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Title of doctoral dissertation:  

Control Algorithm of Brushless Doubly-Fed Reluctance Generator under Unbalanced Grid 
Voltage Conditions  

Abstract: 

The growing demand for electrical energy, especially from renewable sources, has motivated the 
scientific community to develop new technologies for producing electrical energy more efficiently, 
reliably and economically. Over the years, many wind energy conversion system (WECS) 
topologies with large wind turbines have been proposed, which may be generally classified into 
three types: fixed speed, variable speed with a partial scale power converter, and variable speed 
with a full-scale power converter. 

Wind turbines based on doubly fed induction generators (DFIGs), with converters rated at about 
25%-30% of the generator rating, have been widely used for large-scale wind generation because of 
their ability to provide variable speed operation and independent active and reactive power control 
in a cost-effective way. 

More recently, a brushless doubly-fed reluctance generator (BDFRG) has been proposed as a 
potential alternative to the existing solutions for wind power applications since it retains most of 
their merits while offering high reliability. 

The BDFRG is a prominent economical solution regarding reliability and maintenance of 
brushes and slip-rings which are characteristic problems of the traditional DFIG in WECS. Such 
advantages should be particularly attractive for off-shore wind turbines, where the operation and 
maintenance costs of brush generators are considerable. 

Since wind power plants are often installed in remote areas with weak grids where unbalanced 
voltages are common which may force the wind generator to be disconnected from the grid, this 
research work has been dedicated to and focused on the performance and control of the BDFRG 
under unbalanced grid voltage conditions (UGVCs). A new control algorithm is developed and 
proposed in this thesis based on vector control. Application of this algorithm provides an increase in 
the robustness of the system, as well as an improvement in controllability. 

In order to achieve this goal, the research work in this thesis was conducted as follows: 
1. A review of the existing literature on the topic of the doctoral thesis was carried out in order to 

identify the best solutions for the synthesis of the control algorithm in the considered case; 
2. Dynamic models of the BDFRG were developed under conditions of unsymmetrical 

(unbalanced) grid voltage by applying equations for the direct and inverse system; 
3. A new control algorithm based on vector control was developed with the aim of eliminating the 

negative influence of components of the inverse voltage system on the performance of the wind 
generator. 

4. The performance of the proposed control algorithm was analyzed using computer simulations in 
Matlab/Simulink software; 

5. The performance of the proposed control algorithm was analyzed using Maxwell / Simplorer / 
Simulink co-simulation for the small-scale BDFRG; 

6. A 1.5 MW BDFRG was designed for implementation in real-time simulations; 
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7. The performance of a newly designed large-scale wind generator with the implemented new 
control algorithm was analyzed under conditions of unsymmetrical grid voltage on a HIL setup, 
where the C code is compiled in dSPACE® from a Simulink® model using Real-Time 
Workshop. 
Based on the research conducted according to the introduced plan, the main scientific 

contributions are formulated and presented in the thesis. 

Keywords: Wind energy, brushless doubly-fed reluctance generator, unbalanced grid voltage, 
design methodology, Maxwell/Simplorer/Simulink co-simulation, Hardware-In-the-Loop 

Scientific area: 

Electrical engineering and computer science 

Narrow scientific area: 

Power converters and drives 

Наслов докторске дисертације: 

Алгоритам управљања двострано напајаним релуктантним генератором у условима 
несиметричног мрежног напона. 

Апстракт: 

Растућа потражња за електричном енергијом, посебно из обновљивих извора, мотивисала 
је научну заједницу последњих деценија да развија нове технологије за ефикаснију, 
поузданију и економичнију производњу електричне енергије. Добар пример за то представља 
производња електричне енергије из енергије ветра, која је последњих година у сталном 
порасту. 

Током година је предложено много различитих системских решења за примену 
ветроагрегата велике снаге, која се генерално могу сврстати у три категорије: топологије са 
непроменљивом брзином, топологије са променљивом брзином и енергетским претварачем 
парцијалне снаге ветроагрегата и топологије са променљивом брзином и енергетским 
претварачем пуне снаге ветроагрегата. 

Двострано напајани асинхрони генератори (Doubly-fed Induction Generator, DFIG) код 
којих се ротор напаја из енергетског претварача чија снага износи око 25%–30% номиналне 
снаге генератора, широко су заступљeни у системима са ветроагрегатима велике снаге због 
њихове важне карактеристике да раде са променљивом брзином и независном контролом 
активне и реактивне снаге на економичан начин. 

У новије време се двострано напајани релуктантни генератор без четкица на ротору 
(Brushless Doubly-Fed Reluctance Generator, BDFRG), у даљем тексту само двострано 
напајани релуктантни генератор јер се код савремених машина са релуктантним ротором 
подразумева да немају четкице на овом делу машине, предлаже као потенцијална 
алтернатива постојећим решењима у ветроенергетици. BDFRG, задржавајући већину 
предности постојећих решења, нуди и високу поузданост у раду. BDFRG представља 
економично решење за проблеме које има класичан DFIG са поузданошћу и одржавањем 
четкица и клизних прстенова у системима за конверзију енергије ветра у електричну 
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енергију (Wind Energy Conversion Systems, WECS). Као што је поменуто, ове особине су од 
посебног интереса за ветроелектране на мору, код којих су значајни трошкови рада и 
одржавања четкица ветрогенератора. 

Будући да се ветроелектране често постављају у удаљеним руралним подручјима, где је 
очекивано присуство слабих мрежа са несиметричним (неуравнотеженим) напонима који 
могу да доведу до искључења ветрогенератора са мреже, истраживачки рад спроведен у овој 
докторској дисертацији посвећен је и фокусиран на перформансе и управљање BDFRG-ом у 
условима несиметричног мрежног напона. У раду је развијен и предложен нови алгоритам 
управљања заснован на векторском управљању. Применом овог алгоритма обезбеђује се 
повећање робусности система на појаву инверзних компоненти мрежног напона, као и 
укупно побољшање перформанси система као резултат примене јнапређеног начина 
управљања. 

Да би се остварио овај циљ, истраживачки рад у тези је спроведен на следећи начин: 
1. Извршен је детаљан преглед постојеће литературе из области докторске тезе у циљу 

идентификације најбољих решења за синтезу алгоритма управљања у разматраном случају; 
2. Динамички модели BDFRG-а развијени су у условима несиметричног мрежног напона 

применом једначина за директан и инверзни систем; 
3. Развијен је нови алгоритам управљања заснован на векторском управљању са циљем 

елиминисања негативног утицаја компоненти инверзног напонског система на перформансе 
ветрогенератора; 

4. Перформансе предложеног алгоритма управљања анализиране су коришћењем 
рачунарских симулација у софтверу Matlab/Simulink; 

5. Перформансе предложеног алгоритма управљања су анализиране коришћењем Maxwell 
/ Simplorer / Simulink косимулације за BDFRG мале снаге; 

6. BDFRG од 1,5 MW је пројектован за примену у симулацијама у реалном времену; 
7. Перформансе новопројектованог ветрогенератора велике снаге са имплементираним 

новим алгоритмом управљања анализиране су у условима несиметричног мрежног напона на 
HIL поставци, где се C код компајлира у dSPACE® из Simulink ® модела користећи Real-
Time Workshop. 

На основу истраживања спроведеног према утврђеном плану, формулисани су и 
представљени главни научни доприноси у докторској дисертацији. 

Кључне речи: ветроенергетика, двострано напајани релуктантни генератор, несиметричан 
мрежни напон, пројектовање машина, Maxwell/Simplorer/Simulink косимулација, Hardware-
In-the-Loop 

Научна област: 

Електротехника и рачунарство 

Ужа научна област: 

Енергетски претварачи и погони 
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1.1 Introduction 

Wind power has been used for thousands of years by humans to produce mechanical energy 
(mills, irrigation and sailing boats) [1, 2]. The application of the kinetic energy of the wind for the 
generation of electric energy had its origin at the end of the 19th century. However, it was only 
from the 1960s onwards that there were sufficient investments to promote the advancement of wind 
energy conversion into electrical energy. In the 70's, during the oil crisis, with the awareness of the 
problems caused by the burning of fossil fuels and with government subsidies, the generation of 
electrical energy from wind energy was boosted [3]. 

There are many factors that have contributed to the increase of interest in wind energy in the last 
decades [3]. The first one refers to the need to look for alternative sources. The second reason was 
the large potential of wind energy, as it is available everywhere on the earth and in some places 
with a particularly high energy density. Third, there was the technological capacity. In particular, at 
that time there was a huge progress in other industrial fields, especially related to power electronics, 
which revolutionized the way wind energy could be extracted. The remaining two factors refer to 
the new vision of how to use the wind energy, technically and commercially, and the political will 
to achieve that. 

The growing demand for electrical energy, especially from renewable sources, has motivated the 
scientific community in the last decades to develop new technologies for producing electrical power 
more efficiently, reliably and economically. Wind energy source is a good example of this trend; 
especially electrical energy generation from wind power has grown significantly in recent years. 
The increasing size of wind turbines resulted in new grid codes [4].  

The main purpose of this chapter is to define and present the scientific framework of the thesis 
proposal based on published research assessing the use of a Brushless Doubly Fed Reluctance 
Generator (BDFRG) in variable speed systems for wind power energy conversion and their control 
under different grid conditions. 

1.2 Modeling of Wind Turbine Aerodynamics 

Wind turbines are used to turn the power of the wind into mechanical energy. The mechanical 
power captured by from the rotor blades Pm can be expressed as in (1.1), 

Equation Chapter (Next) Section 1 

 2 31
( , )

2m p wP R C v   , (1.1) 

where, ρ is the air density assumed to be constant, R is  the radius of the turbine rotor, vw is the 
average wind speed, and Cp is the power coefficient which is given as a function of tip speed ratio λ 
and the pitch angle β. The tip speed ratio λ is defined as: 

 
w g

rm

v I

R  , (1.2) 

where ωrm is the rotor speed and Ig is the gearbox ratio. 
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The performance of the wind turbine can be evaluated by the value of the power coefficient Cp, 
which represents the ratio between the power available at the rotor and the power that can be 
extracted by the turbine blades from the wind (i.e. it indicates the efficiency of the wind turbine). 
The theoretical maximum permissible value for Cp is known as the Betz limit. The maximum value 
of this coefficient is 0.59. The coefficient Cp can be approximated by several different possible non-
linear functions. One of the most commonly used expressions is given by (1.3), 
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  (1.4) 

The coefficients c1, c2, c3, c4, c5 and c6 depend on the aerodynamic characteristics of the wind 
turbine, and are obtained empirically as in Table 1.1. 

Table 1.1Value of the aerodynamic coefficients 

c1 c2 c3 c4 c5 c6 

0.7105 250 0.4 25 26 0.010868 

With the parameters defined for the wind turbine, the turbine output power with the trajectory of 
maximum power point tracking MPPT power is shown in Figure 1.1. 

 
Figure 1.1. Output power of the turbine versus rotor speed with MPPT 

The mechanical output torque of the wind turbine Tt, that is, the torque at the input of the 
gearbox, is defined by the equation: 

 t gt
t

t rm

PIP
T

 
    (1.5) 
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While the input torque of the generator Tm (i.e. the torque at the output of the gearbox) is 
defined by the equation (1.6), 

 m m
m

rm t g

P P
T

I 
    (1.6) 

Assuming that the friction and the slip losses of the gearbox are neglected, thus, the power at the 
input of the gearbox is considered the same as the power at the output. 

 t t m rmT T    (1.7) 

Input (drive) torque on the shaft of the BDFRG is shown in Figure 1.2. 

 
Figure 1.2. Input torque of the generator versus rotor speed 

1.3 Overview of existing wind energy conversion system topologies  

Over the years, different system topologies have been put forward, which may be generally 
classified into three types: fixed speed, variable speed with a partial scale power converter and 
variable speed with a full scale power converter [5, 6], as simplified in Figure 1.3. 

 
Figure 1.3. General classification of WECS topologies 
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1.3.1 Fixed speed WECS  

The fixed-speed WECSs have already been used with a multiple-stage gearbox and a squirrel-
cage induction generator (SCIG) directly connected to the grid through a soft-starter and  
transformer [1, 6] as illustrated in Figure 1.4. 

Since the SCIG always absorbs reactive power from the grid, this concept was extended with a 
capacitor banks installed to correct the power factor at each wind generator. Smoother grid 
connection is achieved by incorporating a soft-starter, which limits the inrush current to the 
induction generator during start‐up [1, 5-7]. 

The fixed-speed WECS has the advantage of being simple in construction, robust, reliable and 
has low initial costs. The main drawbacks of this system can be summarized as follows [1, 5-7]: 

 Uncontrollable reactive power consumption,  
 Mechanical stress and limited power quality control  
 Necessary application of a three-stage gearbox  
 Necessary excitation from the stator terminals of SCIG. Therefore, it is impossible for 

this type to support grid voltage control by compensating reactive power. 

 
Figure 1.4. Schematic of a fixed‐speed WECS with induction generator  

1.3.2 Variable speed WECS 

Variable-speed WECSs were designed to maximize wind power extraction over a broad range of 
wind speeds. With a variable-speed operation it has become possible to continuously regulate 
generator speed to match the maximum possible power that can be extracted with the wind turbine. 
Such a mechanism is known as the Maximum Power Point Tracking (MPPT) [8-10]. 

Other key advantages of variable speed operation are related to the increase of captured power, 
improvement of power quality and reduction of mechanical stress on the wind turbine. The 
disadvantages are increased cost of equipment because of the power converters application and 
accordingly their power losses. 

Currently, the most common configurations of variable-speed WECS depend on the rating of the 
power converter. 

DFIG
Step-up 

transformer

Wind turbine

Gearbox

Grid

Soft-starter

Capacitor bank
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1.3.2.1 Variable speed WECS with partial scale power converter 

A typical configuration shown in Figure 1.5 is known as the DFIG concept, which uses a partial-
scale power converter (rated at approximately 30% of nominal (rated) generator power) and a 
wound-rotor induction generator with slip rings to transfer current between the converter and the 
rotor windings [1, 5-7]. 

The power converter performs the reactive power compensation, because the grid-side power 
converter can control reactive power flow, independently of the generator operation. 

 
Figure 1.5. Typical configuration of doubly‐fed induction generator WECS 

A DFIG system can deliver active power to the grid through both the stator and the rotor side 
converter, while the rotor can also absorb power, depending on the generator mode of operation 
(sub/sub-synchronous). If the generator operates in super‐synchronous mode, power will be 
delivered from the rotor to the grid via the converter, and if the generator operates in sub-
synchronous mode, then the rotor will absorb power from the grid through the converter [5-7]. 

The main disadvantage of DFIG system is the use of brushes and slip rings to connect the 
wound rotor to the power converter. The aforementioned components require regular maintenance, 
which in turn increase the operating costs of the generating unit, especially on offshore wind farms. 
In addition, a multi-stage gearbox is still necessary in the drive train to match turbine and generator 
speed [5]. 

1.3.2.2 Variable speed WECS with full scale power converter 

The typical configuration of a variable speed WECS with a full-rated power converter is 
illustrated in Figure 1.8. In this type of WECS the generator is connected to the grid through a 
power converter that handles all of the generated power, which allows effective control of active 
and reactive power and smooth grid connection [1, 5, 6]. 

Fully scale converter WECSs may or may not have a gearbox depending on generator 
characteristics. Different types of electrical generators can be used, such as induction, wound-rotor 
synchronous or permanent magnet (PMSG) synchronous generators [1, 3, 5, 6]. 
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Figure 1.6. Gearless wind turbine with a permanent-magnet synchronous generator and a full-rated power converter 

1.4 Brief review of brushless doubly fed machines (BDFMs) 

The concept of BDFMs date back at the beginning of the 20th century [11], originally dating 
back to  the patent registered by the Siemens brothers and Lydall in 1902.[12, 13] From then on, 
this kind of machine has experienced three major development stages [14, 15]. In the first stage, 
around the 1910-1920s, Hunt and Creedy researched the concept of self-cascade machines, where 
two wound induction motors share a common shaft and the two sets of rotor windings are 
electrically self-cascaded  [16, 17].  Since the two sets of rotor windings are self-cascaded, there 
was no need for brushes or slip rings as shown in Figure 1.7. 

 
Figure 1.7. Two induction machines in cascade connection 

Further improvements related to BDFM were made by Broadway, Thomas, Kusko, Somuah and 
others in 70s [18-21]. A single stator winding was proposed by merging the two sets of stator 
windings applying dual-tapped stator windings wound into a common stator core. Along the time, 
they sought two distinct rotors, the nested cage rotor and the salient reluctance rotor. 

Further work on the subject has been presented around 1980 by Heyne and El-Antably to 
manufacture the Broadway’s version of BDFM, but did not produce significant torque density and 
energy efficiency for practical applications [14, 21]. 

In 90s the  brushless doubly fed reluctance machine (BDFRM) gained a quite attention, mainly 
motivated by the rapid progress in modern power electronics [15]. Since then, many papers have 
been published to unveil more of the BDFRM principles, operational characteristics, control 
methods and applications. In 1991, a transient machine model of a doubly fed reluctance motor and 
the 'dq' model were presented in [22, 23]. 
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A methodology for steady-state performance analysis and design of the DFRM was presented in 
[24], and subsequently, investigations of the electromagnetic principles of the BDFRM performance 
continued [25, 26]. The authors in [27] introduced a comparison between the Synchronous 
Reluctance Machine (SyncRM) and the BDFRM, where some aspects such as torque capacity, 
efficiency and inverter ratings were addressed by the authors. The same authors presented a 
comparative theoretical analysis and aspects of practical implementation of the important control 
strategies and associated machine performance/inverter size trade-offs for the BDFRM [28, 29]. 

Along the years, different control strategies have been reported in the literature. They can be 
mainly categorized as: scalar control [30-34], vector control, which can be voltage oriented control 
(VOC) or field-oriented control (FOC) [35-37] and direct torque control [30, 38, 39]. These control 
techniques can be rotor position sensor based or sensor-less [40], established through different 
position or speed estimation methods, including Model Reference Adaptive System (MRAS) [37, 
41-43], or observer-based schemes for speed, as well as torque (and flux) control [44]. The 
underlying control strategies have different objectives such as: power-winding unity power factor 
[36, 45], minimum converter current or maximum torque per inverter ampere (MTPIA), minimum 
copper losses, maximum power factor [36], reactive power and torque control [46] or Direct Power 
Control (DPC) [47-50]. Besides, other approaches such as Open-Winding-Based control [51, 52], 
improved Particle Swarm Optimization to adequately track the speed [53], etc. have also been 
documented [54]. 

1.5 WECS under unbalanced grid voltage conditions 

The wind power plants are often installed in remote rural areas, where it is usually characterized 
by weak grids with unbalanced voltages [55-57]. Under UGVCs, negative-sequence components 
are present in the grid voltage, influencing problems for wind generators such as unbalanced 
primary currents, secondary current harmonics, unequal heating or hot spots in the windings [58] 
which degrade the insulation and reduce the life expectancy of the windings. The interaction 
between negative-sequence voltage and positive-sequence current generate power pulsations and a 
pulsating torque, which may cause extra mechanical stress on the drivetrain and gearbox [58-63] 
and may even affect the system to be unable to perform as recommended with grid codes [64, 65]. 
The wind turbines might have to be disconnected from the grid under UGVCs [66] due to 
unbalanced stator current and power, as well as torque pulsations. On the other hand, recent grid 
codes require wind turbines to withstand a maximum value of 2% of grid voltage unbalance without 
tripping [67, 68]. 

The conventional control systems for DFIG based on voltage oriented control (VOC) theory, 
have been used for controlling such systems under normal conditions [69]. However, further 
improvements of the control algorithm have to be made for controlling the positive and negative 
sequence components of the rotor current under unbalanced grid conditions, in order to eliminate 
the torque ripple and the active power pulsations. Various control strategies have been proposed in 
the literature for the DFIG under UGVCs. The system performance and control of DFIG based wind 
turbine under UGVCs have been studied in [65-67, 70-75]. Even though many studies have 
presented advances along last years, there is still a lack of research on the performance of BDFRG 
under unbalanced grid voltage conditions. A new mathematical model for the BDFRG under 
UGVCs has been introduced in [61] using positive and negative sequence equations, where the 
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machine equivalent circuit in the d-q reference frame is presented, as well as the torque and the 
power equations were developed. Furthermore, a real-time separation method is introduced to 
separate the negative sequences from its positive sequences. 

The authors of [61] have provided mathematical proof of the BDFRG model under UGVCs in 
[76], where the space vector and dq models in the relative positive and negative sequence reference 
frames were derived from the time domain equations of the BDFRG. In addition, the model was 
simulated in MATLAB/Simulink in order to demonstrate the operation of the BDFRG under 
UGVCs. The same authors have used the model introduced in [61] to develop a Predictive DPC 
(PDPC) method for the BDFRG under UGVCs in [58]. The proposed PDPC is based on a power 
compensation strategy aiming to achieve two control objectives: balancing the primary currents and 
mitigating the electromagnetic torque pulsations. However, the impact of unbalanced grid voltage 
on the primary active power and the secondary current has not been fully investigated. 

In [77] the authors proposed an extended vector control strategy to increase the immunity to a 
negative sequence voltage component and to improve the controllability of such unbalanced grid 
conditions. The dynamic model in MATLAB/Simulink was developed in order to investigate the 
behavior of BDFRG during UGVCs. Methods to separate positive and negative sequence 
components in real time have been also developed in this paper. 

1.6 Research Motivation 

The main motivations for establishing control of the BDFRG under unbalanced grid conditions 
could be summarized as follows: 

 The BDFRG is one of the most promising machines, which gained a significant attention 
in the recent years, because of its reasonable cost, high reliability of brushless structure, 
and competitive performance with the conventional wound or cage rotor induction 
machine, or the brushless doubly-fed induction machine (BDFIM) counterpart [78]. 

 The BDFRG retains all of the cost benefits of the DFIG associated with using partially-
scaled power converters, especially in applications with limited speed ranges (e.g. wind 
turbines) where the converter rating, size and cost can be further reduced [34]. 

 Wind turbines are often installed in remote areas with weak grids where unbalanced 
voltages are common occurrence [77, 79]. 

 The power system transient stability issues with high penetration of WECS in recent 
years and consequently their big impact on the electricity system steady-state and 
dynamic operation. Therefore, under voltage dip conditions caused by faults within the 
grid, wind generators have to stay connected and act similarly to conventional power 
plants providing active power control, frequency regulation and dynamic voltage control, 
as well as low voltage ride through (LVRT). 

1.7 Aim and Contribution  

The main purpose of this thesis is to investigate and develop vector control strategies for large 
scale BDFRG based WECS under unbalanced grid voltage conditions, which has not been widely 
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covered in literature. For that purpose, a detailed review and systematization of existing research 
was conducted in the field of modeling and control of DFIG and BDFRG in conditions of 
unbalanced grid voltage, with an emphasis on the application of BDFRG in systems for the 
conversion of wind energy into electricity.   

Theoretical clarification has been carried out in the thesis in order to contribute to a better 
understanding of the performance of WECS with BDFRG in conditions with unbalanced grid 
voltages. A model for the BDFRG unbalanced operation has been put forward using positive and 
negative sequence equations. This model has been used to develop a new vector control (VC) 
method for the BDFRG under unbalanced grid conditions, which in turn allows taking into account 
grid codes requirements. 

Preliminary design of a large scale BDFRG using Ansys Maxwell software has been conducted 
in order to verify the two newly developed and proposed control algorithm on a hardware in the 
loop (HIL) setup. 

Demonstration of the effectiveness of the proposed control algorithm has been performed on 
three levels: 

1. Computer simulations with MATLAB/SIMULINK 
2. Maxwell / Simplorer / Simulink co-simulation for the small-scale BDFRG; 
3. Real-time simulations of a newly designed large scale BDFRG using HIL development 

platform. 
As the BDFRG is a very complex machine to design, initially a design was developed for a low-

power BDFRG (1.5 kW) for which basic dimensions and parameters could be found in the 
literature. Then the dimensions were scaled in order to complete the design for a large scale 
BDFRG (1.5 MW) in accordance with the procedure based on the existing literature in this research 
field. The parameters of the large scale BDFRG were determined using the analytical method for 
parameter calculation and the FEM model. The goal of this doctoral dissertation was to analyze the 
performance of the BDFRG within a real wind energy conversion system that is of high power 
(several MW). This analysis had to be conducted in accordance with the current regulative for 
unbalanced grid voltage conditions, and by applying two new and original control algorithms, 
developed in the thesis as its main contribution. Therefore, it was necessary to design large scale 
machine for high power applications and to determine its parameters. 

1.8 Thesis Outline 

The remaining thesis content is organized in the following way: 

Chapter 2 presents the fundamental principles of BDFRG operation including electromagnetic 
considerations. Both the steady state and dynamic modeling aspects are presented. 

Chapter 3 introduces a detailed analysis of the three commonly used control algorithms, i.e. 
scalar control, vector control, and DTC. The vector control methods for the machine side converter 
(MSC) and grid side converter (GSC) are presented, together with design principles of proportional-
integral (PI) controllers and the calculation of their parameters. 

Chapter 4 presents the main aspects, the mathematical model of a BDFRG under unbalanced 
grid conditions, and the developed advanced vector control strategy. An extended vector control 
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algorithm is used to control both the positive and negative sequence components of the secondary 
currents independently to achieve different targets. 

Chapter 5 focuses on the design of a large-scale BDFRG by deriving the design parameters from 
a small-scale machine. Some fundamental issues concerning the BDFRG design are addressed.  The 
performance of a 1.5 MW design is examined through finite element analysis (FEA) employing 
Ansys Maxwell software. 

Chapter 6 investigates the optimized control algorithm performances. The improved control 
algorithm has been examined and validated in two manners: using Maxwell/Simplorer/Simulink co-
simulation (for a small-scale machine) and the Hardware-In-the-Loop (HIL) system (for a large-
scale machine). 

Conclusions of the research work presented in the thesis with emphasized contributions and 
plans for future work are given in Chapter 7. 
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2.1 Introduction 

BDFRG is an attractive solution in variable speed applications with limited speed ranges owing 
to the high reliability of the brushless structure and the low cost of a partially rated converter. It has 
all the advantages of doubly-fed machines, with operating flexibility and control techniques similar 
to those of DFIG. Thus, it can operate at synchronous, super-synchronous and sub-synchronous 
speeds in the motor and generator operating modes [28, 80]  

The rotor with half of the total number of the stator poles provides magnetic coupling between 
the two stator windings. The presence of the variable reluctance rotor position-dependent path 
modulates the magnetomotive force (MMF) waveforms of the two windings in both spatial and 
temporal terms, leading to linking the flux harmonic side-bands of each winding with the 
fundamental MMF of the complementary winding [50, 81, 82]. 

2.2 Electromagnetic principles 

The performance of the BDFRM highly depends on the capability of the rotor to modulate stator 
magnetic fields in order to establish magnetic coupling between the stator windings that otherwise 
interact. The unusual electromagnetic field interaction limits the use of traditional machine analysis 
and needs the consideration of the associated phenomena simultaneously. The operating principles 
of the BDFRM are well discussed in the literature [22-26]. 

2.2.1 Air-gap modeling by using the salient pole rotor 

In order to make the analysis feasible, some assumptions are considered [25]: 

 The iron of the machine has infinite permeability 
 The two sets of three phase windings of the machine will be assumed to be adequately 

modelled as spatially sinusoidally distributed windings. 
 The stator currents are represented by sinusoidal waveforms. 
 Concerning the system topology, the primary winding is directly connected to the grid 

under normal operating conditions and the secondary winding is converter fed. 

Additionally, it is considered that air gap function can be modeled as in [25], 
Equation Chapter (Next) Section 1 

 1 ( , ) cos[ ( )]rm r rmg m n P       , (2.1) 

where the constants m and n are real numbers, satisfying m ≥ n > 0; Pr is the number of rotor poles; 
θrm is the rotor mechanical angle; θ is the angle around the air-gap. Figure 2.1 shows a graphical 
representation of the inverse air gap function, in accordance to (2.1). 
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Figure 2.1. Inverse air-gap function in accordance to (2.1) 

Assume that the primary and secondary three phase windings are fed with three phase sinusoidal 
currents, the fundamental component of the three-phase MMFs can be calculated as in [24, 25, 83], 
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, (2.2) 

where Pp is the number of poles of the primary winding; Ps is the number of poles of the secondary 
winding; Fp  and Fs are the peak primary and secondary MMFs given in (2.3), 

 _ _ _ _3 4 3 4ˆ ˆ. ,       .
2 2

ph p w p ph s w s
p p s s

p s

N K N K
F I F I

P P 
  , (2.3) 

where Nph_p,s are the total number of turns per phase and Kw_p,s are the winding factors. 

For different combinations of pole numbers, the three-phase MMFs produced from the two 
winding sets (only the fundamental component is considered) are shown in Figure 2.2  

  

Figure 2.2.Three-phase MMFs for each winding 

Considering only the fundamental component of the MMFs, one can reasonably expect some 
difficulties on designing a BDFRM, since the total MMF is not sinusoidal and will be further 
modulated by the rotor [13].  

The flux density distribution along the air gap can be computed as in [25], 
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 1
0( , , ) ( , ) ( , )rm rm totalB t g F t      , (2.4) 

where μ0 represents the vacuum magnetic permeability. Most research studies assumed that m an n 
in (2.1) as m = n = G/2, G = 1/gap, where G is the minimum air-gap length. Carrying out some 
manipulations, the air-gap flux density due to the primary, as well as secondary winding is obtained 
and presented with following expressions: 
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, (2.6) 

where ωp,s is  the primary and secondary angular frequency respectively; ωrm is the rotor 
mechanical angular speed in mech-rad/sec, θrm= ωrmt is the rotor mechanical angle, and Pr is the 
number of rotor poles. 

It can be stated that the equations (2.5) and (2.6) have a fundamental field and two sidebands. 
The coupling between the winding sets is achieved if one of the sidebands of one winding couples 
the fundamental component of the complementary winding. This means that the two values 
including cosine terms of the secondary fundamental component in (2.6) and the primary harmonic 
component in (2.5) must be equal. It is worth noting that the fundamental component of each 
winding can be coupled with only one sideband of the complementary winding and the remaining 
sideband would be a leakage flux [25]. 

For instance, let us analyze one of the possible combinations which is coupling of the 
fundamental component from secondary winding with one of the sidebands from primary winding 
due to rotor modulation. 

 cos ( ) ( ) cos( )
2 2
p s
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P P
P t P t    

 
     


  (2.7) 

The following coupling conditions for electromagnetic torque production can be concluded from 
(2.7): 

                              or
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and 
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  (2.9) 

Similar analysis can be performed for each one of the four combinations between fundamental 
component and the two sidebands of the complementary winding as explained in Figure 2.3 

 
Figure 2.3. Coupling conditions for torque production of the BDFRM (adapted from [13]) 

2.3 Basic concepts 

The BDFRG has two windings: the primary winding, known as the power winding, which is 
directly connected to the grid, and the secondary winding, known as the control winding, which is 
connected to the grid through a bidirectional power converter in back-to-back configuration as 
shown in Figure 2.4. 

 
Figure 2.4. Conceptual block diagram of the BDFRG-based wind energy conversion system. 
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The number of rotor poles (Pr) is half the total number of poles of the stator, that is, it is equal to 
the sum of the pole pairs of the two windings:  

 2
p s

r

P P
P




  (2.10) 

In this way, the magnetic coupling between the two sets of windings depends on the reluctance 
of the rotor, that is, it depends on the position of the rotor shaft [27]. The electrical frequency of the 
machine rotor must be synchronized with the sum of the electrical frequencies of the primary and 
secondary windings [29]. As the frequency of the primary winding is constant, the frequency of the 
secondary winding varies with machine speed. The criterion for synchronizing the secondary 
winding is given by equation (2.11), 

 r p s s r pf f f f f f     , (2.11) 

where, fp is the electrical frequency of the primary winding, fs represents the electrical frequency of 
the secondary winding, and fr is the electrical frequency of the rotor.  

The relationship between fundamental angular frequencies suitable for insight into 
electromechanical energy conversion and accordingly machine torque production is given in (2.12),  

 (1 ) (1 )p s p s s
r sync

r r p pP P

     
 


       (2.12) 

When the secondary winding is connected to DC voltage (i.e ωs = 0), the BDFRG operates in 
synchronous mode at ωsync = ωp/Pr, which is half of the synchronous speed of a P𝑟-pole DFIG. 
Thus, the BDFRG can be categorized as a medium-speed machine requiring a two-stage gearbox 
unlike the failures-prone 3-stage counterpart of the high-speed DFIG traditionally employed in 
these applications [84]. 

The rotor speed variation with the secondary winding frequency variation in the case of different 
rotor pole numbers is shown in Figure 2.5. 

 
Figure 2.5. Variation of speed with secondary winding frequency when primary winding is connected to grid with 50 

Hz frequency 

In the BDFRM, the synchronous angular speed (ωsyn) is equal to the angular speed of the 
primary winding. Hence, the generalized slip can be defined as: 
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     (2.13) 

2.4 Dynamic Model in Space-Vector Presentation 

The dynamic model of BDFRM presented with the space vector equations can be found in detail 
in [26]. Based on this publication, a summary of the model is presented with equations from (2.14) 
to (2.17). The voltage and the flux space vector equations for the machine in a reference frame 
rotating at p for the primary winding and r–p for the secondary winding, assuming motoring 
convention, can be written as follows: 
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, (2.17) 

In these equations, up and us are the primary and secondary winding voltages respectively, while 
λp and λs are the corresponding fluxes. The remaining parameters are as follows: the primary and 
secondary winding resistances Rp and Rs, and self-inductances Lp and Ls, Lps is the primary to 
secondary mutual inductance, σ =1–L2

ps/(LpLs) is the leakage factor, λps is the mutual flux linkage, 
and “*”denotes a complex conjugate. All the vectors in the primary voltage and flux equations are 
stationary in a dq reference frame rotating at ωp, and so are secondary counterparts but in a ωs 
rotating dq reference frame shown in the phasor diagram in Figure 2.6. Note that ism = is and ipm = ip 
(in their respective frames) are the magnetically coupled currents from one machine side to the 
other, with the same magnitude albeit a different frequency to the original current vectors as a result 
of the frequency modulating action of the rotor [25, 85]. 

 
Figure 2.6. Reference frames and characteristic phasors 
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The ωs defines the operating mode of the BDFRM (Figure 2.7), being able to work in three 
modes:  

 Synchronous mode (ωs = 0, i.e. DC excitation), in this case the machine is essentially a 
conventional synchronous machine. Under this conditions when the secondary winding 
is not contributing any power to the system, the maximum power that can be produced 
by the machine is half that when the secondary winding is being fed from AC voltage 
source. 

 Super-synchronous mode (ωs > 0), when ωs = ωp, case of maximum speed, the real 
power is shared equally by the two windings. If ωs = ωp/2, the real power flowing 
through the secondary winding is half the real power flowing through the primary 
winding - in this case the secondary winding is responsible for 1/3 of the total power. 

 Sub-synchronous mode (ωs < 0), e.g. the opposite phase sequence of the secondary 
winding to the primary one. This mode of operation is inefficient because part of the real 
power is circulating through the machine, causing losses [25]. 
 

 
Figure 2.7. Operating modes and power flows for the BDFRM 

The rotor is responsible for providing the coupling between the stator windings, satisfying 
equations (2.10) and (2.13). To better quantify the influence of the rotor, the expression of the 
electromagnetic torque in steady state is used, according to the equation (2.18). 
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In this equation, Te is the electromagnetic torque and γtorque is the torque angle (also called the 
load angle), and it depends on the phase shift between the primary and secondary winding currents 
and the initial rotor angle [25]. 
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2.4.1 BDFRM d-q Model 

The advantage of using 'dq' reference models is due to the fact that there are fewer variables 
than in the three-phase model. This makes it simpler to analyze and control the machine. The 
BDFRM space-vector model (2.14)-(2.17) in motoring mode in reference frames rotating at ω = ωp 
for the primary winding and ω = ωr– ωp for the secondary winding, can be further developed by 
using standard notation into the respective dq components as follows:  
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The previous d-q equations can be developed to give expressions (2.23) and (2.24), which can 
be further used to establish the equivalent circuit shown in Figure 2.8. 
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The d-q model equations are very similar to those of the induction machine, which means that 
the BDFRM is equivalent to a wound rotor induction machine with 2Pr-pole [26, 80]. The 
corresponding equivalent circuit is shown in Figure 2.8. 
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Figure 2.8. d-q equivalent circuit of BDFRM 

The expression (2.25) is chosen among various expressions for the BDFRM electromagnetic 
torque representation. Thus, it can be concluded that the electromagnetic torque only appears as a 
function of flux variations in the primary winding and the secondary current. In this way, the 
electromagnetic torque can be controlled by the secondary current [25, 26], while the primary fluxes 
(λpd and λpq) are approximately constant (primary winding is connected directly to the grid). 
Secondary currents (isd and isq ) are controlled by the power converter. 
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The mechanical equation for a single lumped inertia load (J), used in the model for simulation 
purposes is given with (2.26): 
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Figure 2.9. Ideal Dynamic Model of BDFRM for Simulations with Matlab/Simulink 

The mechanical power equation presented in (2.27) shows the individual contributions of each 
winding. 
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The machine operating mode is determined by the power flow on the primary side, i.e. from the 
grid for motoring (Te > 0), and to the grid for generating (Te < 0), while the secondary can absorb or 
deliver active power subject to the winding phase sequence, i.e. the ωs sign: the BDFRM would 
absorb (produce) positive secondary power at super (sub)-synchronous speeds as a motor, and at 
sub (super)-synchronous speeds as a generator. 

Table 2.1. Power flow for typical operating modes 

Speed mode Motor Te > 0 Generator Te < 0 

Sub-synchronous (ωs < 0) pp > 0 & ps < 0 pp < 0 & ps > 0 

Super-synchronous (ωs > 0) pp > 0 & ps > 0 pp < 0 & ps < 0 

2.5 Starting procedure 

Because a partially-scaled power converter is used, the starting current of the secondary winding 
must be limited below the rated value of the used power converter. To achieve a soft starting, the 
BDFRM is started as an induction machine. In this case, auxiliary contactors are needed to short-
circuit the secondary winding terminals directly or via external resistors to prevent the inverter 
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transient over currents and allow the BDFRM to start as an unloaded induction machine [30, 85, 
86]. 

On the other hand, the machine could be started with the shorted primary windings using the 
inverter, and then self-synchronize it to the grid for doubly-fed operation, following the procedure 
similar to that used for commercial DFIM drives [86, 87]. 

2.6 Steady-State Analysis of BDFRGs 

A study of the steady-state characteristics is useful to understand the BDFRM performance in a 
broader spectrum. It shows how the speed and the power are affected by the applied secondary 
voltage. 

The steady state equations for the BDFRM can be written as: 

 *( ) ( )j
p p p sp p p p ps p psU R I j L L I j L I I e       , (2.28) 

 *( ) ( )
j

j j js s
s s s pp s ps p ps

RU e
I e j L L I e j L I e I

s s


         , (2.29) 

where the p subscript denotes the primary winding and the s subscript denotes the secondary 
winding. 

It is worth noting that the frequencies of the primary and the secondary sides of the machine are 
different, therefore this fact is applied in the main steady-state equations. The coupled equivalent 
circuit is obtained by defining a relationship between the two frequencies being applied to the 
system. This relationship is derived in terms of a slip. Hence, the secondary parameters have not 
been referred to the primary winding in a turns ratio sense (or vice-versa). However, a frequency 
referencing operation has been carried out [25]. The corresponding equivalent circuit drawn from 
these equations is shown in Figure 2.10. 

 
Figure 2.10. The steady-state equivalent circuit of the BDFRM 

Compared with the DFIM equivalent circuit, one can observe a great deal of similarity in form 
despite the entirely different operating principles of the two machines. This model is virtually exactly 
the same as the per-phase steady state model of DFIM derived in [88]. The angle γ in (2.28) and (2.29) 
is the torque angle, and it depends on the phase shift between the primary and secondary winding 
currents and the initial rotor angle. The output torque of the BDFRM can be expressed as follows, 
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, (2.30) 

where α is the phase shift between the primary and secondary currents, and θr0 is the initial rotor 
angle. Equation (2.30) reveals that the output torque of the machine is directly proportional to rotor 
pole number (Pr), peak variation of mutual coupling between the windings (Lps), and peak currents 
in both the windings (Ip, Is). Inspection of (2.30) indicates that if α is zero, torque has its maximum 
value when the initial rotor angle is 90 degrees. In that case, the self and mutual fluxes are 
orthogonal in both windings. 

If the secondary is shorted in Figure 2.10, the model becomes equivalent to a traditional SCIM. 
This reinforces the close connection between the modeling of the BDFRM and the IM. It also 
designates the ability of the BDFRM to work as an induction machine in case of inverter failure. 

The primary and secondary currents can be calculated from the steady-state equivalent circuit 
using the superposition theorem as follows: 
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When the rotor rotates at synchronous speed, the secondary current falls to zero and the primary 
current becomes a no-load current and has a minimum value. It means that, in order to obtain the 
same conditions when the wind speed drops, the secondary currents should be set to zero at some 
value of the slip. For a BDFRG, this could be achieved by applying an appropriate voltage to the 
secondary circuit. At the given slip, and zero secondary current (i.e. at virtual synchronous speed), 
the secondary voltage which has to be applied during wind speed drop to keep the machine working 
as a generator can be calculated as: 
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  (2.33) 

According to the BDFRM presentation given in the previous section, a 1.5 MW, 690 V, 50 Hz 
BDFRG with its parameters listed in Table 2.2, is considered for analysis and calculation of 
characteristic values for the generator operation of the BDFRG. 

Firstly, the equivalent circuit is solved in motor operating mode with short-circuited secondary. 
In this case, the analysis is then performed on the generator runs super-synchronously, assuming the 
same efficiency and power factor as in motor mode.  

In order to assess the effect of the secondary voltage on the performance of the BDFRG, the 
analysis is then performed in the case of wind speed drop. In this case, the secondary voltage should 
be applied, and the BDFRG works in a sub-synchronous generator regime 
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Table 2.2. The parameters of the DFIG and BDFRG 

Parameter DFIG BDFRG 

Rated power (MW) 1.5 1.5 

Line voltage (V) 690 690 

Stator, rotor poles 6 8/4, 6 

Synchronous speed (rpm) 1000 500 

Power winding resistance (Ω) 0.0014 0.005103 

Power winding inductance (H) 0.001616 0.00237 

Control winding resistance (Ω) 0.00099 0.006827 

Control winding inductance (H) 0.0016081 0.0044334 

Mutual inductance (H) 0.001526 0.002924 

By neglecting both friction and iron losses, the BDFRM in a motor operating mode with short-
circuited secondary, develops full shaft power at 492.7 rpm, i.e. at slip s=1.46%. By solving the 
equivalent circuit for the motor full-load operating point, the following quantities (Table 2.3) are 
calculated: 

Table 2.3. The results for the BDFRM full-load operating point (US=0) 

Let’s assume that the BDFRM generates its rated power for wind speed vw=10.3 m/s with λ=7 
and Cp=0.4, with the same efficiency and power factor as in motor mode. The turbine radius used in 
turbine design is R=42 m, and the power is easily determined from the following expression: 

 2 31

2m p w pP R C v p    (2.34) 

The corresponding turbine angular speed is: 

  1.7167rad/sw
t

v

R

 
    (2.35) 

By solving the equivalent circuit of the BDFRM with short-circuited secondary (Us=0), the 
machine will generate 1.4802 MW of active power at a rotor speed of nr=506.82 rpm (super-
synchronous mode) and slip s=−1.36%. The quantities for the generator mode of operation were 
calculated and reported in Table 2.4. 

Table 2.4. The results for the BDFRG full-load operating point (US=0) 

nr(rpm) s% Ip(kA) Is(kA) pp(MW) qp(MVAr) Pcu_p(kW) Pcu_s(kW) Pm(MW)  cosϕ 

492.7 1.46 1.6214 1.0138 1.48 1.24 40.248 21.050 1.421 95.86 0.7648 

nr(rpm) s% Ip(kA) Is(kA) pp(MW) qp(MVAr) Pcu_p(kW) Pcu_s(kW) Pm(MW)  cosϕ 

506.82 –1.36 1.589 0.986 –1.4217 1.2588 38.648 19.92 –1.4802 96.04 –0.7487 
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The gearbox ratio for a six-pole machine with rated load slip s=−1.36% can be calculated as 
follows: 

 
506.82 / 30

1:  30.92
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I
 



     (2.36) 

In the previous calculations, a short-circuited secondary machine has been considered for rated-
load generator operation, with the rated speed in the super-synchronous range (506.82 rpm). 

In order to keep the machine working as a generator in the sub-synchronous range (i.e. for lower 
wind speeds), a proper voltage should be applied to the secondary winding. Let’s assume that the 
wind speed drops to vw=9.8 m/s, according to (2.34), the mechanical power at this wind speed is 
1.278 MW. In this case, the turbine angular speed will drop to 1.6333 rad/s and the rotor speed 
becomes 482.265 rpm. This speed can be moved to the generator mode speed range (i.e. the 
synchronous speed can be virtually lowered below 482.26 rpm), by applying an appropriate 
secondary voltage. The new synchronous speed can be calculated as: 
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The corresponding actual slip, based on the original synchronous speed (nsyn=500 rpm), is: 
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. (2.38) 

This slip value is substituted into (2.33) to calculate the secondary voltage, obtaining the value 
given in (2.39). 

 25.23 90 VsU     (2.39) 

2.6.1 The Results of Comparison between DFIG and BDFRG 

The calculation has been performed for the same turbine and wind speed range, as well as the 
same rated power of 1.5 MW of machines with six poles on their rotors, BDFRM and DFIM. The 
obtained results presented in Figure 2.11 show a great deal of similarity in performance for both 
machines. 

When both machines, the DFIM and the BDFRM, operate as induction generators, they generate 
the same active power (about 1.43 MW). On the other hand, the DFIG absorbs 1.218 MVAr of 
reactive power, while the BDFRG absorbs 1.2588 MVAr of reactive power. In this case, the power 
factor and machine efficiency are, respectively: (0.767, 98%) for DFIG and (0.7487, 96%) for 
BDFRG. 

By applying the calculated control voltage, a new operating point is obtained. The results for the 
new operating point when the generators run sub-synchronously are summarized in Table 2.5. In 
this case, the BDFRG produces about 50% of its rated power, while the DFIG produces only about 
14% of its rated power. 
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Table 2.5. Steady-state characteristics at the new operating point  

It is worth noting that the control voltage calculated above is valid only for the new operating 
point; when the wind speed changes, a new calculation based on the new slip is required. The 
control voltage to be applied as a function of the wind speed is shown in Figure 2.12. 

DFIG BDFRG 

  

  

  

Figure 2.11. Results of comparison between DFIM and BDFRM natural (Ur, Us = 0) and modified (Ur, Us ≠ 0) 
characteristics 
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954.86 0.3972 0.485 -0.201 1.36 99.3 

BDFRG 
nr (rpm) Ip (kA) Is (kA) pp (MW) Pcu (kW)  % 

482.26 0.634 0.665 -0.757 15.2 98 
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Figure 2.12. Control voltage vs rotor speed for DFIM (left) and BDFRM (right) 

 



Chapter3. BDFRG Control Methods 

29 
 

 

 

 

 

 

 

 

 

 

3. Chapter 3 

BDFRG Control Methods 
  



Chapter3. BDFRG Control Methods 

30 
 

3.1 Introduction 

The control of BDFRG is important for its optimal operation. Regarding the WECS, various 
control techniques to extract maximum power from the wind turbine have been reported in the 
literature over the years. The most cited control methods are classified in the literature as: scalar 
control (SC) [30-33], Vector-Oriented Strategies, which can be primary voltage oriented control 
(PVOC) or primary field-oriented control (PFOC) [35-37] and direct torque control (DTC) [30, 38, 
39]. These control techniques can be shaft position sensor based or without a rotor position sensor 
[40], achieved using different position or speed estimation methods, including Model Reference 
Adaptive System (MRAS) [37, 41], or observer-based schemes for speed, as well as torque (and 
flux) control [44]. In [43] a new sensorless MRAS control was proposed and evaluated for 
inherently decoupled torque and reactive power control. 

The three commonly used control algorithms, i.e. scalar control, vector control and DTC would 
be further discussed in detail in this chapter. 

3.2 Scalar Control   

Scalar control, often called V/f control, is considered a simple control algorithm in which the 
air-gap flux is kept almost at its maximum value for the best torque production. Thus, to keep the 
flux constant, the voltage must vary with frequency and the V/f ratio must be kept constant. Sudden 
changes in speed and frequency are cause for attention as they can initiate operational instability. 
Thus, this control technique is suitable for systems where steady-state, rather than dynamic, 
performance is of main concern (such as fans, pumps, compressors, blowers and similar loads) [89]. 

In order to determine an adequate V/f ratio for SC implementation of the BDFRM, the secondary 
voltage should be calculated in a flux-oriented reference frame as in (3.1), 

 Equation Chapter (Next) Section 1 
 )s s s s pss s s s s su R i j R i j L i        ( +   (3.1) 

When maximum torque per inverter Ampere (MTPIA) is required, then isd = 0, resulting in (3.1) 
to become: 

 ( )s s sq s ps s s squ j R i L i     . (3.2) 

For large scale machines, the winding resistances are low, and by neglecting the secondary 
impedance voltage drop, which can be proven to be a valid assumption for frequencies near 
synchronous speed, the expression for the secondary winding voltage can be simplified as follows: 

 ps ps p
s s ps s p s

p p p

L L u
u j j j

L L
    


     (3.3) 

The secondary voltage reference for a given primary voltage then can be determined as: 

 ps p
s s

p p

L u
u

L



    (3.4) 
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Figure 3.1 shows a closed-loop scalar control method for the BDFRM. 

 
Figure 3.1. A block diagram of the BDFRM drive with closed-loop scalar control 

3.3 Vector Control 

Vector control (VC) algorithm is considered the common algorithm to control traditional 
machines, especially when a fast dynamic response and accurate control is required [90]. 
Furthermore, applying VC allows decoupled control of active and reactive power produced by the 
machine. DFIG systems have been conventionally controlled using either voltage-oriented [91], 
[92] or flux-oriented [10], [93] control based on d-q decoupling. 

The power relations for primary VOC and PFOC for BDFRG can be derived from the BDFRG 
model (2.14) and (2.15) in ωp and ωs frames. Substituting for ip from the λp equation of (2.16) and 

(2.17) into sp=
3
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*, the following relationships are obtained [35]: 
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There are coupling terms that can be observed from the VOC expressions, since isd and isq exist 
in both active and reactive power relationships of (3.5). The degree of coupling can be reduced by 
aligning the qp-axis to the primary voltage vector as shown in Figure 3.2(a). In this case λp would be 
phase shifted ahead of the corresponding dp-axis, depending on the winding resistance which is 
generally smaller in large machines and can be neglected. 
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  (3.6) 

The PFOC is achieved if the dp-axis is aligned to primary flux linkage (i.e. λpq = 0), as shown in 
Figure 3.2(b). The most important advantage of FOC over VOC is the inherently decoupled control 
of the primary active and reactive power. However, these valuable FOC properties come at the cost 
of the flux angle estimation. Furthermore, the winding resistance (Rp) knowledge is required, 
especially in low to medium power applications [35]. 

 (a) Voltage oriented control  (b) Flux oriented control 

Figure 3.2. Phasor diagram and reference frames used in the BDFRM equations 

3.3.1 Machine Side Vector Control (MSVC) 

The MSVC scheme is shown in Figure 3.3, including both the inner and external control loops. 
The external control loop requires two PI controllers in order to control the primary active and 
reactive power independently. Likewise the inner one requires two PI controllers, but to regulate the 
d and q secondary current components. 

Since the system is symmetrical (i.e. the transfer function is the same for d and q secondary 
current, as well as for the active and reactive power), the parameters of PI controllers are the same 
for the d-axis and q-axis secondary current loops, as well as for the reactive and active power loops. 
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Figure 3.3. Configuration of the VC for a BDFRM machine side converter 

3.3.1.1 Inner Loop (Currents Loop) 

According to the BDFRM steady-state model, the secondary d-q voltages can be identified as: 
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  (3.7) 

Equation (3.7) is important for the VC algorithm and can be used to calculate the reference 
voltage values. Since the flux linkage component is fairly constant, the use of PI current controllers 
is justified for this purpose and can be formulated as in [94]: 
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  (3.8) 

The current control loop is shown in Figure 3.4 , and hence the corresponding transfer function 
can be written as follows: 

 
2

( )

( )
dq

dq

P I

s s s

s P Is

s s

k k
si s L L

R k ki s s s
L L

 

 







 

  (3.9) 

where, (*) denotes the reference values 
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Figure 3.4. Current control loop of the secondary-side power converter. 

Assuming kP << kI, (3.9) can be simplified as a second-order transfer function of the following 
form: 
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, (3.10) 

where ξ is the damping ratio, which affects the maximum overshoot and response speed. An 
optimum damping ratio for classical second-order system is typically considered as 0.707, since it 
gives a very small overshoot (less than 5%) with an acceptable settling time. On the other hand, the 
undamped natural frequency ωn affects the response speed. Hence, the PI controller parameters can 
be determined as in (3.11) [95], 

 2(2 )     ,       P n s s I n sk L R k L      . (3.11) 

3.3.1.2 Power Loop Derivation 

In the case of VOC, the qp-axis of the reference frame is aligned to the primary voltage vector as 
presented in Figure 3.2(a). Hence, the flux vector λp would be phase shifted ahead of the dp-axis, 
depending on the winding resistance, which is typically smaller as the machine is larger. Therefore, 
VC could be similar to FOC as λpsd

≫λpsq
, i.e. λpsd

≈λps and (3.5) becomes: 
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  (3.12) 

Since the primary winding is grid connected at line frequency, the magnitudes of λp and λps are 
approximately constant. According to (3.12), pp and qp are proportional to isq and isd currents 
respectively, which means that the use of PI controllers is correct: 
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Because the inner control loops are much faster than the external control loops, the power 
converter dynamics and measurement delays would be neglected, as shown in Figure 3.5. 
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Figure 3.5. Power control loops of the secondary-side power converter 

Transfer functions for the active and reactive power are the same and can be expressed as: 
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Assuming that ratio A is the dominant term in the denominator (i.e. A≈ A+1/BkI), then the 
transfer function can be approximated as a unity gain with a poor noise rejection property. Thus, A 
should be very small in order to use a first order approximation of the transfer function and to 
determine the PI gains as follows: 
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where τo is the external loop time constant and should be much larger than the inner loop time 
constant. 

3.3.1.3 Speed Loop in Vector Control 

Vector control is commonly used in the most electrical drive applications owing to the high 
quality response provided at fixed sampling rates. The inner loop is to control the secondary dq 
current components, while the external one corresponds to the speed control. In this case, the actual 
machine rotation is torque based. From equation (2.25) and by aligning the dp-axis of the reference 
frame to the primary flux vector (i.e. λpq=0), the torque expression can be simplified as: 
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The appropriate torque is developed as illustrated in Figure 3.6. 

 
Figure 3.6. Speed control loop of the secondary-side converter 

The corresponding transfer function for the speed control loop can be written as follows: 
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  (3.18) 

where m=3PrLpsλp/(2Lp J) . Assuming kP << kI, equation (3.18) can be approximated as a second-

order transfer function, and the controller gains can then be calculated as follows: 
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3.3.2 Vector Control of Grid Side Converter (GSC) 

The main objective of the GSC is to maintain the DC-link voltage between the two converters at 
a desired value and to regulate the reactive power exchange between the GSC and the grid. The 
power factor of the GSC is usually set to unity (qg=0). However, it can be used to inject reactive 
power into the grid during the grid fault for voltage support [96]. 

The VOC is selected for the GSC by aligning the d-axis of the rotating frame with the grid 
voltage space vector (ugq=0). In this case the grid active and reactive power equations can be 
simplified as in (3.21): 
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It is clear that igd current is responsible for the active power, while the igq current is responsible 
for controlling the reactive power. 

Similar to the machine side converter, the control part of the GSC includes two inner and one 
external control loop as shown in Figure 3.7. 
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Figure 3.7. Control scheme of the grid side converter 

3.3.2.1 Mathematical Model of the Current Loops 

The voltage balance across the grid filter in the synchronous dq reference frame rotating at ωp is 
given by (3.21), 
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, (3.22) 

where Rf and Lf are respectively the resistance and inductance of the grid side filter, ugd,q and igd,q 
are the dq components of the grid voltage and current respectively, ufd,q and ifd,q are the dq 
components of the grid filter voltage and current respectively. 

The grid-side converter inner control loop shown in Figure 3.8 has the following transfer 
function: 
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The PI controller gains can be calculated as follows: 
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Figure 3.8. Current control loops of the grid-side converter 

3.4 Sensorless Torque and Reactive Power Controller for BDFRM 

The basic concept of the DTC control can be established from the torque expression defined 
with (3.25), because it shows the relationship between the electromagnetic torque, the secondary 
flux (λs),  the mutual flux (λps), and the angle (δ) between the corresponding phasors [97, 98]: 
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  (3.25) 

It is worth mentioning that both of (λs) and (λps) vectors rotate at ωs as illustrated in Figure 3.9. 

 
Figure 3.9. Phasor diagram in a stationary reference frame 

In addition, the secondary flux vector (λs) is ahead of the mutual flux vector (λps) for motoring 
operation, and vice versa in the generating regime as shown in Figure 3.10. 
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Figure 3.10. Flux vectors characteristics and secondary voltage vectors in associated π/3 sectors 

To better understand the mechanism by which the λs dynamics affect the instantaneous torque 
and primary reactive power, two extreme scenarios are inspected under the PFOC conditions (i.e. λp 
= λpd  and λps = λpsd ), as in (3.12): 
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Let us assume that the machine magnetization is completely performed from the primary side 
(isd = 0) and isq is to be changed from zero to its rated value. The λs behavior can be observed from 
(3.27) and Figure 3.2(b). It reveals a predominant change of λsq = σLs isq = λs sin δ and, therefore, δ 
in (3.25) with λs ≈ λsd = λps ≈ const is being unaffected. 
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. (3.27) 

Hence, increase/decrease in δ resulting in increase/decrease of torque according to (3.25). On 
the other hand, moving λs in a desired direction (i.e. δ change) would not affect qp much according 
to (3.26). 

Contrarily, if the unloaded machine is considered (i.e. isq= 0) and isd is changed from zero to its 
rated value, it will result in λsq = 0 and λs=λsd=λps+σLsisd. Therefore, variations in isd would have a 
significant effect on λs and hence on qp (but in opposite direction) according to (3.26). In contrast to 
this, it has a marginal influence on δ and consequently on Te. 

In conclusion, if qp is required to be increased/decreased, isd and, consequently, λs must be 
decreased/increased [39, 46, 98]. 

A structural diagram of the control scheme is shown in Figure 3.11. The reactive power 
reference (q*) is set to achieve the required line power factor, whereas the specific torque reference 

Te
* is commonly generated by a conventional PI speed controller (in drive applications) or a MPPT 

controller (e.g. in variable speed WECS) [39, 46]. 
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Figure 3.11. Structure of the torque and reactive power control 

The primary phase measurements are used to calculate the estimated value of torque and the 
actual reactive power as in (3.28), 
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where λdq are estimated using 
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The comparators’ outputs (Te_err and q_err), along with information about the secondary flux 
sector, can be used to index the relevant look-up tables and determine the appropriate voltage vector 
that should be applied to the secondary terminals at any given time. 

3.4.1 Voltage vectors and their effects 

Considering anti clockwise direction of rotation to be positive, note that λs is ahead of λps in 
motoring mode of operation (as in Figure 3.10 ) and λs is behind λps in generating mode. 

According to (2.12), λs and λps rotate clockwise at sub-synchronous speeds when ωs< 0, remain 
stationary at the synchronous speed (ωs = 0), and start rotating in the negative direction at super-
synchronous speeds when ωs > 0. It is noteworthy that by analogy to the DTC case, only the non-
zero switching vectors are used to avoid the speed dependence of the torque controller induced by 
paradoxical influences of the same zero vectors at super- and sub-synchronous speeds [99]. 

Obviously, influences of a particular secondary voltage vector shown in Figure 3.10 on the 
dynamic performance of the machine depend on the position of λs at a given time instant. Let us 
assume that λs is located in sector 1 as shown in Figure 3.10 and that the BDFRM is operated as a 
motor, then either U2 or U3 would move λs anti-clockwise (positive phase shift) increasing both the 
angle δ and instantaneous torque (Te), as presented in (3.25). On the other hand, U5 or U6 would 
move λs clockwise resulting in the δ and Te to decrease. In summary, one can conclude that If λs lies 
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in the kth sector, then the application of voltage vectors Uk+1 or Uk+2 would increase torque, while 
Uk-1 or Uk-2 would decrease it [39]. 

It is obvious from Figure 3.10, that the vectors U1, U2 or U6 will increase the values of λsd ≈ λs, 
which will in turn increase the reactive power contributed by the inverter. This means reduction in 
the qp required to establish the machine flux. In contrast to this, any of U3, U4 or U5 will have an 
opposite effects (i.e. will decrease λsd), which will in turn increase the amount of qp to be taken from 
the grid.  

In summary, it can be therefore said that if the secondary flux vector is located in the kth sector, 
then the voltage vectors Uk, Uk+1 or Uk-1 will reduce qp, while  Uk+2, Uk+3 or Uk-2 will increase qp. 

The switching table for active voltage vector selection is shown in Table 3.1 in accordance to 
negative and positive torque and reactive power deviations. This switching strategy ensures that Te 

and qp are controlled within the hysteresis bands (Te
*±∆T, qp

* ±∆qp). 

Table 3.1. Selection of active switching states 

Deviations Sector 

Te_err qp_err 1 2 3 4 5 6 

> ∆Te > ∆qp U3 U4 U5 U6 U1 U2 

> ∆Te ≤ – ∆qp U2 U3 U4 U5 U6 U1 

≤ – ∆Te > ∆qp U5 U6 U1 U2 U3 U4 

≤ – ∆Te ≤ – ∆qp U6 U1 U2 U3 U4 U5 
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4.1 Introduction 

Most of the wind turbines are connected to weak grids where unbalanced-load distributions are 
usually not corrected. A major cause of an unbalanced voltage is typically unsymmetrical loads that 
are applied to all three phases (i.e. the loads are not symmetrically distributed among the three 
phases). Unbalanced voltage problems also appear in large public power systems where single-
phase lighting loads are common in large commercial facilities [55]. Furthermore, an unbalanced-
voltage may also occur due to unequal transformer windings or transmission impedance, and many 
other causes [100]. 

Presence of negative-sequence components in the grid voltage poses serious problems to wind 
generators including unbalanced primary currents, current harmonics at the secondary side, unequal 
heating or hot spots in the windings [58] which degrade the insulation and reduce windings life 
expectancy [59, 101]. The interaction between negative-sequence voltage and positive-sequence 
current also cause power and torque pulsations, which may cause extra mechanical stress on the 
drive train and gearbox [60-62] and increase acoustic noise, too. Hence, studying the performance 
of wind generators under UGVCs and designing a suitable control algorithm are very important 
tasks. 

This chapter presents the main aspects, mathematical model of a BDFRG under UGVCs and the 
advanced vector control strategy developed for UGVCs. An extended vector control algorithm is 
used to control both the positive and negative sequence components of the secondary currents 
independently. The model of the machine under unbalanced primary voltage is developed in the 
positive and negative synchronous reference frames, and then used to derive the control form 
relationships between torque, active and reactive power, including positive and negative 
components. 

4.2 Mathematical Model of BDFRM under Unbalanced Grid 
Voltage Conditions 

Every non-symmetrical three-phase system can be represented by three symmetrical three-phase 
systems: direct, inverse, and zero sequence system. Due to the isolated neutral point of the BDFRG 
winding, the zero system voltage does not affect the performance of the BDFRG. Hence, any vector 
can be represented as the sum of the positive and negative components [55, 61, 102] as shown in 
Figure 4.1. 

In the case of unbalanced grid voltages, all primary variables (voltages, currents, and fluxes) can 
be represented in a stationary (αβ) reference frame as follows:Equation Chapter (Next) Section 1 

 
1 2

( ) ( )p Fp p Fp

s

j t j t
p p pF F e F e        , (4.1) 

where Fp1 and Fp2 are the modules of the positive and negative sequences respectively, while +
Fp 

and Fp are their initial angular positions. Transforming (4.1) into the primary reference frame (by 
multiplying with e-jωpt) leads to: 
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where F+
p and F

p are the positive and negative sequence components of Fp in the respective 
positive and negative reference frames rotating at ωp and –ωp, respectively. 

In the same manner, any secondary winding variable represented in the space vector form in the 
αβ reference frame under unbalanced grid voltage conditions can be expressed as: 

 
1 2

(( ) ) (( ) )r p Fs r p Fs

s

j t j t
s s sF F e F e           , (4.3) 

where Fs1 and Fs2 are the modules of the positive and negative sequences, respectively, and +
Fs and 

Fs  are their initial angular positions. 

 

 

 

(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.1. (a) Three-phase unbalanced voltage instantaneous values with 10% Voltage Unbalance Factor (VUF) (b) 
three phase vector diagram of the distorted waveform (c) positive sequence, and (d) negative sequence. Negative 

sequence voltage magnitudes are 10% of positive counterparts at the same frequency. 

By multiplying equation (4.3) with e–jωst, this equation will be transformed into the secondary 
reference frame: 
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2

2 2

1
p pFs Fs

j t j tj j
s s ss sF F e F e e F F e         , (4.4) 

where F+
s and F

s are the positive and negative sequence components in the respective positive and 
negative reference frames rotating at (ωr – ωp) and (ωr + ωp), respectively as illustrated in Figure 4.2. 

 
Figure 4.2. The reference frames used for the BDFRG model under unbalanced conditions 

It is worth noting that the positive sequence equations are similar to the space vector model 
under balanced conditions given by (2.19) and (2.20) [61]: 
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Likewise, the negative sequence model can be obtained as follows: 
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Using the aforementioned space vector equations, the dq equations for the positive sequence can 
be derived as follows: 
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where the fluxes are expressed as follows: 
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Likewise, the negative sequence dq equations can be obtained as follows: 
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4.2.1 Power and Torque Equations 

The power and torque expressions can be derived by substituting the dq positive and negative 
components into the following general power and torque expressions [61]: 
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  3

4 p p pe r pT j P i i    , (4.18) 

where pp,s and qp,s are the active and reactive powers for the primary and secondary windings 
respectively. The resulting powers and torque can be expressed as in [61, 103]:  
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It can be observed from (4.19), (4.20) and (4.21) that there are DC components Pav and Qav, 
together with the oscillating terms at twice the grid frequency, P1sin(2ωpt), P2cos(2ωpt) and 
Q1sin(2ωpt), Q2cos(2ωpt), which indicate the effect of negative sequence components. 

The electromagnetic torque expression for the BDFRG under unbalanced conditions can be 
obtained by substituting (4.2) and F=Fd+jFq into (4.18), resulting with (4.22), 

 1 2sin(2 ) cos(2 )e av p pT T T t T t    , (4.22) 
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Apart from the fundamental component Tav, there are two additional oscillating components at 
2ωp. One can conclude that the unbalanced grid voltage causes the appearance of pulsations in the 
power and torque waveforms. 

4.3 Methods for Real-Time Separation of Positive and Negative 
Sequences 

In order to obtain the positive and negative sequence components, the real-time separation of the 
positive and negative sequences is required. Furthermore, the effectiveness of the proposed control 
method highly relies on the accurate separation of positive and negative sequences in real-time. 

Generally, there are four methods reported in the literature: analytically based method [61], 
“Signal delay cancellation” [4], and filtering methods, i.e. low-pass filters [4] and notch filters 
(band trap, band-stop) [67]. Any of these methods can be used for this purpose. 

The first method, which is an analytically based method, derived on the fact that F+
pd, F

+
pq and 

F+
sd, F

+
sq represent the DC components of Fpd, Fpq, Fsd and Fsq because frequencies of F+

p and F+
s 

are respectively equal with the frequencies of dqp and dqs frames (i.e. F+
pd, F

+
pq and F+

sd, F
+
sq are the 

mean values of Fpd, Fpq, Fsd and Fsq). 

The real and imaginary parts of (4.2) and (4.4) can be expressed as: 
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where F+
pd, F

+
pq and F+

sd, F
+
sq represent the DC components of Fpd, Fpq, Fsd and Fsq: 
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where Fpd,Fpq, Fsd and Fsq are the mean values of Fpd, Fpq, Fsd and Fsq, respectively. From (4.24) 

and (4.25), the negative sequence components can be obtained as follows: 
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“Signal delay cancellation” described in [4], is the second method. In this method, the abc 
system is firstly converted to the stationary αβ reference frame, and then it is delayed for T/4 as 
formulated below: 
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From (4.30) and (4.31), the positive and negative sequence components can be calculated as 
follows: 
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The positive and negative sequences in the stationary αβ reference frame will then be 
transformed into positive and negative dq sequences using: 
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The third and fourth method are filtering-dependent. The positive (negative) Park’s 
transformation is applied to variables F in the abc system to produce variables F in the positive 
(negative) dq synchronously rotating reference frame. It is well-known fact that negative sequence 
components manifest themselves as second-order harmonics in the positive dq synchronously 
rotating reference frame according to (4.2), and vice-versa for the positive sequence components. 
Hence, a low-pass filter [4], or notch filter [67] can be used to separate positive and negative 
sequence components in real time. 

The results of applying the aforementioned separation methods are presented in Figure 4.3. The 
results show that without the four listed separation methods, second-order harmonics appear in the 
dq positive synchronously rotating reference frame. 
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(a) 

 
(b) 

Figure 4.3. Unbalanced voltages in positive dq reference frame with and without using the separation methods (a) 
positive d component (b) positive q component. 

4.4 Conventional Vector Control Strategy under Unbalanced Grid 
Voltage Conditions 

In order to demonstrate the performance of the conventional vector control presented in section 
3.3 under unbalanced grid conditions, simulations of the dynamical model are conducted. The 
following test is performed: 

- The machine started as a slip-ring-induction machine (i.e., with the shorted secondary 
winding) until it reaches the steady synchronous speed of 500rpm, then the control is 
enabled at t = 60 s, with a super-synchronous speed reference set to 600rpm. After reaching 
a steady state, 10% VUF was introduced at 80 s and terminated at 100 s. The system 
response to the conventional single PI current control design to a given period of unbalanced 
operation is shown in Figure 4.4. 

- The MTPIA objective is selected by adopting isd = 0. This approach minimizes the 
secondary current magnitude, and hence reduces both the copper and converter losses, for a 
given torque. 

With the conventional VC, the primary current becomes unbalanced in the presence of grid 
voltage unbalance as clearly be noticed in Figure 4.4(g). In addition, the secondary currents contain 
both the fundamental component of 10 Hz and the harmonic component of 110 Hz, as presented in 
Figure 4.4(h). Although the averaged torque, active and reactive powers were regulated, significant 
torque and powers oscillations are still observed as clearly seen in Figure 4.4(d), Figure 4.4(e) and 
Figure 4.4(f). 

It can be concluded that during grid voltage unbalance, the positive sequence components are 
well regulated by common PI controllers, while the negative sequence component cannot be fully 
regulated due to the controller’s limited bandwidth. Therefore, conventional VC without backward 
sequence control is not able to solve problems caused by the unbalanced grid voltage and 
consequently gives an unsatisfactory performance. 
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Hence, the extension of the conventional VC should be performed with additional negative 
sequence current controllers for BDFRG secondary winding, which is leading to the development of 
a new and original control algorithm, presented in the next section 

(a) (b) (c) 

(d) (e) (f) 

 

 

 
(g)  (h) 

Figure 4.4. Simulated results with conventional control under transient primary voltage unbalance of 10%VUF during 
80–100 s, with a constant rotor speed at 600 rpm; (a) primary voltage profile; (b) transient transaction period between 

normal and unbalanced condition; (c) speed curve of the BDFRG; (d) electromagnetic torque; (e) primary active power; 
(f) primary reactive power; (g) Transient transaction period between normal and unbalanced condition for the primary 

current; (h) transient transaction period for the secondary current. 

4.5 Extended Vector Control Strategy under Unbalanced Grid 
Voltage Conditions 

The negative sequence controller design is similar to the positive controller design. The 
controller uses a standard PI controller with decoupling and feed forward control loops to generate 
the reference current vector. Under unbalanced conditions, the positive and negative sequence 
components were completely decoupled as shown in (4.9)–(4.16), and thus the BDFRG can be 
controlled in dq positive and negative reference frames independently. 
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Choosing appropriate reference values for the controller is a key point in the design of the 
auxiliary controller. In the following, different control targets for the controller design are 
described, where each target uses a unique reference value. There are four secondary current 
components, i.e. i+

sd, i
+

sq, i


sd, and isq to be controlled. Apart from the average primary active and 
reactive power, i.e. Pav, and Qav in (4.20) and (4.21), two more parameters can be controlled. Hence, 
there are four selectable control targets that can be addressed [67]. Using the FOC approach by 
aligning the d+

p-axis to λp, i.e. λ+
pq = 0, the secondary reference current can then be calculated for 

each selectable control target, as further elaborated. 

 Target I. Balancing primary currents to ensure uniform heating in the primary winding. 

The balanced primary currents imply that ipd = 0 and ipq = 0. According to (4.15), the negative 
sequence primary current can be expressed as:   
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And hence the reference negative sequence secondary currents can be defined as: 
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In this case, the converter intentionally injects the backward sequence currents into the 
secondary winding to repress the corresponding components in the primary. 

 Target II. Providing constant torque to reduce mechanical stresses on the turbine system. 

The reference values are set to eliminate the torque pulsating terms presented in (4.23), i.e. T1 = 
T2 = 0. This condition can only be achieved if the BDFRG is controlled with the reference currents 
formulated as: 
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  (4.37) 

 Target III. Eliminating the double-frequency pulsations of the primary active power. 

In this case, the oscillating terms of the primary active power in (4.20) should be zero. This can 
only be achieved under the following conditions: 
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  (4.38) 

 Target IV. Eliminating the double-frequency pulsations of the primary reactive power 

The reference values are set to eliminate reactive power oscillatory terms. In this case, the 
oscillating terms of the primary reactive power in (12) should be zero i.e. Q1 =Q2 = 0. This can only 
be achieved under the following conditions: 
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 Target V. Eliminating the secondary currents pulsations. 

The reference values in this case are set to eliminate the negative sequence secondary current. 
The most straight-forward approach of mitigating the secondary current oscillations is setting the 
negative sequence secondary current references to zero: 
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  (4.40) 

According to the previous discussion, a new control algorithm is proposed as shown in Figure 4.5. 
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Figure 4.5. A block diagram of the proposed control strategies under unbalanced grid voltage conditions (sign "*" 

denotes reference values). 

In order to achieve an accurate reference frame transformation, the PLL must only recognize the 
positive sequence primary flux. Therefore, a notch filter is used and tuned at 2ωp to remove the 
negative sequence components (Figure 4.6 ). 

 
Figure 4.6. Block diagram of the phase-locked loop (PLL). 

Once the angular frequency ωp and position θp of the positive sequence primary flux are 
detected by the PLL, primary currents and flux in the stationary αβ frame can be transformed to dq+

p 
and dqp rotating reference frames. Likewise, the secondary current will also be transformed to dq+

s 
and dqs reference frames. 

4.6 Simulation Results 

The simulations of the proposed control algorithm are implemented in Matlab/Simulink using 
the parameters of a 1.5MW BDFRG-based WECS given in Table 4.1. The rated DC-link voltage is 
set to 1200 V and a standard Space Vector Modulation (SVM) with a switching frequency of 4 kHz 
is used. In order to achieve the MTPIA objective for the main controller, i+

sd is set to zero.  
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Table 4.1. BDFRG parameters 

Parameter Value 
Rated power (MW) 1.5 

Line voltage (V), frequency (Hz) 690, 50 
Rated speed (rpm) 600 

Primary/secondary, rotor poles 8/4, 6 
Primary winding resistance (Ω) 0.007 

Primary inductance (H) 0.0047 
Secondary winding resistance (Ω) 0.014 

Secondary inductance (H) 0.0057 
Magnetizing (mutual) inductance (H) 0.00475 

BDFRG and wind turbine inertia constant H (s) 2.6 

Under regular grid conditions with slight voltage imbalance, the system could be regulated with 
a conventional controller, while the negative sequence current controller is disabled. When the 
voltage unbalance is detected, the auxiliary controller (i.e. negative sequence current controller) will 
instantly be enabled and the negative sequence reference currents are generated subjected to the 
selected control target. The positive and negative sequence reference currents are passed to the main 
and auxiliary PI controller to generate the required secondary control voltage. 

Initially, the system runs under balanced conditions with the BDFRG being started as a slip ring 
induction machine (i.e. with the shorted secondary winding). After reaching the steady-state, the 
conventional FOC is enabled, and a 10% voltage unbalance is instigated at 80 s time instant. Figure 
4.7-Figure 4.10 show a comparison of the responses obtained by conventional vector control and 
the proposed control design in different modes based on the selected target. Following the 
unbalance inception at 80 s, the conventional design cannot provide a sufficient control of the 
negative-sequence currents, resulting in significant active power oscillations and unbalanced currents 
in the primary winding. On the other hand, with the proposed control design, the negative sequence 
currents are completely controlled according to the Target I requirements as illustrated in Figure 4.7. 

(a) (b) 
 

(c) 

Figure 4.7. Simulation results comparison during voltage unbalance of 10% starting at 80 s with Target I for balancing 
primary currents (a) primary current; (b) positive components; (c) negative components  

Figure 4.8 shows that the torque oscillations can be mitigated with the proposed control design 
applying Target II. It is worth noticing that torque oscillation is the most concerning issue during 
grid voltage unbalance [67]. According to (4.21) and (4.23), the primary reactive power pulsations 
are also suppressed. 
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(a) (b) (c) 

Figure 4.8. Simulation results comparison with Target II for torque and reactive power ripple elimination (a) torque 
response; (b) torque components; (c) primary reactive power 

It can also be seen that with the proposed controller, the operation of the system is much 
smoother with reduced primary active power pulsations according to the Target III requirements as 
shown in Figure 4.9. 

 
(a) 

 
(b) 

Figure 4.9. Simulation results comparison with Target III for primary active power ripple elimination(a) Primary active 
power response; (b) Active power components 

As described in (4.4) and Figure 4.2, under unbalanced conditions, the secondary current 
contains both the fundamental component of 10 Hz (positive slip 60 Hz-50 Hz) and the harmonic 
component of 110 Hz (negative slip 60 Hz +50 Hz), which can be eliminated by applying the 
proposed control with Target V. Thus, the secondary current immediately becomes harmonic free as 
it is clearly observed from Figure 4.10. 

(a) (b) (c) 

Figure 4.10. Simulation results comparison with Target V for secondary currents harmonics elimination (a) secondary 
current; (b) positive components; (c) negative components 

In order to evaluate the control targets under consideration, they have been applied sequentially 
as shown in Figure 4.11(a). For all four control objectives, Pav and Qav are controlled to be constant. 
As a result, the positive sequence components, i+

pdq and i+
sdq remain constant, too. With Target I, 

ipdq was controlled at zero. The values of ipdq increased during Target II and Target III. In contrast, 
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these values are partially controlled during the Target V period due to the indirect coupling between 
the primary and secondary currents. 

 
(a) 

 
(b) 

Figure 4.11. Simulated results with 10% primary voltage unbalance: 90–100 s: Target I; 100–110 s: Target II; 110–120 
s: Target III; 120–130 s: Target V; (a) primary negative sequence currents; (b) electromagnetic torque 

Figure 4.11(b) shows that by applying the proposed control strategy with Target II, the BDFRG 
generation system can be improved by eliminating the double-frequency pulsations of 
electromagnetic torque. On the other hand, significant pulsations can be observed during the Target 
III period and relatively lower pulsations can be seen during the Target V period.  

According to (4.21) and (4.23), the pulsation of primary reactive power would diminish when 
the pulsations of the electromagnetic torque are eliminated as clearly seen from Figure 4.12(a) 

 
(a) 

 
(b) 

Figure 4.12. Simulated results with different control targets: 90–100s: Target I; 100–110s: Target II; 110–120s: Target 
III; 120–130s: Target V; (a) primary reactive power; (b) primary active power 

Further reduction of active power oscillations is achieved with Target III, as shown in Figure 
4.12(b). Moreover, increased oscillation can be observed during the Target II period. 

Figure 4.13 shows the behavior of the secondary current under different control targets. 
Obviously, with Target V, the negative sequence components are completely eliminated. On the 
other hand, the negative sequence secondary current cannot be completely eliminated during the 
rest of the considered targets. 
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Figure 4.13. Simulated results for the secondary negative sequence currents with different control targets: 90–100s: 

Target I; 100–110s: Target II; 110–120s: Target III; 120–130s: Target V 

Table 4.2 recaps the following metrics for different control targets: the primary currents 
unbalance (i.e. the deviation from positive sequence value), total harmonic distortion of the 
secondary current, pulsations of the electromagnetic torque, and pulsations of the primary active 
and reactive power. 

Figure 4.11-Figure 4.13 and Table 4.2 clearly show that with the controller set to Target I, the 
primary current unbalance became very low (about 0.8%) compared to the result equal to 24% 
achieved with conventional control design. When it is switched to Target II at 100 s, the torque 
pulsations are practically eliminated (about 0.6% left), as well as the primary reactive power 
oscillations. When Target III was chosen at 110 s, the primary active power pulsations have been 
mitigated to 2.1%. At 120 s, when the controller was set to Target V, the secondary current 
immediately became harmonic free (110 Hz), and the total harmonic distortion (THD) factor has 
been reduced to 0.7%. 

Table 4.2. Comparisons of different control targets with conventional control 

Target I II III V conventional 

Ip unbalance (%) 0.8 11.3 10.3 5 24 

Is distortion (%) 4.5 10.3 13.8 0.7 22 

Te pulsations (%) 11.2 0.6 24 10.7 ±27 

Pp pulsations (%) 14.5 22 2.1 13 ±28 

Qp pulsations (%) 28 0.4 34 26 ±42 

One can conclude that by using the aforementioned control design objectives, it is not possible 
to achieve more than a single control objective simultaneously. Therefore, to achieve optimal 
performance under UGVCs, the proposed control strategy should be optimized. 

In order to evaluate the performance of the proposed control under variable speed and loading 
conditions (Figure 4.14), the speed mode change from super to sub-synchronous is analyzed. The 
test is conducted with the MPPT.  

The BDFRG control response to reference speed and associated load in a narrow range around 
synchronous speed are shown in Figure 4.15-Figure 4.17. 
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Figure 4.14. Speed reduction from 600 rpm to 400 rpm 

Under Target I, the primary current remained balanced during the transient and the new steady 
state as clearly seen in Figure 4.15. Good torque response can also be observed from Figure 4.16(a) 
during the transient transaction period between super- and sub-synchronous speeds according to 
Target II. In addition, the reactive power remained constant which is expected under the MTPIA.  
During the speed change, the primary active power is well controlled according to the Target III 
requirements as shown in Figure 4.16(c).   

Furthermore, Figure 4.17 shows a phase sequence reversal from super- to sub-synchronous 
speed mode with good performance under Target V. 

 
(a) 

 
(b) 

 
(c) 

Figure 4.15. .(a) Primary current response to reference speed dependent load variations (Target I); (b) transient response 
of the primary current; (c) steady state of the primary current 

(a) (b) (c) 

Figure 4.16. (a) Electromagnetic torque response to reference speed dependent load variations (Target II); (b) primary 
reactive power (Target II); (c) primary active power (Target III). 
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(a) (b) (c) 

Figure 4.17. (a) Secondary current response, showing a phase sequence reversal in from super- to sub-synchronous 
speed mode (Target V); (b) transient response of the secondary current; (c) steady state of the secondary current 

4.7 BDFRG Vector Control Optimization under Unbalanced Grid 
Conditions 

As it can be seen from section 4.5, the reference values for secondary currents can be set to 
achieve only one pair of objectives at a time out of the total of five objectives. Therefore, an optimal 
control strategy is required to comprise all the aforementioned objectives simultaneously, which is 
leading to the development of a second new and original control algorithm within this thesis. 

In the proposed optimal control algorithm, the controller's reference values are selected using a 
multi‐objective optimization (MOO) method. A weighted‐sum approach is used to convert multiple 
objectives into a parametric single‐objective cost function. 

4.7.1 Overview of the Multi-Objective Optimization (MOO) Formulation 

The general MOO problem can be stated as follows [104, 105]: 

 
1 2

x
Minimize: F(x) = [ (x), (x), ...., (x)]

subject to : (x)  0;    1,  2,  .....,       

T
k

j

F F F

g j m 
, (4.41) 

where k is the number of objective functions and m is the number of inequality constraints. 

The aim is to define the reference values for negative sequence dq secondary currents in order to 
minimize negative sequence terms of secondary current, negative terms of primary current, 
oscillatory terms of torque, and oscillatory terms of active/reactive powers, simultaneously. 

The most widely-used method for multi-objective optimization is the so-called weighted sum 
method. Using the weighted sum method to solve the problem in (4.41) requires choosing scalar 
weight coefficients wi and minimizing the composite objective function in (4.42): 

 
1

(x)    
k

i i
i

U w F


   (4.42) 

One may set the weight coefficients to reflect objective-importance directly, but this way can 
lead to difficulties. This difficulty arises because the relative magnitudes of the terms wiFi in (4.42) 
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dictate the solution to the weighted sum, not just the magnitudes of the functions or weight 
coefficients alone. In addition, the value of a certain weight coefficient is significant not only 
relative to other weight coefficients but also relative to its corresponding objective function [105]. 

In the given optimization problem, three weight coefficients are considered: 

 The first weight coefficient is the scaling factor and is considered for all objectives as: 

 1, =1; =1, ..., 10iw i . (4.43) 

 The second weight coefficient represents the importance of the objectives in the 
optimization based on an expert opinion. The optimization of particular terms may be of 
higher importance. For example, for WECS that are often installed in remote areas with 
weak grids, the system power quality may be of lower priority than the torque, and the 
system longevity is of higher importance [106]. For this purpose, coefficient 2 is 
assumed for the secondary current and torque, and coefficient 1 is considered for the rest 
of the objectives: 
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  (4.44) 

 The third weight coefficient, which is considered only for negative sequence secondary 
and primary currents, represents the sensitivity of P1,2, Q1,2, and T1,2 variations due to 
changes in is and ip [106]. The sensitivity of P1,2, Q1,2, T1,2 and ip variations due to 
changes in is can be determined from (4.20), (4.21), (4.23) and (4.35) respectively: 
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In the primary field orientation (PFO) frame, λ+
pd = λ+

p and λ+
pq = 0: 
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Sensitivities of the oscillatory parts of the active and reactive powers corresponding to the 
negative sequence primary current are as follows: 
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  (4.50) 

Equations (4.45)-(4.50) denote that any rate of reduction in the secondary and primary currents 
decreases the other portions of the objective function. Thus, for minimizing the objective function, a 
reduction in negative sequence secondary and primary currents is more significant than the other 
objectives. Therefore, the third weight coefficient for negative sequence secondary and primary 
currents can be considered as follows: 

 3

3 3
( + ( ) )+1  

2 2
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p pq pd
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      , (4.51) 

 3

3
( ) 1   

2
pi

pd pqw u u      (4.52) 

For the rest of the objectives, the third weight coefficient is considered to be 1. The resulting 
multi‐objective function can be obtained as follows: 

 2 2 2 2 2 2 2 2 2 2
1 1 2 2 3 1 4 2 5 1 6 2 7 8 9 10+ + + + + + + + +ds qs dp qpU W T W T W P W P W Q W Q W i W i W i W i      (4.53) 

where; 
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In the utility function U, undesirable effects of negative sequence currents, torque and power 
oscillations are determined according to their absolute size, not the positive or negative signs. 
Therefore, the power of two or the absolute value of the objective functions Fi(x) should be used to 
turn the problem into an unconstrained optimization problem. 

In order to find the optimal reference values of ids and iqs, the gradient of U in (4.53) is 
equalized to zero, yielding a closed form solution for global optimum. 

 0,    0
ds qsi i

U U       (4.54) 

The secondary current references can be deduced as follows: 
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In order to implement the optimized control strategy, the secondary reference currents calculated 
in (4.55) and (4.56) are used. The simulation results presented in Figure 4.18-Figure 4.20 prove that 
the proposed optimized control method can significantly enhance the control and operation of the 
BDFRG system under UGVCs. From Figure 4.18, it can be clearly observed that the negative 
sequence components of the primary current are mitigated as soon as the optimized controllers are 
enabled. 

 
(a) 

 
(b) 

Figure 4.18. Simulation results with the proposed optimal algorithm: (a) primary current; (b) dq components of negative 
sequence primary current 

From Figure 4.19 (a-c), it can be seen that compared to conventional design, the optimized 
control system results in much smoother operation with oscillations of the torque, reactive and 
active power all being fairly reduced simultaneously. 

 
(a) 

 
(b) 

 
(c) 

Figure 4.19. Simulation results with the proposed optimal algorithm: (a) electromagnetic torque; (b) primary reactive 
power; (c) primary active power 
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From Figure 4.20, it can be seen that the ripple of the secondary current is significantly 
mitigated. 

 
(a) 

 
(b) 

Figure 4.20. Simulation results with the proposed optimal algorithm: (a) secondary current; (b) dq components of 
negative sequence secondary current 

A comparison of the different control targets with the proposed optimal control method is 
summarized in Table 4.3. 

Table 4.3. Comparison of the different control targets with the proposed optimal control algorithm 

Target I II III V Optimum conventional 

Ip unbalance (%) 0.8 11.3 10.3 5 2 24 

Is distortion (%) 4.5 10.3 13.8 0.7 3 22 

Te pulsations (%) 11.2 0.6 24 10.7 5.7 ±27 

Pp pulsations (%) 14.5 22 0.7 13 11 ±28 

Qp pulsations (%) 28 0.4 34 26 9 ±42 
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Design of a Large Scale BDFRG 
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5.1 Introduction 

The rotor flux modulation process makes the BDFRM quite a complex machine to design, 
probably more than most of the traditional ones [107]. One possible drawback with the BDFRM is 
the relatively high leakage flux resulting from the flux modulation process by the rotor. The 
performance of the BDFRM highly depends on the capability of the rotor to modulate stator 
magnetic fields, by establishing magnetic coupling between the stator windings that otherwise 
would not interact. Therefore, the rotor design is the most critical and important constraint to be 
taken care of. Though the salient pole rotor (Figure 5.1) is simple and useful for understanding the 
BDFRM operating principles, its performance is inferior to an axially and radially laminated rotor 
[108, 109]. Some of the fundamental design issues such as designing different rotor structures, 
electromagnetic design issues, stator and rotor pole combinations, loss considerations, etc. have 
been addressed in[110]. 

This chapter will provide a brief introduction concerning the BDFRM design aspects. The main 
dimensions of 8-4-6 poles combination of a 1.5 MW BDFRG will be estimated according to 
parameters of a small-scale machine, and then the accuracy and effectiveness of the theoretical 
analysis will be investigated using ANSYS Maxwell software. 

 

(a) Salient pole rotor 

 

(b) Axially laminated rotor 

 

(c) Radially laminated rotor 

Figure 5.1. Different types of reluctance rotors for the BEDRM (adapted from [111]) 

5.2 Air Gap Flux Density 

The air-gap flux density can be obtained using the procedure presented by [112-114] . The flux 
modulation process is represented assuming that all the flux entering the rotor at a given point θ1 in 
the air gap, must leave the rotor at the corresponding opposite flux path end at angle θ2, without any 
leakage, as in the geometry shown in Figure 5.2. 
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Figure 5.2. Linearized ideal ducted rotor geometry and angles definition 

The air-gap flux density may be calculated using the following expression, 
 Equation Chapter (Next) Section 1 

 0
1 1 2( ) ( ( ) ( ))

2 total totalB F F
g

    , (5.1) 

where Ftotal is the total three-phase magnetomotive force and the angles are defined by: 

 2 1 2r      , (5.2) 

and λr is the rotor pole pitch defined as: 

 
2

r
rP

    (5.3) 

The angle α is a periodic function with respect to the rotor pole pitch, calculated using: 

 
01mod( , )rm r       (5.4) 

where θrm0, is the initial mechanical position of the rotor d-axis (at t=0). 

In order to evaluate the coupling factors, the normalized air gap flux density is defined in [112-
114] as: 
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The normalized air-gap flux density is plotted in Figure 5.3 for the 8/4/6 poles combination 
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Figure 5.3. Normalized air gap flux density; Pp=8, Ps=4, Pr=6 

5.3 Criteria for Choosing the Number of Poles and Slots 

Selection of the suitable combination of the number of poles depends on many aspects. The 
most important one is to achieve the coupling conditions for torque production. The authors in [112, 
113] proposed a solution to determine coupling factors for different combinations of the pole 
numbers. 

The amplitude of a flux density harmonic of space order i, produced as a result of the 
modulation of the MMF harmonic of space order j by the rotor structure, can be defined in terms of 
a coupling factor Cij between the three phase winding sets: 

 0ˆ ˆ
i ij jB C F

g


 , (5.6) 

where Cij is the coupling factor obtained from Fourier analysis: 
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The resulting coupling factors for several number of poles combinations are presented in Table 5.1 
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Table 5.1. Ideal coupling factors [112] 

Number of Poles Coupling Factors ωrm-sync 

[rpm] Pp Ps Pr Css Cps = Csp Cpp 

8 4 2 0.0000 0.0000 0.0000 1500 

6 2 4 0.1817 0.3183 0.6061 750 

6 4 5 0.3831 0.4677 0.5780 600 

10 2 6 0.0865 0.2067 0.5827 500 

8 4 6 0.2933 0.4135 0.6034 500 

14 2 8 0.0498 0.1501 0.5643 375 

12 4 8 0.1817 0.3183 0.6061 375 

10 6 8 0.3499 0.4502 0.5900 375 

18 2 10 0.0323 0.1169 0.5220 300 

16 4 10 0.1216 0.2523 0.5946 300 

14 6 10 0.2477 0.3784 0.6081 300 

12 8 10 0.3831 0.4677 0.5780 300 

22 18 20 0.4454 0.4918 0.5447 150 

The results in the above-mentioned references have shown that a 4-pole rotor design has a 
reduced coupling factor compared to other alternatives. In addition, any saturation induced by the 
3rd harmonic of the 2-pole stator winding will cause an unwanted coupling to the 6-pole winding. 
For these reasons, this design has been avoided by many authors, and the preferred reasonable rotor 
pole number is commonly taken to be 6. 

On the other hand, an inappropriate selection of stator and rotor slot number combinations 
produce undesirable torque and voltage harmonics in electrical machines. To minimize these 
unwanted effects, suggested values of rotor duct and stator slot number for synchronous reluctance 
machines are presented in [109]. Additional constraints for the BDFRM are discussed in [112] due 
to the fact that there are two MMF sources with different pole numbers. The authors proposed the 
following equations to assess the slotting harmonics: 
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where hsp, hsq, hrp and hrq are space harmonics in primary and secondary winding due to stator and 
rotor slots, respectively, Ns is the number of  stator slots, Nr is the number of rotor ducts, and m and 
n are arbitrary positive integers. Another important consideration is that the number of rotor ducts 
(Nr) should be an integer multiple of the rotor pole number. 

Table 5.2 shows the parameters chosen based on the discussion in the preceding section. These 
parameters are fixed and will not be considered as optimization variables. 

Table 5.2. Variables chosen by the designer 

Description Value 

Number of stator slots Ns 72 

Number of rotor ducts Nr 66 

Stator poles primary winding Pp 8 

Stator poles secondary winding Ps 4 

Rotor poles Pr 6 

Synchronous speed [rpm] 500 

Slots per pole per phase primary winding Ns-p 3 

Slots per pole per phase secondary winding Ns-s 6 

5.4 Dimension Scaling 

The main dimensions of the designed 1.5 MW BDFRG are estimated based on the dimensions 
of a base small-scale design according to the following procedure. 

 The air gap δ of a 50Hz asynchronous machine can be calculated in mm as a function of 
power p using the equation [115]: 

 0.40.18 0.006 mmp     (5.12) 

 The air-gap flux density is assumed to be the same for the base (Bδb) and designed (Bδd) 
machines (Bδd= Bδb) 
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It is worth noting that scaling with constant flux and current density requires improved cooling 
in the new design, as losses are proportional to machine volume, while the cooling surface is 
proportional to the machine area. 

 The current density J is assumed to be unchanged (Jd= Jb) 

 _ _
d d

slot d slot b
slot b b

N INI
J S S

S N I
     (5.14) 

Figure 5.4 shows a cross-section of the slots with the main slot and conductor dimensions 
denoted. 

 
Figure 5.4. Cross-section view of the slots 

 If the induced voltage is assumed to be sinusoidal, the RMS value of the air-gap voltage 
is obtained according to (5.15): 

 V B D N    (5.15) 

Considering the assumption Bδd= Bδb=Bδ, the product of the inner diameter (D) and the effective 
length (ℓ) of the stator is obtained: 
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The value of D2ℓ can also be estimated using (5.17) [116]: 
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where Bp,s and Alp,s represent peak flux density and rms electric loading (A/m) of the primary and 
secondary windings, respectively. 

The average of total tangential stress (σtan) for both windings can be obtained as: 
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lp p ls s
A B A B     (5.18) 

The torque produced by the rotor may be written as: 

 
2

tan2e

D
T      (5.19) 

Equation (5.19) gives an initial estimation for the volume of the rotor required to produce a 
certain torque Te. 

The Specific electrical loading (linear current density) Al of the windings, as well as the 
conductor current density J, must also be assessed, since these quantities describe the electrical 
loading of the machine [115]. 
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where Ncond is the number of conductors per slot, Dgap is the air-gap diameter. 

The calculated values of the specific electric loading, current density, and average tangential 
stress are presented in Table 5.3. 

Table 5.3. Specific electric loading and current density 

Parameter Description Value 

Jp Current density of the primary [A/mm2] 7 

Js Current density of the secondary [A/mm2] 4 

Alp Linear current density(primary) [kA/m] 33 

Als Linear current density (secondary) [kA/m] 26 

σtan Average tangential stress [kPa] 25 

According to (5.1)-(5.5), the air-gap flux density of the machine is calculated at rated 
conditions, where the flux modulation process by the rotor can be observed as in Figure 5.5. 
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Figure 5.5. Airgap flux density due to primary and secondary currents 

5.5 Finite Element Analysis Results 

Special machines can be modeled using the ANSYS Maxwell platform. This software package 
provides a graphical interface to display machine models and simulation results, as well as 
parametric evaluation and optimization. It is possible to download the model into other platforms 
such as Simplorer for system simulation, vibration and noise analysis, or thermal analysis of a 
machine. It is also possible to develop electric circuits using a circuit editor. Looking into 
availability, operational simplicity, and other features, ANSYS Maxwell 2D is a preferable choice 
for the development of numerical models and simulation studies of BDFRM. 

The model is developed with two independent windings embedded in 72 stator slots. The model 
geometry is constructed in Ansys Maxwell 2D considering design dimensions, specific materials, 
motion setup, and mesh operations, etc. The excitation voltage is assigned to the stator winding 
terminals using an external circuit editor as shown Figure 5.6. 

 
Figure 5.6. Primary and secondary end connections using Maxwell Circuit Editor 
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The performance of the BDFRM can be evaluated from different plots such as flux distribution, 
flux density distribution, voltage, current waveforms, moving torque, etc. 

Figure 5.7 and Figure 5.8 show a cross-sectional view of the design with flux lines, density, and 
distribution. The flux density shown in Figure 5.8 indicates that the maximum flux density in the 
stator teeth, stator yoke, and rotor yoke flux densities are less than 2 T. 

 

Figure 5.7. Flux distribution under dual excitation 

 

Figure 5.8. Flux density distribution under dual excitation 

The primary and secondary winding currents when both windings are excited with 50 Hz 
sinusoidal voltages and different phase shifts are shown in Figure 5.9, while the corresponding 
moving torque developed by the generator is presented in Figure 5.10. 

Figure 5.9. Winding current waveforms Figure 5.10. Moving torque developed by the generator 

The produced moving torque contains a certain amount of ripple (Figure 5.10), which can be 
reduced by optimizing the rotor structure and parameters of the stator core and windings. However, 
the main target of the optimal design is not to reduce the torque ripple but rather to satisfy other 
requirements, most notably the output power and efficiency. 

Table 5.4 presents initial design dimensions for a 1.5 MW BDFRG that are calculated according 
the previous discussion. 
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Table 5.4. Initial design dimensions 

Parameter Description Value (mm) 

Do Outer diameter of stator (mm) 1400 

D Inner diameter of stator (mm) 1000 

ℓ Length of stator core (mm) 1000 

δ Length of air gap (mm) 2 

Dri Inner diameter of rotor (mm) 450 

Slo Slot opening (mm) 8 

Sy Stator yoke length (mm) 250 

Stw Stator tooth width (mm) 25 

5.6 Electrical parameters 

The phase resistances for each winding are calculated based on the machine dimensions and the 
number of turns considering copper conductors as follows: 

 
,

,

, (1 ( )) p s

p s

wire

p s t stat amb
cu

L
R t t

S
    , (5.22) 

wher; αt is the temperature coefficient, tstat is the considered temperature in stator windings, ρ is the 
copper resistivity, tamb is the ambient temperature, Lwire is the total wire length and Scu is the 
conductor cross-sectional area [115]. 

The winding inductances are calculated using the winding function theory [26]. Details on the 
calculation of inductances, as well as resistances, are outlined in the Appendix A. The calculated 
values of electrical parameters are reported in Table 5.5. 

Table 5.5. Electrical parameters value of the BDFRG 

Parameter Description Value 

Rp Primary resistance (mΩ) 5.103 

Rs Secondary resistance (mΩ) 6.827 

Lp Primary inductance (mH) 2.237 

Ls Secondary inductance (mH) 4.4334 

Lps Mutual inductance (mH) 2.924 
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6.1 Maxwell/ Simplorer /Simulink co-simulation 

In order to examine and validate the optimized control, a FEM model of a small-scale BDFRG 
which has been built using Ansys Maxwell is imported to Simplorer for coupling to the Simulink 
control system. The control system model built in Simulink is then added to Simplorer. The 
interface between Ansys and Simulink was established and implemented using a special S-Function 
known as "AnsoftSFunction". 

6.1.1 Coupling of FEM Model and Control System with Simplorer 

Once the generator is built in Maxwell and analyzed, it is then prepared for co-simulation with 
Simplorer as follows:  

 On the design Setting pop-up window and under Advanced Product Coupling tab, 
Transient-Transient link with Simplorer should be enabled.  

 In Simplorer, transient cosimulation is added (Simplorer Circuit→SubCircuit→Maxwell 
Component→Add Transient Cosimulation) 

 In the Transient-Transient coupling window that appears, the Maxwell project that was 
saved before is selected. 

The next step is to link the control system that was verified using Simulink to the Simplorer. 
The interface between Ansys and Simulink was established and implemented using a special S-
Function known as "AnsoftSFunction". The S-function’s objective is to receive the currents, 
voltages, and generator speed from the Maxwell model, and to transfer the control signals to the 
Simplorer [117, 118]. 

The design parameters of a 1.5 kW BDFRG that is used in the co-simulation are listed in Table 6.1. 

Table 6.1. Design parameters used in co simulation 

Parameter Description Value 

Do Outer diameter of stator (mm) 235 

D Inner diameter of stator (mm) 144 

ℓ Length of stator core (mm) 85 

δ Length of air gap (mm) 0.5 

Dri Inner diameter of rotor (mm) 65 

Nt-p Number of turns per slot (primary) 56 

Nt-s Number of turns per slot (secondary) 39 

The complete model of Ansys and Simulink control structure is shown in Figure 6.1 



Chapter6. Maxwell/ Simplorer /Simulink Co-Simulation and Experimental Verification 

79 
 

 
Figure 6.1. Coupling of Ansys Maxwell model with Simulink using Simplorer 

Despite many advantages of co-simulation, long simulation time is the main drawback [119, 
120], especially when considering the transient behavior of large machines with high moment of 
inertia which are commonly used in wind power applications. In order to get an accurate simulation, 
the time step should be as low as possible. However, the lower the time step gets, the longer time 
the simulation will take. Therefore, a trade-off between accuracy and computation time should be 
taken into consideration. 

The simulation time and step size of simulation model in this article are coherent with 
Simplorer, whereas the step size in Maxwell is smaller than in Simplorer. 

6.1.2 Co-Simulation Results 

In order to demonstrate the performance of the optimized control under unbalanced grid 
conditions, the connection between Simulink and Simplorer is completed by the S-Function module 
in Simulink. The measured signals in Simplorer (such as rotor speed, rotation angle, 
primary/secondary currents, and grid voltage) are transmitted to Simulink. After being processed by 
the control algorithm, the reference voltage for the secondary side is transmitted back to the 
Simplorer as shown in Figure 6.1. 

The following test is performed on a 1.5 kW BDFRG: Initially, the system runs under balanced 
conditions with the BDFRG being started as a slip ring induction machine (i.e. with the shorted 
secondary winding). After reaching the steady-state, the conventional FOC is enabled; the reference 
speed of 600 rmp in super-synchronous generator mode is required. After reaching steady state, 
10% of negative sequence voltage is instigated at 2 s, while the auxiliary one (i.e. negative sequence 
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current controller) is disabled. The auxiliary controller is enabled at 2.5 s and consequently the 
negative sequence reference currents are generated.  

The system response for the optimized control design to a given period of unbalanced operation 
is shown in Figure 6.2 

(a) 
 

(b) 

(c) (d) 

Figure 6.2. Performances of the control system for 10% grid voltage unbalance with optimized control: (a) Speed 
profile, (b) Electromagnetic torque, (c) Active power, and (d) Reactive power 

Obviously, with the optimized control, the electromagnetic torque and active /reactive power 
pulsations are simultaneously eliminated as shown in Figure 6.2. 

It can also be seen that the proposed optimal control algorithm improves the performance of the 
BDFRG by mitigating the negative sequence components of the primary and secondary currents 
and maintaining acceptable limits for the currents' waveform as clearly observed in Figure 6.3. 
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(a) 

 
(b) 

Figure 6.3. Simulation results of co-simulated BDFRG for 10% grid voltage unbalance with optimized control: (a) 
Primary current, and (b) Secondary current 

6.2 Experimental Verification 

In order to validate the control algorithm in a more practical way, a Hardware-In-the-Loop 
(HIL) test platform has been developed and used. The block diagram of a HIL-based setup is 
displayed in Figure 6.4. 

Thorough and reliable tests are necessary to verify and validate the improved control. HIL 
testing is a technique where real signals from a controller are connected to a test system that 
simulates actual physical systems in real time, essentially "tricking" the controller into thinking it is 
in the assembled product. A great number of possible scenarios can be easily and safely run through 
to properly test and adjust the controller without the cost and time associated with actual physical 
tests. 

Generally, HIL can provide many advantages such as [121]: 

 Reduced testing cost: the high cost of executing tests on complex machinery can justify 
substantial investment in HIL.  

 Reduce risks associated with failure: control system failure can lead to destroying 
equipment or presenting safety hazards. HIL can be used to validate controllers before 
running with real physical equipment. This can be used at the start of the project to 
validate a new controller. 
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Figure 6.4. Basics of Hardware-In-The-Loop simulation 

The real-time performance of the developed control algorithm of the 1.5 MW BDFRG shown in 
Figure 6.6 has been examined on the HIL system shown in Figure 6.5, where the C-code generated 
from the Simulink® model is compiled in dSPACE® [122] using the Real-Time Workshop® and 
run at 10 kHz switching rate of the space-vector-pulse-width-modulated (SVPWM) power 
converter.  

 
Figure 6.5. HIL laboratory setup for the BDFRG control real-time simulation 

The dynamic model of the BDFRG-based WECS shown Figure 6.6 is implemented in the 
PowerPC 750GX® processor at 100 μs sampling time. 

The auxiliary controller is added to the positive sequence controller to improve the BDFRG 
operational characteristics by generating appropriate negative sequence dq secondary current 
references. The following results demonstrate the characteristics of the primary/secondary currents, 
electromagnetic torque, and active/reactive powers. Initially, the system runs under balanced 
conditions with the BDFRG being started as a slip ring induction machine (i.e. with the shorted 
secondary winding). 
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Figure 6.6. A block diagram of the control strategies under unbalanced grid voltage conditions 

After reaching steady-state, the period with implemented control algorithm is divided into four 
stages: 

 Between 40 and 50s: grid voltage is balanced with a positive sequence controller 
applied. 

 Between 50 and 60s: grid voltage is unbalanced with a positive sequence controller. 
 Between 60 and 80s: grid voltage is unbalanced with the simultaneous presence of 

negative sequence controller with different targets. 
 Between 80 and 100s: grid voltage unbalance is terminated, and the negative sequence 

control still existing. 

The performance of the system using the auxiliary controller that is aimed to eliminate negative 
sequence primary current is shown in Figure 6.7. It can be seen from Figure 6.7(b) that the negative 
sequence currents are completely controlled. From Figure 6.7(d-f) it can be also observed that the 
BDFRG generation system during voltage unbalances is improved by choosing appropriate PI 
controller gains, where the amplitude of negative sequence secondary current is decreased and the 
oscillatory components of torque active/reactive powers are reduced. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 6.7. Real-time performance of the designed controller to eliminate the negative sequence primary current: (a) 
Primary current; (b) Primary negative dq current components; (c) secondary current; (d) secondary negative dq current 

components; (e) Primary active and reactive power ; (f) Electromagnetic torque 

Under unbalanced conditions, the secondary current contains both the 10 Hz fundamental 
component (positive slip 60–50 Hz) and the 110 Hz harmonic component (negative slip 60 Hz + 50 
Hz). The performance of the system using the designed auxiliary controller which is aimed at 
eliminating negative sequence secondary currents is shown in Figure 6.8. As illustrated in Figure 
6.8(d), the secondary current immediately becomes harmonic free. Nevertheless, the effect of the 
negative sequence components of the grid voltage still appears on the primary current and 
consequently on the electromagnetic torque and active power, as illustrated in Figure 6.8 (c-f). 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 6.8. Real-time performance of the designed controller to eliminate the negative sequence secondary current: (a) 
Primary current; (b) Primary negative dq current components; (c) secondary current; (d) secondary negative dq current 

components; (e) Primary active and reactive power ; (f) Electromagnetic torque 

Figure 6.9 illustrates the performance of the system using the designed auxiliary controller that 
is aimed to eliminate torque oscillatory components. It can be observed that the BDFRG generation 
system is improved by reducing the torque oscillations, which are the most concerning issue during 
grid voltage unbalance [67]. According to (4.21) and (4.23), the primary reactive power pulsations 
would also be suppressed. On the other hand, the effect of the negative sequence on the other 
components (i.e. primary current, secondary current, active and reactive power) could not be 
eliminated as shown in Figure 6.9 (a-e). 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 6.9. Real-time performance of the designed controller to eliminate torque pulsations: (a) Primary current; (b) 
Primary negative dq current components; (c) secondary current; (d) secondary negative dq current components; (e) 

Primary active and reactive power ; (f) Electromagnetic torque 

Reducing the primary active power pulsations is achieved by using the auxiliary controller that 
is aimed to eliminate the primary active power pulsations as shown in Figure 6.10(e). It can be seen 
from Figure 6.10 that the influence of the negative voltage sequence still existed on the torque, 
reactive power, primary and secondary currents  
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(a) 
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(f) 

Figure 6.10. Real-time performance of the designed controller to eliminate primary active power oscillatory 
components: (a) Primary current; (b) Primary negative dq current components; (c) secondary current; (d) secondary 

negative dq current components; (e) Primary active and reactive power ; (f) Electromagnetic torque 

From the previous results, one can conclude that using these different control design targets, it is 
not possible to achieve more than a single control objective simultaneously. This is in accordance 
with the results obtained from simulations in Chapter 4 

Therefore, to achieve optimal performance under unbalanced grid voltage conditions, 
coordinated control of the aforementioned control objectives is improved. This control approach 
was described and verified through simulations in Chapter 4 
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The negative sequence components of primary and secondary currents, oscillatory components 
of torque and active and reactive power, can be reduced simultaneously as shown in Figure 6.11 
using the reference values for negative sequence dq secondary currents, as described in (4.55) and 
(4.56). 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(d) 

 

(f) 

Figure 6.11. Real-time performance of designed auxiliary controller using the proposed optimal algorithm: (a) Primary 
current; (b) Primary negative dq current components; (c) secondary current; (d) secondary negative dq current 

components; (e) Primary active and reactive power ; (f) Electromagnetic torque 

All reported research concerning the BDFRG has been limited to testing prototypes in the kW 
range. However, it is necessary to test the viability of any topology at the MW level to understand 
the stability and robustness of the system. 
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With no possibility to perform an experimental test on a large-scale BDFRG, the HIL testing is 
considered the best option to verify the performance of the BDFRG under UGVCs with the 
proposed vector control algorithm. 

For the aforementioned control targets, Table 6.2 summarizes the following metrics: relative 
amplitude of the primary negative sequence current to the amplitude of the primary positive 
sequence current, amplitude of the secondary negative sequence current to the amplitude of the 
secondary positive sequence current, pulsations of the generator torque, and pulsations of the 
primary active and reactive power.  

According to the results in the Table 6.2, one can conclude that the proposed controller ensures 
the best overall performance, even though it does not provide best results for any individual 
criterion. 

Table 6.2. Comparisons of the different control targets with the proposed optimal design 

Control method 
Amplitude of 

(i–
p) % 

Amplitude of 

(i–
s) % 

Amplitude of 

torque 

oscillations % 

Amplitude of 

active power 

oscillations % 

Amplitude of 

reactive power 

oscillations % 

Eliminate (i–
p) 

Figure 6.7(a, b) 
0.7 7 12.5 13.5 15.4 

Eliminate (i–
s) 

Figure6.8(c, d) 
6.25 0.71 10.9 15 12.6 

Eliminate (T1,T2/ Q1,Q2 ) 

Figure6.9(e,f) 
10.12 10 0.8 24 0.7 

Eliminate (P1,P2) 

Figure6.10(e) 
11 14 26 1.1 29 

Proposed optimal 
controller 

Figure 6.11  

4.5 5.3 8 12 9 
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7.1 Summary 

The share of wind energy with respect to total installed power capacity is increasing worldwide. 
The DFIG-based wind turbine with a partially scaled power converter is the most widespread wind 
power generator in wind power applications. However, due to its favorable operational 
characteristics, the BDFRG has been receiving increasing attention from the scientific community 
and it has been proposed as a potential alternative to the existing solutions for wind power 
applications since it retains most of the DFIG's merits while offering better reliability and lower 
maintenance cost. 

Wind turbines are often installed in remote rural areas characterized by weak, unbalanced grid 
voltage. The presence of negative-sequence components in the grid voltage poses serious problems 
for wind generators, including unbalanced primary currents, current harmonics at the secondary 
side, and unequal heating or hot spots in the windings which degrade the insulation and reduce 
winding life expectancy. The interaction between negative-sequence voltage and positive-sequence 
current also causes power and torque pulsations, which inflict additional mechanical stress on the 
drive train and gearbox and increase acoustic noise, too. Hence, studying the performance of wind 
generators under UGVCs and designing a suitable control algorithm is very important. 

A thorough understanding of the modeling, control, and dynamics as well as the steady-state 
analysis of the BDFRG is necessary to accurately predict its performance. A steady-state model of 
the BDFRG-based wind turbine system with variable speed was presented and used to analyze its 
mechanical and electrical operating characteristics in both super and sub-synchronous modes of 
operation. Derived from the steady-state model, the secondary voltage required for controlling the 
machine's operating mode was calculated and the machine's power flows are also analyzed under 
varying wind speeds. 

The main aim of this dissertation was to develop control strategies and analyze the performance 
of a large-scale BDFRG-based WECS under UGVCs. To meet this objective, the first step was to 
improve a detailed dynamic model of a BDFRG-based WECS under unbalanced grid conditions 
using positive and negative sequence equations which are later used to design a proper control 
algorithm.  

Regarding the WECS, various control techniques to extract maximum power from the wind 
turbine have been reported in the literature. In this thesis, three commonly used control algorithms, 
i.e. scalar control, vector control, and DTC were discussed in detail in Chapter 3. 

The main aspects, mathematical model of a BDFRG under UGVCs and the advanced vector 
control strategy developed for UGVCs were presented in Chapter 5. An extended vector control 
algorithm is used to control both the positive and negative sequence components of the secondary 
currents independently. The model of the machine under UGVCs is used to derive the control form 
relationships between torque, real and reactive power, including positive and negative sequence 
components. 

The simulation results show that by using the conventional vector control strategy, the positive 
sequence components are well-regulated by common PI controllers, while the negative sequence 
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component cannot be fully regulated due to the controller’s limited bandwidth. Therefore, the 
extended vector control strategy has been used to overcome the negative sequence voltage effects 
resulting in the development of a new and original control algorithm, which presents one of the 
main contributions of this thesis. The secondary reference current was set to achieve one of the 
following control objectives: balancing primary currents, eliminating the torque and reactive power 
pulsating terms, eliminating the double-frequency pulsations of the primary active power, and 
eliminating the secondary currents pulsations. 

The simulation results showed that by using the extended vector control strategy, it is not 
possible to achieve more than a single control objective simultaneously. Therefore, to achieve 
optimal performance under UGVCs, a new optimal control strategy was developed by considering 
all objectives simultaneously in order to comprise all the aforementioned objectives simultaneously. 
In the newly proposed optimal control algorithm, the controller's reference values are selected using 
a multi‐objective optimization (MOO) method. A weighted‐sum approach is used to convert 
multiple objectives into a parametric single‐objective cost function. This is second new and original 
control algorithm developed within the proposed research work, presenting the other significant 
contribution of this thesis.  

For examination purposes, a FEM model of the BDFRG using ANSYS Maxwell software is 
provided. In addition, the main BDFRM design aspects and difficulties are discussed. The main 
dimensions of a 1.5 MW BDFRG were estimated according to the parameters of a small-scale 
machine, and then the accuracy and effectiveness of the theoretical analysis were investigated using 
ANSYS Maxwell software. 

The improved control has been evaluated and validated in two manners, using 
Maxwell/Simplorer/Simulink co-simulation (for a small-scale machine) and the Hardware-In-the-
Loop (HIL) system (for a large-scale machine). The results show that the performance of the 
BDFRG-based WECS can be improved under UVGCs using the proposed vector control strategy 
for different control objectives. Moreover, the optimal controller can mitigate the pulsations for all 
the operational characteristics simultaneously, which improves the performance of the BDFRG 
based WECS. 

The original contribution of this thesis is the development of vector control strategies for large-
scale BDFRG under UGVCs. Besides, the thesis presents the original design of a large-scale 
BDFRG which was used to evaluate the performance of the improved control algorithm. 

7.2 Plans for Future Work 

The following topics are proposed for future work and the continuance of this work: 

1. Experimental implementation of the proposed strategies in a laboratory environment for 
a small-scale BDFRG prototype; 

2. Implementation of other techniques proposed in the literature and advanced control 
techniques such as, for example, neural network and fuzzy logic; 

3. Comparison of control techniques, paying attention to accuracy and performance, as well 
as comparison between the implementation costs of each control technique. 
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4. Development of low voltage ride-through (LVRT) technology for a BDFRG to meet the 
grid codes standard, especially for wind power applications 

5. Optimization a 1.5 MW BDFRG design with high performance for industrial 

applications. 
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Appendix A 

Design calculations 

 

 

Parameters (fixed):

Pp 8: primary poles

p
Pp

2
4: primary pole pairs

Ps 4: secondary poles

q
Ps

2
2: secondary pole pairs

Pr p q 6: Rotor poles

Nsl 72: number of slots

Nrd 66: number of rotor ducts

Np 12: number of turns of primary (one phase)

Ns 12: number of turns of secondary (one phase)

Nps
Np

Nsl

3 2






1: number of primary
turns per slots

Nss
Ns

Nsl

3 2






1: number of secondary
turns per slots

np
Np

p
3: number of turns per pole 

(primary)

ns
Ns

q
6: number of turns per pole

(secondary)

npp
Nsl

3 Pp
3: number of slots per phase

 per pole (primary)

nsp
Nsl

3 Ps
6: number of slots per phase 

per pole (secondary)
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Definitions for the model

rm0 0deg: Initial rotor  position

1 Pr rm0 0 deg: Initial torque angle proportional to the initial rotor position

c torque 1 90 deg: Difference between the current phases of the 
primary and secondary windings

c 1.571 rad
Dimensions

Dso 1.4m: stator outer diameter

Dsl 1.2m: slot outer diameter

Dsi 0.95m: stator inner diameter

Lstack 1m: machine axial  lengtt

Aslot 1386mm
2

: Slot area

Ff 0.3: Filling factor

Scu_p

Aslot

2
Ff

Nps
2.079 10

4
 m

2
: conductor area (primary)

Scu_s

Aslot

2
Ff

Nss
2.079 10

4
 m

2
: conductor area (secondary)
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Phase winding resistance

unit_corr m :

Kwir 1.2: correction factor

t 0.0038: copper resistivity as a function of the temperature

tst 130: considered temperature in stator windings

rho 1.7 10
8: copper resisitivety

rhot rho 1 t tst 20( )[ ] unit_corr 2.411 10
8


kg m

3


s
3

A
2


:

csl 2 Lstack 2m: coil side length

cylp 2

Dso Dsl

2

2











 2


Pp






 1.021m: coil yoke length(primary)

cyls 2

Dso Dsl

2

2











 2


Ps






 2.042m: coil yoke length(secondary

Ltp csl cylp 3.021m: total winding length (primary)

Lts csl cyls 4.042m: total winding length (secondary)

Rp rhot

Kwir Ltp
Pp

2
 npp Nps





Scu_p
 5.044 10

3
 : Primary resistance

Rs rhot

Kwir Lts
Ps

2
 nsp Nss





Scu_s
 6.749 10

3 : Secondary resistance
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Leakage inductance in slot:

bslot 19 10
3

 m:

h4 35 10
3

 m:

b1 8 10
3

 m:

h1 10 10
3

 m:

Lslotp 0 Nps
2

 Lstack 0.66
h1

b1


h4

3 bslot










 3.172 10
6

 H: slot leakage inductance
(primary)

Lslots 0 Nss
2

 Lstack 0.66
h1

b1


h4

3 bslot










 3.172 10
6

 H: slot leakage inductance
(secondary)

Lslotp_total Lslotp
Nsl

3
 7.612 10

5
 H:

Total slot leakage
inductance

Lslots_total Lslots
Nsl

3
 7.612 10

5
 H:

End winding Leakage inductance 

hew 0.342:
permeance factors

hw 0.243:

Tip_p 
Dsl

Pp
 0.471m: Coil span (primary)

Tip_s 
Dsl

Ps
 0.942m: Coil span (primary)

Td 
Dsl

Nsl
 0.052m: one slot pitch

wp Tip_p Td 0.419m: width of the end winding (primary)

ws Tip_s Td 0.89m: width of the end winding (secondary)

Lw_p 0.5 cylp wp  0.301m: axial length of the end winding measured 
from the end of the stack (primary)

Lw_s 0.5 cyls ws  0.576m: axial length of the end winding measured
 from the end of the stack (secondary)
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The use of the winding function theory to calculate inductances

Ip 1200A: Is 1200A: excitation currents used in each winding to inductance calculation

1. Spatial MMF distribution (single phase)

1.1- Primary windings

Fpa ag( )
2


Np

Kw

p
 Ip cos p ag( ):

Fpb ag( )
2


Np

Kw

p
 Ip cos p ag 2



3






:

Fpc ag( )
2


Np

Kw

p
 Ip cos p ag 2



3






:

0 2 4 6
3 10

3

1 10
3

1 10
3

3 10
3

Fpa ag( )

Fpb ag( )

Fpc ag( )

ag

1.2- Secondary windings

temp 0deg: angles which defines the position between grid and control a phase

Fsa ag( )
2


Ns

Kw

q
 Is cos q ag q temp( ):

Fsb ag( )
2


Ns

Kw

q
 Is cos q ag q temp 2



3






:

Fsc ag( )
2


Ns

Kw

q
 Is cos q ag q temp 2



3






:

0 2 4 6

4 10
3

2 10
3

0

2 10
3

4 10
3

Fsa ag( )

Fsb ag( )

Fsc ag( )

ag

0 2 4 6
5 10

3

0

5 10
3

1 10
4

Fpa ag( )

Fsa ag( )

Ft ag( )

ag
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2- Calculation of airgap flux density in air gap considering an ideal airgap

rgap
Dsi

2
0.475m: airggap radius

gap 2mm: air gap length

slotop 8mm: slot openning

Tus 
Dsi

Nsl
 0.041m: stator tooth pitch including slot openning

ks
2


atan

slotop

2 gap









2
gap

slotop
 ln 1

slotop

2 gap









2























 0.449:

Kcs
Tus

Tus slotop ks
1.095: Carter's coefficient for the stator

Tur 
Dsi

Nrd
 0.045m: rotor tooth pitch including slot openning

SlrWidth 0.013m: rotor slot width

kr
2


atan

SlrWidth

2 gap






2
gap

SlrWidth
 ln 1

SlrWidth

2 gap






2



















 0.57:

Kcr
Tur

Tur SlrWidth kr
1.196: Carter's coefficient for the rotor

Kct Kcs Kcr 1.309: total Carter's coefecient

gapef Kct gap 2.619 10
3

 m: efctive air-gap length

r
2 

Pr
60 deg: rotor pole arc angle

2.1- Primary windings

Bpa ag( )
0

2 gapef
Fpa ag( ) Fpa ag r 2 mod mod ag ag0 r( ) r r( )( )( ):

Bpb ag( )
0

2 gapef
Fpb ag( ) Fpb ag r 2 mod mod ag ag0 r( ) r r( )( )( ):

Bpc ag( )
0

2 gapef
Fpc ag( ) Fpc ag r 2 mod mod ag ag0 r( ) r r( )( )( ):

0 2 4 6
1

0.5

0

0.5

1

Bpa ag( )

Bpb ag( )

Bpc ag( )

ag



Appendix A. Design calculations 

100 
 

 

2.2- Secondary windings

Bsa ag( )
0

2 gapef
Fsa ag( ) Fsa ag r 2 mod mod ag ag0 r( ) r r( )( )( ):

Bsb ag( )
0

2 gapef
Fsb ag( ) Fsb ag r 2 mod mod ag ag0 r( ) r r( )( )( ):

Bsc ag( )
0

2 gapef
Fsc ag( ) Fsc ag r 2 mod mod ag ag0 r( ) r r( )( )( ):

0 2 4 6
2

1

0

1

2

Bsa ag( )

Bsb ag( )

Bsc ag( )

ag
3-Winding function

3.1- Primary windings

Npa ag( )
Fpa ag( )

Ip
: Npb ag( )

Fpb ag( )

Ip
: Npc ag( )

Fpc ag( )

Ip
:

0 2 4 6
2

1

0

1

2

Npa ag( )

Npb ag( )

Npc ag( )

ag

3.2- Secondary windings

Nsa ag( )
Fsa ag( )

Is
: Nsb ag( )

Fsb ag( )

Is
: Nsc ag( )

Fsc ag( )

Is
:

0 2 4 6
4

2

0

2

4

Nsa ag( )

Nsb ag( )

Nsc ag( )

ag
4-Self flux linkage   
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ag
4-Self flux linkage   

4.1- Primary windings

papa rgap Lstack
0

2 
agNpa ag( ) Bpa ag( )





d 1.707Wb:

self fluxe linkage
pbpb rgap Lstack

0

2 
agNpb ag( ) Bpb ag( )





d 1.707Wb:

pcpc rgap Lstack
0

2 
agNpc ag( ) Bpc ag( )





d 1.707Wb:

Lpapa
papa

Ip
1.422 10

3
 H:

self inductances
Lpbpb

pbpb

Ip
1.422 10

3
 H:

Lpcpc
pcpc

Ip
1.422 10

3
 H:

4.2- Secondary windings

sasa rgap Lstack
0

2 
agNsa ag( ) Bsa ag( )





d 3.318Wb:

sbsb rgap Lstack
0

2 
agNsb ag( ) Bsb ag( )





d 3.318Wb:

scsc rgap Lstack
0

2 
agNsc ag( ) Bsc ag( )





d 3.318Wb:

Lsasa
sasa

Is
2.765 10

3
 H:

Lsbsb
sbsb

Is
2.765 10

3
 H:

Lscsc
scsc

Is
2.765 10

3
 H:

4.3- Mutual flux linkage between phases of DIFFERENT winding

pasa rgap Lstack
0

2 
agNpa ag( ) Bsa ag( )





d 2.339Wb:

pasb rgap Lstack
0

2 
agNpa ag( ) Bsb ag( )





d 1.17 Wb:

pasc rgap Lstack
0

2 
agNpa ag( ) Bsc ag( )





d 1.17 Wb:

Lpasa
pasa

Is
1.949 10

3
 H:

Lpasb
pasb

Is
9.746 10

4
 H:

Lpasc
pasc

Is
9.746 10

4
 H:
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5- Primary and secondary inductances

Lp 1.5 Lpapa Lslotp_total Lew_p 2.237 10
3

 H:

Ls 1.5 Lsasa Lslots_total Lew_s 4.334 10
3

 H:

Lps 1.5 Lpasa 2.924 10
3

 H:

Normalaized flux density

Bp ag( ) cos 4 ag( ) cos 4 ag


3
 2 mod ag



3
























:

Bs ag( ) cos 2 ag


2






cos 2 ag


3
 2 mod ag



3















2












:

0 2 4 6 8
2

1

0

1

2

Bp ag( )

ag

0 2 4 6 8
2

1

0

1

2

Bs ag( )

ag

0 2 4 6 8
3
2
1
0

1

2

3

Bs ag( ) Bp ag( )

ag
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Appendix B 

Steady state analysis 

 

 

Pn 1.5MW: rated power Vsn
690

3
V: rated voltage

Vp
690

3
V: primary voltage

Power factor
PF

1.5

1.58
:

fsn 50 Hz: grid frequency
In

Pn

3Vsn PF
: rated current

sn 2  fsn: sn 314.159
rad

s


rotor poles
Pr 6:

Vs 0V:

Frequency in general can be different than 50Hz.

fp fsn: p 2  fp:
p

p

Pr
:

ns p:

ns 500 rpm synchronous speed

Rp 0.005103ohm: Lp 0.002237H: primary resistance and inducatance

Rs 0.006827ohm: Ls 0.0044334H: secondary resistance and inducatance

Lps 0.002924H: Vs 0V

nr 492.7rpm: rotor speed (motor mode)

I 30.92: Gearbox ratio




2
rad: Torque angle

rw

nr

I
: Turbine speed

rw 1.669
rad

s


r nr: p 314.159
rad

s


r 51.595
rad

s


r Pr r: electrical rotor speed

s_rel
ns nr

ns
: ns_new

nr

1 s_rel
:

s_rel 0.015 ns_new 52.36
1

s
rad snew_rel

ns ns_new

ns
:
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Equivalent circuit 

i 1:

Zp p  Rp ip Lp Lps : primary impedance

Zs p s_rel 
Rs

s_rel
ip Ls Lps : secondary impedance

Zm p  p i Lps: mutual impedance

Zp p  5.103 10
3

 0.216i 

Zm p  0.919i

Zs p s_rel  0.468 0.474i( ) 

Zin1 p s_rel  Zp p 
Zm p  Zs p s_rel 

Zm p  Zs p s_rel 
:

Zin1 p s_rel  0.188 0.158i( ) 

By solving equivalent circuits with short ciruited secondary and short ciruited primary, currents Is1
and Is2 are got, as well as Ip1 and Ip2, respectivelly. 

Ip1 Vp p s_rel 
Vp

Zin1 p s_rel :

Is1 Vp p s_rel 
Vp e

i 


Zin1 p s_rel 
Zm p 

Zm p  Zs p s_rel 












:

Ip1 Vp p s_rel  1.24 10
3 1.045i 10

3 A

Is1 Vp p s_rel  372.427 942.908i( ) A

Zin2 p s_rel  Zs p s_rel 
Zm p  Zp p 

Zm p  Zp p 
:

Zin2 p s_rel  0.476 0.192i( ) 

Is2 Vs p s_rel 

Vs


s_rel

Zin2 p s_rel 















:

Ip2 Vs p s_rel 

Vs


s_rel
e
i 



Zin2 p s_rel 
Zm p 

Zm p  Zp p 
:

Is2 Vs p s_rel  0 A

Ip2 Vs p s_rel  0 A

Is Vp Vs p s_rel  Is1 Vp p s_rel   Is2 Vs p s_rel :

Is Vp Vs p s_rel  372.427 942.908i( ) A

Ip Vp Vs p s_rel  Ip1 Vp p s_rel  Ip2 Vs p s_rel :

Ip Vp Vs p s_rel  1.24 10
3

 1.045i 10
3

 A
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p p s p

Men

Pn

r
: Men 2.907 10

4
 N m

________________________________________________________

ns 500 rpm

nrn nr:

nrn 492.7 rpm

s_reln s_rel:

s_rel 0.015

Ipn Ip Vp Vs p s_reln :

Ipn 1.24 10
3

 1.045i 10
3

 A Ipn 1.621 10
3

 A arg Ipn  40.111 deg

Isn Is Vp Vs p s_reln :

Isn 372.427 942.908i( ) A Isn 1.014 10
3

 A arg Isn  111.553deg

Sp_power Vp Vs p s_rel  3Vp Ip Vp Vs p s_rel :

Sp_powern Sp_power Vp Vs p s_reln : primary apparent power

Sp_powern 1.482 10
6

 1.248i 10
6

 W

Pp Vp Vs p s_rel  Re Sp_power Vp Vs p s_rel  : primary active power

Ppn Pp Vp Vs p s_reln   1.482 10
6

 W:

Qp Vp Vs p s_rel  Im Sp_power Vp Vs p s_rel  : primary reactive power

Qpn Qp Vp Vs p s_reln  1.248 10
6

 W:

p 314.159
1

s
rad

Ss_power Vp Vs p s_rel  3Vs Is Vp Vs p s_rel : secondary apparent power

Ss_powern Ss_power Vp Vs p s_reln :

Ss_powern 0W

Ps Vp Vs p s_rel  Re Ss_power Vp Vs p s_reln  : secondary active power

Psn Ps Vp Vs p s_reln  0 W:

Qs Vp Vs p s_reln  Im Ss_power Vp Vs p s_reln  : secondary reactive power

Qsn Qs Vp Vs p s_reln  0W:

PCup Vp Vs p s_rel  3 Rp Ip Vp Vs p s_rel  2: primary cupper losses

PCupn PCup Vp Vs p s_reln : PCupn 4.025 10
4

 W

PCus Vp Vs p s_rel  3 Rs Is Vp Vs p s_rel  2: secondary cupper losses

PCusn PCus Vp Vs p s_reln : PCusn 2.105 10
4

 W
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The power balace means that Pp+Ps=Pcup+Pcus+Pm

Pp Vp Vs p s_reln  Ps Vp Vs p s_rel  1.482 10
6 W

Pm Vp Vs p s_reln  Pp Vp Vs p s_reln  Ps Vp Vs p s_reln   PCupn PCusn:

Pmn Pm Vp Vs p s_reln  1.421 10
6

 W: mechanical power

Ipn 1.621 10
3 A arg Ipn  40.111 deg

cos arg Ipn   0.765

cosn cos arg Ipn  :

n

Pmn

Pp Vp Vs p s_reln  Ps Vp Vs p s_reln 
: efficiency

n 0.95864

This is the end of calculation fot motor mode of BDFRM operation. Now, the same calculation
should be completed for the generator mode of operation for the same M.n, cos ? and ?.

Now machine generates the rated power (-P.n) for wind speed v= m/s. with cos?=-  (generator
mode). The machine working as generator will produce Ps=-P.n and by solving BDFRG equivalent
circuit, the corresponding rotor speed could be calculated as follows:

g acos 0.765( ):

g 139.907deg u 0deg:

i u g 139.907 deg:

Ppg Pmn: Ppg 1.421 10
6

 W

Ipg

Ppg

3 Vp cos g 
: Ipg 1.554 10

3 A

ipg Ipg cos i  i sin i  : ipg 1.189 10
3

 1.001i 10
3

 A

From the expression for Ip=Ip1-Ip2, for short circuited rotor, Us=0, Ip2=0: Zs will be calculated
from the expression from Ip2.

Vpn Vp: pn p:

Zs

Vpn Zm pn  ipg Zp pn  Zm sn 

ipg Zp pn  Zm pn   Vp
: Zs 0.515 0.458i( )

s_relg
Rs

Re Zs :

s_relg 0.013

nrg 1 s_relg( ) ns:

nrg 506.626rpm

Vpn 398.372V
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Isn Is Vp Vs p s_relg :

Isn 347.489 896.249i( ) A Isn 961.254A arg Isn  111.192 deg

Ipn Ip Vp Vs p s_relg :

Ipn 1.164 10
3

 1.03i 10
3

 A Ipn 1.554 10
3

 A arg Ipn  138.509 deg

Sp_power Vp Vs p s_relg  3Vp Ip Vp Vs p s_relg :

Sp_powern Sp_power Vp Vs p s_relg :

Sp_powern 1.391 10
6

 1.23i 10
6

 W

Pp Vp Vs p s_relg  Re Sp_power Vp Vs p s_relg  :

Ppn Pp Vp Vs p s_relg   1.391 10
6

 W:

Qp Vp Vs p s_relg  Im Sp_power Vp Vs p s_relg  :

Qpn Qp Vp Vs p s_relg  1.23 10
6

 W:

Ss_power Vp Vs p s_relg  3Vs Is Vp Vs p s_relg :

Ss_powern Ss_power Vp Vs p s_relg : Ss_powern 0W

Ps Vp Vs p s_relg  Re Ss_power Vp Vs p s_relg  :

Psn Ps Vp Vs p s_relg  0 W:

Qs Vp Vs p s_relg  Im Ss_power Vp Vs p s_relg  :

Qsn Qs Vp Vs p s_relg  0W:

PCup Vp Vs p s_relg  3 Rp Ip Vp Vs p s_relg  2:

PCupn PCup Vp Vs p s_relg :

PCupn 3.697 10
4

 W

PCus Vp Vs p s_relg  3 Rs Is Vp Vs p s_relg  2:

PCusn PCus Vp Vs p s_relg : PCusn 1.892 10
4

 W

The power balace means that Pp+Ps=Pcup+Pcus+Pm

Pp Vp Vs p s_relg  Ps Vp Vs p s_relg  1.391 10
6

 W

Pm Vp Vs p s_relg  Pp Vp Vs p s_relg  Ps Vp Vs p s_relg   PCupn PCusn:

Pmn Pm Vp Vs p s_relg  1.447 10
6

 W:

arg Ipn  138.509 deg cos arg Ipn   0.749
Ipn 1.554 10

3
 A

cosng cos arg Ipn  :
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ng pn

ng

Pp Vp Vs p s_relg 
Pmn Ps Vp Vs p s_relg 

:

ng 0.96137

s_relg 0.01325

This is the end of calculation for the generator mode of operation of BDFRM for the short
circuated secondary 
The third case is when the speed of wind is lowered, giving the speed of turbine ?.t, with gear
ratio I=30.92, that will provide the use a six pole machine with rated load slip s=-1.325% :

Turbine parameters

 1.225
kg

m
3

: air density

I 30.92: gearbox ratio

R 42m: turbine radius

Cp 0.4: power coefficient

TSR 7: tip speed ratio

v 9.8
m

s
: wind speed

Pw 0.5   R
2 v

3 Cp: wind power

Pw 1.278 10
6 W

t TSR
v

R
: t 1.633

1

s
rad turbine speed

rg t I: rg 50.503
rad

s
 generator speed

nrg rg 482.26494rpm:

The synchronous speed can be virtually lowered below, that can be achieved by supplied a
proper secondary voltages. With the same slip (s_relg), the new synchronous speed has to
be:s_relg 0.013

nsnew

nrg

1 s_relg
: nsnew 475.958rpm

s_new
ns nsnew

ns
: s_new 0.048

The new value of s_new is used to calculate the needed value of secondary voltage to
cancel secondary currents (to simulate synchronous speed):

Vsnew

s_new Zm p 

Zp p  Zm p   Vp e
i 










:

Vsnew 0.182 25.037i( ) V

Vsnew 25.038V

arg Vsnew  89.584deg

The following calculation should be completed for the s_relg:

nrg 482.265rpm Vpn 398.372V Vsnew 0.182 25.037i( ) V

s_rel_new
ns nrg

ns
:



Appendix B. Steady state analysis 

 

109 
 

 

s
s_rel_new 0.035

s_relg s_rel_new:

Zs p s_relg 
Rs

s_relg
p Ls Lps  i:

Zin1 p s_relg  Zp p 
Zm p  Zs p s_relg 

Zm p  Zs p s_relg 
:

Zin2 p s_relg  Zs p s_relg 
Zm p  Zp p 

Zm p  Zp p 
:

Zin1 p s_relg  0.087 0.108i( ) 

Zin2 p s_relg  0.201 0.192i( ) 

Ip1 Vp p s_relg 
Vp

Zin1 p s_relg :

Ip1 Vp p s_relg  1.798 10
3 2.231i 10

3 A

Is1 Vp p s_relg 
Vp e

i 

Zin1 p s_relg 
Zm p 

Zm p  Zs p s_relg 












:

Is1 Vp p s_relg  1.283 10
3

 1.363i 10
3

 A

Ip2 Vsnew p s_relg 

Vsnew


s_relg
e

i 

Zin2 p s_relg 
Zm p 

Zm p  Zp p 
:

Ip2 Vsnew p s_relg  2.431 10
3

 2.255i 10
3

 A

Is2 Vsnew p s_relg 

Vsnew


s_relg

Zin2 p s_relg 















:

Is2 Vsnew p s_rel  1.227 10
3 3.105i 10

3  A

Ip Vp Vsnew p s_relg  Ip1 Vp p s_relg   Ip2 Vsnew p s_relg :

Ip Vp Vsnew p s_relg  633.72 24.866i( ) A

Ip Vp Vsnew p s_relg  634.20773A

Is Vp Vsnew p s_relg  Is1 Vp p s_relg  Is2 Vsnew p s_relg :

Is Vp Vsnew p s_relg  456.216 484.688i( ) A

Is Vp Vsnew p s_relg  665.62409A

Sp_power Vp Vsnew p s_relg  3Vp Ip Vp Vsnew p s_relg :

Sp_powerg Sp_power Vp Vsnew p s_relg :

Sp_powerg 7.574 10
5 2.972i 10

4 W

Pp Vp Vsnew p s_relg  7.574 10
5

 W

Qp Vp Vsnew p s_relg  2.972 10
4

 W
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Ss_power Vp Vsnew p s_relg  3Vsnew Is Vp Vsnew p s_relg :

Ss_powerg Ss_power Vp Vsnew p s_relg :

Ss_powerg 3.616 10
4

 3.453i 10
4

 W

Ps Vp Vsnew p s_relg  3.616 10
4

 W

Qs Vp Vsnew p s_relg  3.453 10
4

 W

PCup Vp Vsnew p s_relg  3 Rp Ip Vp Vsnew p s_relg  2:

PCup PCup Vp Vsnew p s_relg :

PCup 6.158 10
3 W

PCus Vp Vsnew p s_relg  3 Rs Is Vp Vsnew p s_relg  2:

PCus PCus Vp Vsnew p s_relg :

PCus 9.074 10
3

 W

PCu_total PCup PCus:

PCu_total 1.523 10
4

 W
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