisites.
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