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Abstract
The aim of this thesis is to propose the most appropriate approach in order to minimize the cost of
integration of a wind generator into a DC urban microgrid. A small-scale wind generator based on a
permanent magnet synchronous machine (PMSM) is considered to be studied. A state of the art
concerning the renewable energies, DC microgrid, and wind power generation is done. As the
mechanical sensor for this structure is relatively of high cost, various types of wind conversion system
control are presented in order to choose an energy conversion active structure and a sensorless PMSM.
Therefore, a speed/position estimator is required to control the system. Thus, different methods
proposed in literatures are considered and classified to be studied in details, and then the most
effective and widely used ones are to be verified in simulation and experimentally for the studied
system. The methods which are chosen are: rotor flux estimation with phase locked loop (PLL),
sliding mode observer (SMO), Luenberger observer of reduced order, and extended Kalman filter
(EKF). Facing to other methods, the EKF model-based estimator allows sensorless drive control in a
wide speed range and estimates the rotation speed with a rapid response. The EKF parameters tuning
is the main problem to its implementation. Hence, to solve this problem, the thesis introduces an
adaptive method, i.e. adaptive-tuning EKF. As a result and grace to this approach, the total cost of
conversion system is reduced and the performance is guaranteed and optimized.

Key words
Wind power generation, DC microgrid, small-scale wind turbine, permanent magnets synchronous
machine (PMSM), sensorless control, phased locked loop (PLL), sliding mode observer (SMO),
reduced order Luenberger observer, extended Kalman filter (EKF), adaptive tuning.
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Résumé
L'objectif de cette thèse est de proposer l'approche la plus appropriée afin de minimiser le coût
d'intégration de petite éolienne dans un micro-réseau DC urbain. Une petit éolienne basé sur un
machine synchrone à aimant permanent (MSAP) est considéré à étudier. Un état de l'art concernant les
énergies renouvelables, micro-réseau DC, et la production d'énergie éolienne, est fait. Comme le
capteur mécanique de cette structure est relativement d'un coût élevé, les différents types de contrôle
pour un système de conversion éolienne sont présentés afin de choisir une structure active de
conversion d'énergie et un MSAP sans capteur. Par conséquent, un estimateur de vitesse/position est
nécessaire pour contrôler le système. Ainsi, les méthodes différentes proposées dans la littérature sont
considérées et classifiées à étudier dans les détails, puis les plus efficaces et largement utilisés sont à
vérifier dans la simulation et expérimentalement pour le système étudié. Les méthodes choisies sont:
estimation de la flux de rotor avec boucle à verrouillage de phase (PLL), observateur à mode
glissement (SMO), observateur de Luenberger d'ordre réduit, et filtre de Kalman étendu (EKF). Face à
d'autres méthodes, l'estimateur basé sur un modèle EKF permet une commande sans capteur dans une
large plage de vitesse et estime la vitesse de rotation avec une réponse rapide. Le réglage des
paramètres EKF est le problème principal à sa mise en œuvre. Par conséquent, pour résoudre ce
problème, la thèse présente une méthode adaptative, à savoir réglage-adaptatif d’EKF. En
conséquence, et grâce à cette approche, le coût total du système de conversion est réduite et la
performance est garantie et optimisée.

Mots-clé
Production d’éolienne, micro-réseau DC, éolienne à petit puissance, machine synchrone à aimant
permanent (MSAP), commande sans capteur, boucle à verrouillage de phase (PLL), observateur à
mode glissement (SMO), observateur de Luenberger d'ordre réduit, filtre de Kalman étendu (EKF),
réglage-adaptatif.
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General introduction
1. Introduction
The global energy transition policy gives the main actions for the passage of the current electricity
production, based mostly on fossil and fissile fuels that are finite and non-renewable resources at
human scale, to an energy mix which includes a lot of renewable resources. Thus, knowing that the
energy transition is a key concern in the various strata of society in many countries, in near future,
almost all human activities, i.e. transport, industry, lighting, heating …, will be powered with
renewable energy sources. The goal is to avoid an ecological crisis by means of reduction of
environmental footprint, greenhouse gas emissions, and consumption of fossil/fissile fuels.
The World Energy Council, an international organization supporting renewable energy development
across the planet, highlights that to provide sustainable energy policies it is important to take into
account the three following dimensions:


energy security: the effective management of primary energy supply from domestic and
external sources, the reliability of energy infrastructure, and the ability of energy providers to
meet current and future demand;



energy equity: accessibility and affordability of energy supply across the population;



environmental sustainability: the achievement of supply and demand side energy efficiencies
and the development of energy supply from renewable and other low-carbon sources.
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This is why the energy transition involves also a behavioral and socio-technical transition, avoiding
overproduction and unnecessary consumption and leading to save more energy and benefit from better
energy efficiency.
The utility power grid that operates today is confronting the demands to improve reliability, reduce
costs, increase efficiency, comply with policies and regulations concerning the environment, integrate
renewable energy sources and electric vehicles to power grid. Following the energy transition policy,
the electricity production seeks to produce more and more energy from renewable sources, i.e. wind,
solar, biomass, and geothermal sources, but integrating power from renewable resources into the
utility power grid can be a huge challenge. The intermittent and random production of renewable
sources is always a problem for their large-scale integration into the power grid. Often, the renewable
energy sources are deployed as decentralized, or distributed, sources around the territory. Therefore,
the decentralized electricity generation grows significantly and grid-connected system is proposed in
most applications. However, the intermittent and unpredictable nature of renewable energy sources,
such as wind turbine and photovoltaic, remains an issue for their integration into the utility grid
resulting in: fluctuations of voltage and/or frequency, harmonic pollution, difficult load management,
etc.
Regarding the environmental sustainability, one of the most energy intensive sectors is represented by
urban area (buildings, transport, lighting, etc.), representing in the near future almost a half of total
energy consumption and a quart of greenhouse gas emissions released into the atmosphere. Facing
environmental challenges and knowing that urban areas have great potential for intensive development
of these renewable energy sources, the urban areas are now positioned as a key player to achieve the
energy transition. Therefore, the main goal is to reduce the environmental impact of existing and
future urban areas and to find solutions to reduce energy consumption and increase the share of
renewable energies. Actually the trend is to give more and more "local power" to urban areas to
control the energy distribution as well as the production. Everything should be set up, throughout the
territory of the city, to give the opportunity and the desire to produce its own energy. Thus, many calls
for projects proposals are launched for the creation of positive energy buildings and territories, which
undertake a path to achieve the balance between consumption and production of energy at the local
level, aiming the renewable energy sources deployment.
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2. Decentralized electricity production
Nowadays the energy distributed generation shows a very rapid growth and reveals an increasing
complexity for grid managers. Indeed, there are many producer sites, but also some prosumer sites,
which means producer and consumer sites based on distributed generation, as illustrated in Figure 1.

Figure 1. Distributed electricity generation around a territory [1]

This distributed generation requires grid management and their use must be optimized. Renewable
energy production is mostly a distributed generation, and it is also intermittent and arbitrary; this is
why, facing to the public grid, the renewable energy generation leads to new methods for balancing of
production and consumption, especially for large scale implementation.
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As shown in Figure 1, the production sites are connected to utility grid by unidirectional power flow
while the prosumer sites are connected to utility grid by bidirectional power flow.
Therefore, the question is what is the best power grid technical regulation to integrate renewable
energy sources to accommodate the utility grid in real time? Centralized regulation? Local regulation?
Or both?
To make full use of distributed generation, requirements from both utility grid and end-user must be
taken into account, and communication is required. Thus, the concept of smart grid appears, which can
be seen as power grid equipped with communication and information technology. To increase
renewable energy sources integration level and obtain a robust power grid, the smart grid could solve
problems of peak consumption, optimal energy and demand response.
The smart grid is being designed primarily to exchange information on grid needs and availability, and
to help balancing powers avoiding undesirable injection and performing peak shaving. Hence, the
smart grid is defined as the power grid that employs an innovative monitoring, controls the
transmission of information, and uses self-healing technologies to provide better services to electricity
producers and distributors, flexible choice for end-users, good reliability and security of supply. This
very complex smart grid, with bidirectional power flow and communication, requires a lot of work to
implement it in reality.
In order to reduce losses and peak energy demand, and also to assume ancillary services (power grid
technical regulations) through the data communication, the smart grid leads to microgrids concept,
especially for prosumer sites. A microgrid is defined as a set of renewable and traditional sources,
storage and utility grid connection, and controllable loads (urban infrastructures, buildings, electric
vehicles, etc.). A controller is used to interact with the smart grid; it provides voltage control, power
balancing, load sharing or load shedding, and takes into account the constraints of the public grid
provided by smart grid communication. Therefore, with microgrids it is easier to manage and optimize
the local energy with respect to the utility grid requirements. In addition, microgrids can better
respond to both grid and user, and increase supply reliability.
Concerning the smart grid and microgrids, research areas include not only issues in power grid, but
also data communication, dynamic pricing, as well as demand side management. Regarding
microgrids, whether configured in AC, DC or hybrid, research studies relate to grid topology, power
balancing control, energy management, and devices for protection.
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Currently many countries are dealing with the formidable problem of financing of the smart grid and
microgrids, from research project to implementation of experimental facilities that can become a
demonstration and pilot site.
Specifically for microgrid projects, there are three leading countries: U.S.A., Japan, and South Korea.
At European level, the more advanced countries are Denmark, Germany, Greece, and Spain. In
France, several projects were started in last three years, both as research work and demonstrative site
(e.g. Nicegrid, IssyGrid, PowerGrid Campus, etc.).
The main research issues on microgrid include following aspects: power converter (components,
topology, and power quality), power balancing (droop control), and energy management. Concerning
energy management, two kinds of approaches exist: the rule based approach, which is simple and
robust but it does not guarantee the optimal performance in given conditions, and the optimization
based approach that gives an optimal solution.
Nevertheless, the optimization approach is hard to implement in real-time operation, because
optimization usually requires prediction. Prediction is often different from real conditions, and
therefore, the prediction uncertainties can degrade operation or even result in failure. Regarding
protection, the microgrid involves bi-directional power flow and flexible structure. It requires new
protection device or algorithm that can handle the complex environment.
However, there is a research gap in the microgrid studies. Furthermore, these aspects are often studied
separately; combining them together, especially implementing optimization in real-time power
balancing has been reported in few publications. Because, optimization is usually treated as separate
problem from the power balancing, and optimization is mostly studied by simulation, implementing
optimization in real-time operation is difficult since lack of resistance to uncertainty. In addition, smart
grid interaction is not always taken into consideration for microgrid control.
Thus, around the world, researchers and engineers are deploying increasingly efforts to design and
implement intelligent microgrids to achieve the energy goals of the 21st century such as improved
reliability based on diversification of sources of electricity production. Nevertheless, ensuring reliable
distribution of electricity based on microgrid and realizing its integration into centralized larger
production of the power grid are not easy to achieve.
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3. Microgrids research project of AVENUES EA 7284
Our laboratory, AVENUES, works since more than eight years on the subject of Urban microgrids for
advanced local energy management with smart grid communication. Our research project focuses to
design a microgrid control strategy that optimizes the energy locally with respect to end-user demand,
based on local information, and can participate in global smart grid interaction through
communication.
The smart grid topology representation, given in Figure 2, displays our vision of the smart grid concept
and the role of microgrids.

Figure 2. Smart grid topology [2]

At the local level, the microgrid can be integrated to the one of the urban prosumer infrastructure and
connected to the main grid by an adapted controller. At urban scale there are several microgrids and
parts of traditional utility grid, all are connected to the grid through the point of common coupling. It
is assumed that intelligent switches allow connection and islanding of microgrids. A communication
network is added, e.g. communication bus, whose routers are dedicated to direct messages following
energy management priorities or special needs. In addition, all control interfaces generate and receive
messages.
The urban microgrid developed by our laboratory is connected to the smart grid by mean of a
controller that must provide the interface between the utility grid and the loads, e.g. urban
infrastructures, buildings, electric vehicles, aiming an optimal power management. Figure 3 illustrates
the power management interface principle based on the main data, which have to be exchanged
between the microgrid and the public grid.
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Figure 3. Power management interface principle [3]

Thus, the microgrid controller must take into account information about the public grid availability
and dynamic pricing, inform the smart grid on injection intentions and power demand, meet the
demand of the end-user with respect to all physical and technical constraints, and operate with the best
energy cost for the public grid and for the end-user. To meet these objectives as well as other actions
described in Figure 3 (forecasting, smart metering, monitoring…) a specific interface associated with
the urban microgrid [4] was designed as proposed in Figure 4.

Figure 4. Microgrid controller

The developed microgrid controller presented in Figure 4 is a multilayer and multiscale design able to
provide flexibility with respect to the necessary algorithms [5].
There are four functional layers whose response times range from days to less than a second. Humanmachine interface allows taking into account the end-user options as predefined operating mode, or
building critical loads, or load shedding limit, or other specific criteria. Prediction layer takes into
account the end-user option, several forecast data (building operating mode, grid time-of-use, and
weather), and aims to calculate two powers related to: renewable energy production prediction and
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energy demand prediction. These two powers are given as inputs for the energy management layer
which is the most important intelligent layer.
The energy costs optimization is calculated in this layer and is mainly based on the previously
calculated predictions and the system constraints such as dynamic pricing, peak consumption, public
grid vulnerabilities, and storage capacity. The optimization is solved by mixed integer linear
programming and the solver could be CPLEX [6]. The obtained results are the optimal power
evolution of each source for which the total cost is the minimum for the considered time duration.
These powers cannot easily be implemented in real-time control. The solution is to translate the power
flows into a single interface parameter for power balancing control, which is the predictive control
parameter, one of the outputs of this layer. The second output concerns the predictions to be
transmitted to smart grid (injection and supply). The predictive control parameter is applied in the
operational layer, which algorithm controls the power balancing in the microgrid system. This last
algorithm provides real-time references of the system powers and the coefficient of possible load
shedding.
The main scientific issues are the difficulties of global optimization, due to the risk of mismatch
between production/consumption predictions and the real time operating conditions, on the one hand,
and the need to take into account the constraints imposed by the public grid, on the other hand.
For urban microgrids several operating strategies are developed based on sources that make up the
microgrid (photovoltaic sources and wind turbine, storage, public grid connection, micro-turbine or
bio-diesel generator) and loads. For buildings and electric vehicles charging stations, Figure 5 presents
the main possible strategies.

Figure 5. Energy management strategies for urban microgrid [3]

Renewable energies supply the building and charge the electric vehicles. The renewable excess energy
could be stored and/or injected into the grid. The utility grid, if available, is used only as back-up for
the building and the electric vehicles. The micro-turbine operates only if the grid is not available. The
electric vehicles, if required for stringent situations, can supply the building and/or provide energy to
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the grid. The messages received from the smart grid command the microgrid operating mode aiming
compliance the actual availability of the grid.

4. Small scale wind turbine integration in urban DC microgrid
As defined earlier, microgrid aggregates distributed generation, loads, and storage together. These
elements are coupled on the same bus, either in DC bus or AC bus [7], through converters and
protection devices. It can work in both grid-connected mode and off-grid mode. As general
information, the overview of the microgrid already designed and developed in our laboratory can be
seen in Figure 6.

Figure 6. DC microgrid overview

The microgrid is proposed with DC bus link for an efficiently integration of other renewable sources
and storage, for absence of phase synchronization, and because only the voltage must be stabilized. In
addition, considering the DC bus and a DC load directly connected, the overall performance is
improved by removing multiple energy conversions [8]. Indeed, a DC network building distribution
may use the existing cables with the same power transfer as in AC distribution [9]. The DC bus can
supply directly many building appliances (lighting, ventilation, electronic office equipment …) as well
as an electric vehicle.
This DC microgrid consists of a power system and its real time control. The power system includes
photovoltaic (PV) generator, connection to the public grid, electrochemical storage, electrostatic
storage (as supercapacitors), diesel generator (Diesel GenSet) for traditional power source, and DC
loads that could be the building as prosumer and electric vehicles. Diesel generator can play an
important role for the off-grid operating mode. The control is assured through the controller shown in
Figure 4. It is allowed communication with the end-user, databases, including weather forecast,
building consumption prediction, and messages exchange with the smart grid.
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To increase the efficiency of renewable generation for DC loads, the Microgrids research project of
our laboratory considers a small-scale wind generator to be integrated to the described DC microgrid.
Facing to PV sources, the small-scale wind generator is seen as a complementary renewable energy
source. However, the energy potential and dynamic characteristics of the wind generator are very
different from PV generators. The DC microgrid including the small scale wind generator principle
overview is given in Figure 7.
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Figure 7. DC microgrid including small scale wind generator overview

Nowadays, small wind turbine, which represents wind generation source with the ability to produce
not more than 100kW of electrical power, is often integrated in urban microgrids. Regarding the
conceived microgrid, i.e. power system and its real time control, to integrate the small scale wind
turbine it is necessary:
-

to choose and study the electrical machine able to produce energy to the best price;

-

to choose and study the topology of the structure which respect to conversion mechanical
energy into electrical energy;

-

to study and propose the method and algorithm to extract the maximum power and therefore
the maximum energy;

-

to study and propose the control strategy able to extract the maximum power as well as a
required limited power;

-

to study and propose the model of the aerodynamic and the electrical power in order to be able
to calculate wind power predictions.

To meet these requirements, the small-scale wind turbine study is proposed starting with this thesis.
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5. Main objectives of the thesis
For small wind turbines, in urban areas, some typically machines are used: asynchronous machine
with squirrel cage, double-fed asynchronous machines, and Permanent Magnet Synchronous Machines
(PMSM). Due to its easy fabrication, relatively small size and high torque, as well as to avoid the
problems of excitation in the ordinary machines, the PMSM is often used and has become more and
more widespread.
With respect to conversion mechanical energy into electrical energy with small-scale wind generator,
there are two types of structures: the passive structure, i.e. non-controllable converter, and the active
structure, i.e. controllable converter. The advantages of passive structure are its robustness and its
attractive price, but on the other hand, the flow of energy cannot be optimized. The active structure
allows this optimization.
To extract the maximum power and therefore the maximum energy, an algorithm of maximum power
point tracking (MPPT) is required. Thus, the wind generator is driven by a MPPT seeking in real-time
the maximum power point. There are two categories of MPPT methods: the first one is a direct process
and the second one is an indirect process. The direct MPPT is based on the perturbation of a variable
system and the observation of the system in real-time. The complexity arises when the ratio between
the values of perturbation and observation time has to be selected, mainly for systems with a lot of
noise. The indirect MPPT method is based on iterative search as well as the knowledge of the wind
generator parameters.
The accurate knowledge of these parameters can often cause additional problems and also requires the
use of mechanical sensors such as a speed sensor. Thus, an incremental encoder or resolver can be
used for rotor position measurement. Therefore, this information can be naturally provided by tracking
the rotor position at every moment. However, these position sensors have their limitations. For
incremental encoder is necessary to determine the initializing position. To overcome this limitation, it
is required to use an initializing procedural in each PMSM start-up by tracking an index, which is not
desirable in wind turbine applications. Furthermore, the incremental encoder is also sensitive to noise
and, unless using of complementary signals, these parasites signals may be taken as useful impulses.
Regarding the resolver, it may be able to overcome the incremental encoder limitations, but its speed
performances do not permit a widespread use. Also, its fabrication cost is often more expensive than
the PMSM itself.
Therefore, to increase the system overall reliability and at the same time to limit the economic cost, for
small-scale wind generator the mechanical sensor is eliminated. As a result, in our case, a speed
estimator is needed.
Concerning the estimation of PMSM rotational speed, there have been a number of studies that
proposed various methods for this aim. While the estimation method based on observer depends to
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some extent on the accuracy of the motor model, the extended Kalman filter (EKF) is the most popular
model-based estimator allowing sensorless drive control in a wide speed range. The Kalman filter
principle introduced by Rudolf Emil Kalman, represents an efficient means for the recursive data
processing. Performance of the EKF depends on the correct prior knowledge of the process and
measurement noise covariance matrices. In adaptive Kalman filter, the knowledge about the noise
covariance values is adjusted according to the difference between the predicted estimates and the
current measurements.
This study focuses on a small-scale wind generator based on PMSM with an active structure to
maintain the optimum TSR constant. The proposed MPPT is based on the knowledge of the
parameters of small scale wind generator as input with EKF-based estimation of mechanical rotation
speed. Structured into three chapters, the rest of this thesis is organized as follows.
The chapter 1, Evolution of renewable energies and the place of wind power generation, presents a
thorough overview of the evolution of renewable energy while paying special attention to the place of
wind power generation. A general literature review is conducted presenting previous works on various
wind power generation systems as well as the conception and topology of converters.
In chapter 2, Studied wind turbine – control analyses and energy optimization, a wind turbine
conversion system is detailed by explaining its different structures and all its elements. Static
converters are essential in the structure of such a system. They allow not only operating at variable
speed but also extracting the maximum amount of produced power. A frequently used structure is one
that uses a three-phase diode bridge rectifier associated with a controllable converter. Then, in order to
design an MPPT controller not only robust and effective, but also to optimize the all over cost of the
system, both methods direct and indirect are taken in consideration. To allow experimental validation
in the laboratory, an emulator of the system were constructed. Experimental results are shown to
demonstrate the effectiveness of the proposed controller.
Chapter 3, Rotational speed and rotor position estimation, focuses on comparative study about
rotational speed and rotor position estimation for synchronous machine. The exact information about
rotor position and rotational speed is important for good performance of drive system and to assert
control reliability. Many years ago, sensors were used to get this information. With the advancement
of technology, methods of estimation started to appear more and more, in order to create a substitute to
the physical sensors. This trend of replacing a physical sensor with an estimation procedure has two
visible advantages: (i) minimizing the overall cost of the system by economizing the cost of this
sensor; (ii) improving the system characteristics by increasing the stability, heightening the robustness,
time economizing, decreasing faults probability, etc. In small scale wind turbine systems these
advantages can be of great importance considering the relatively high cost of position sensor and
adding to it the obstacles posing technically by using it. In case that sensorless tool must rebuild the
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system state, then an observer is what can be appropriate tool. Indeed, an observer is a software tool
for measurement allowing the estimation of system state from a limited amount of information. The
adaptive estimator of the rotation speed is selected and validated in chapter 3, as well as experimental
results are given and discussed.
Conclusions and perspectives are presented in the final part of this thesis.
Finally, concerning the PMSM used in the laboratory test, three appendixes are given to present the
parameters measurement, its geometrical and mechanical parameters, and the PMSM modeling.
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Chapter I. Evolution of renewable energies and
the place of wind power generation
I.1. Renewable energies a societal goal
Before the industrial revolution of the 19th century, all energy was almost used from renewable
sources. Indeed, 5000 BC the Egyptians used wind energy for moving or displacing objects. Around
2000 BC, it was in Persia that used for the first time wind mills. Not until the 12th century to see them
coming to Europe. There are many other examples of the use of renewable energy before the industrial
revolution. The current global energy situation is complicated because of the depletion of fossil
resources that is difficult to calculate, but also because of the ever increasing energy needs. In fact, it
has been consumed in the last 20 years as much as since 1850 and knowing that there are about two
billion human beings who do not have access to electricity. To this is added obviously the struggle
against the emission of greenhouse gases. Currently renewable energies are therefore used as primary
sources when there is no other way, e.g. the connection to the existing power grid is difficult, or when
their profitability is proven. Therefore, the renewable energies should be feasible from a technical,
environmental, and economic point of view.
There are many definitions that characterize a renewable energy:


Energy that can be reconstituted or is recovering faster than it is used;
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Energy natural renewal is fast enough for it to be considered an inexhaustible at the
human time scale;



An inexhaustible primary energy in the very long term, as it is directly come from
natural phenomena.

Renewable energy is often classified into five families: sun, wind, water, geothermal, and biomass.
They have an unlimited amount on a human scale; they do not emit greenhouse gases to produce
energy and are becoming less and less expensive because they are increasingly used.
Since 2012, renewable energies have a little over 25% of global power capacity with an increase of
8.5% compared to 2011. In terms of electricity, they provide just over 21% of global demand with
16% from hydropower and 5% of other types of renewable energy. Despite the current financial crisis,
global investment in the renewable energy sector has increased by 6 during the last 8 years. In
addition, a highest future growth should take place in developing countries.
Table 1 summarizes the current situation of renewable electricity production and gives the goals for
France in 2020.
Table 1. Current situation and renewable electricity goals for France in 2020 [10]

2020 objectives

Current
situation

Wind Power

19000 MW

8807 MW
end of Sept.
2014

Very uncertain goal. It would take an
average additional 1,500 MW per year to
achieve the goal

Hydraulic

28300 MW

25700 MW
end of 2013

Very uncertain goal. It will depend on the
success of the revival of the sector and the
renewal of hydropower concessions

Biogas

4230 GWh

1521 GWh
in 2013

The goal can be achieved. It will depend on
the development of agricultural biogas

Marine energy

6800 MW (including
6,000 MW of offshore
wind)

240 MW
end of 2013

Very uncertain goal. The offshore wind has
been delayed and the progress of projects of
other technologies is slow

Photovoltaic

5400 MWp (under
standard test condition)

5412 MWp
end of Sept.
2014

The goal is already achieved. The sector
needs a new direction in order to project
itself

Waste and solid
biomass

1.2 MTOE (Million
Tonnes of Oil
Equivalent) produced

0.39 MTOE
in 2013

Very uncertain goal. It will depend on the
success of projects on solid biomass and
energy improvement of existing incineration
plants
The goal can be achieved. New projects
materialize but their advance is slow

Category

Geothermal

80 MW

17.2 MW
end of 2012

Solar
thermodynamic

540 MW

1.01 MW
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Remarks

Very uncertain goal. The challenge of the
industry is not at the level of national
production but export

Hydropower is the second source of electricity in France and the first among the sources of renewable
electricity. It represents about 20% of total capacity. The little hydroelectricity represents only 8% of
the total production capacity of hydropower. Wind energy is in second place of renewable electricity
production. The wind electricity generation have benefited from resumption growth in 2014. This
recovery appears to be due to the simplification of administrative procedures started in 2013. Small
scale wind generation still show low capacity compared to large scale wind generation. Currently,
there is no mapping of the productive capacity of small scale wind turbines. As a final point, even if
the photovoltaic sector has already reached its goal, this conceals a lack of ambition in larger scale
development. Since 2013, the world market seems to have believed the economic and energetic
benefits of this sector. However, facing the current crisis, France resists to this progress. Photovoltaic
is found in several forms: small installations for individuals, medium and large installations associated
with commercial buildings and high power photovoltaic plants. Since 2013, in France, the
consumption has emerged as a possible revival of the sector.
Table 1 also demonstrates that all objectives, except photovoltaic, will have difficulty in being
achieved until 2020 in France.

I.2. Wind power generation and wind turbines
As concluded above, increasing depletion of conventional fuels and the induced environmental
pollution lead over past decade to implementation growth of renewable energy sources. Therefore,
wind energy has gained tremendous attention. As mentioned earlier among all renewable energy,
devoid of wood energy, it is the wind energy which was first exploited by man. Since ancient times, it
was used for the propulsion of ships and then the flour mills and structures for pumping water. The
first known use of wind energy dates back to approximately 2000 years BC. Hammurabi, founder of
the Babylon power, had designed an entire irrigation project of Mesopotamia using wind power. The
first written description of the use of windmills in India dates from about 400 BC. In Europe the first
windmills were introduced in the early middle ages. First used to grind grain, hence the name "mills",
they were also used in the Netherlands to dry lakes or flooded land. From the 14th century, windmills
are everywhere in Europe and become the main source of energy. Upon arrival of the steam engine,
the windmills begin their gradual disappearance. The electricity appearance gives the idea to Poul La
Cour in 1891 to associate a wind turbine generator. Thus, the energy from the wind could be
"rediscovered" and used again. At the beginning of last century, wind turbines have a massive
emergence (6 million manufactured parts) in the U.S.A. where they were the only way to get
electricity in the isolated countryside. In the 1960s, it was about 1 million wind turbines working
worldwide. The 1973 oil crisis has revived again the search of turbines achievements in the world
[11].
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Currently, wind turbines are mostly used in two major areas: production for remote sites and
production for the power grid injection. For remote sites, the power of a wind turbine is normally from
a few tens of watts to tens of kilowatts. For power grid injection, the power of a wind turbine is
normally from a few hundred kilowatts to a few megawatts. In the case of power grid injection, the
wind turbines can be on land but also at sea, which is called offshore. Since 2001, the worldwide
capacity of wind turbines exponentially increases as shown in Figure 8. In five years, it has almost
tripled. The leading countries in the world were Denmark, Germany and Spain. More recently, China
became the country with the largest installed wind capacity, overtaking the U.S.A. and Germany (in
relation to the number of inhabitants). Figure 8 also shows that in 2013 there has been, for the first
time since 1997, a reduction in installed capacity.

Figure 8. Evolution of the production capacity of wind turbines [12]

By means of a wind turbine associated with the power conversion system, a wind generator converts
the wind energy into different forms of electrical energy. To elaborate in more details about wind
turbine, the section I.2.1 is presented.

I.2.1. Wind turbine operating types
Wind turbines can revolve about either a horizontal axis or a vertical one, the former is older and more
widespread as well. Vertical axis designs produce a smaller amount of power and are not as much
widespread [17]. Figure 9 shows why today most of wind turbines are equipped with three blades.
Indeed, it is with blades number that power coefficient cP , which plays a key role in wind power
formula, reaches its maximum value.
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Figure 9. Evolution of the power coefficient cP as a function of



and type of wind turbine [13]

Figure 9 also shows that if it is desired to have a maximum power coefficient cP , then  must be
maintained at a constant value. As wind speed and blade radius after manufacturing both are out of
control and it is not possible to change them, so that, the rotational speed  must be adapted in real
time. This adaptation is called variable speed control and it allows working constantly at the maximum
power point (MPP). High power wind turbines, mainly for power grid injection, operate under
maximum power point tracking (MPPT) methods like as the nacelle orientation to "capture" the
maximum wind power, the pitch system based on wedging action with variable step that inclines the
blades, or the stall system leading to aerodynamic standstill. These first MPPT methods are active,
while the stall system is a passive one. This system consists on the design of the blades shape and this
is achieved by numerical modeling and then by validation by wind tunnel based on a prototype in
reduced scale.

I.2.2. Various types of wind turbines
Wind turbines are classified into two types depending on the axis of blades, while depending on the
capacity of power production wind turbines can be mainly divided into two categories as well as small
scale wind turbines (which are studied in this thesis) and large scale wind turbines. At first glance, the
use of large scale wind turbines in urban areas may seem surprising. Nevertheless, as the size and the
electric power of urban microgrids are not defined, it is possible for a city to have its periphery near a
large scale wind turbine.
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I.2.2.1. Large scale wind turbine
Wind turbines from a few kW to 7.5MW are considered large turbines; those which are installed today
in France have a power of 1 to 3 MW. In general, they are set together in wind farms 6-210MW. The
Danish company Vestas tested in January 2014 its new V164 turbine of 8MW (Figure 10), the mast
height of 140 meters and rotor diameter of 164 meters and reached a total height of 220 meters [15].
By using three phase turbine, [18] presented the control strategy of a wind turbine based on a PMSM.
It proposed the modeling of the wind turbine system and the control strategy using Matlab/Simulink
software in order to analyze the performances of the control strategy.

Figure 10. Vestas turbine V164 of 8MW [14]

In recent years, multiphase large scale wind turbines have been increasingly used. In the literature, an
electric machine having at least three distinct stages (3 independent currents) is a multiphase machine.
Multiphase machines most frequently encountered are the three-phase machine coupled in star with
accessible neutral, the five-phase machine, the six-phase machine called "double star", and the sevenphase machine. Multiphase machines have the following key benefits [19], :


Minimization of electromagnetic torque pulsations. The interactions between the current
harmonics and electromotive force can create torque pulsations. For an electrical machine,
when the number of phases increases the torque pulsations decrease in amplitude (with higher
frequency).



Increased functional reliability (the multiphase machine therefore have a reduced structural
reliability). It is quite easy to understand that compared to three-phase, the higher in phase
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number is the less harmful will be the loss impact of one (or more) phase(s). For example, the
"double star" machine can operate with a single star.


Less power per phase (or current per phase). For a given power, it also seems clear that the
more increased phases the less power per phase is. This allows less parallel connection and/or
series of components, it is also possible to use simple structures inverters.

The research work in [20], for example, dealt with the generation of optimal current references for
multiphase permanent-magnet (PM) synchronous machines. It carried out the study in normal or fault
mode and provided experimental results of a five-phase surface-mounted PMSM in order to
demonstrate the proposed strategy. Despite these non-negligible advantages, the multiphase machines
can raise the following key issues:


How to connect them to the existing three-phase network?



Do they have a control model as "simple" as the three-phase machines?



How to manage and minimize the torque pulsations in degraded mode?

Thus, in the coming years, multiphase machines strategy is a promising approach for the wind turbine
system; especially to be integrated in the microgrid system which can operate in grid-connected or offgrid modes [21], [22].

I.2.2.2. Small-scale wind turbine
Small-scale wind generator is the name given to wind generation systems with the capacity to produce
less than or equal to 30kW (in Europe) or 100kW (in USA) of electrical power. These wind generators
are usually equipped with turbine whose blades are approximately 2m to 7.6m in diameter, and they
operate mostly in grid-connected mode, but stand-alone or isolated mode may be also chosen.
In the following section, different types of machines used for wind turbines will be discussed
especially for small-scale ones.

I.2.2.2.1 Different types of machines
Various types of electrical machines can be used in small scale wind generator. Permanent magnet
synchronous machine (PMSM) is most commonly used; although induction machine may also be used
[25]. PMSM is popular for efficiency, reliability, energy density, small size and light weight. For
PMSM, in recent years, new topologies such as axial flux appear. These are excellent electrical
machines but have large manufacturing constraints [26]. In this thesis, the used machine is a classical
radial flux PMSM.
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I.2.2.2.1.1 Asynchronous machines
Asynchronous electrical machines are simpler to manufacture and less costly. They fall into two main
categories; the first is with a squirreled cage and the other is a double-fed machines.
Asynchronous machines with squirreled cage have the advantage of being standardized and
manufactured in large quantities and in a very large scale of power. They are also less demanding in
terms of maintenance and have a failure rate very low. In wind turbines with sizable dimensions (high
power and large blade radius), the rotation speed is low. However, it is not possible to design an
asynchronous generator with a correct slow return. It is therefore necessary to insert between the
turbine and the induction machine a mechanical speed multiplier. It is sometimes used as a solution to
change the stator winding configuration (poles number) and therefore the use of machinery type
Dahlander, [27]; but again the yield is less than optimal over the entire wind range. Another possibility
is to use a frequency, but this is generally expensive (variable frequency and speed multiplier) and
therefore it is rarely used. The majority of applications in wind power are in constant rotation speed
and direct connection to the grid. These machines can be easily used in large wind turbines because of
the blades rotational speed and possibility of direct-drive. However, further than lower energy
efficiency compared to systems with variable frequency, the rigidity of wind turbine causes sudden
changes in power, and the grid problems in case of wind drop are their main disadvantages [13].
Double-fed asynchronous machine is currently one of two competing solutions in variable speed wind
applications. In this case, the stator of generator is directly coupled to the grid most often by a
transformer. In place of the squirrel-cage rotor, these machines have a wound rotor induction whose
electronic control ensures the change in slip. The wind turbine thus allows the rotor set of variable
speed operation over a range of speed depending on the type and sizing of the wind turbine rotor [13].
These machines are a bit more complex than induction motors cage with which they share a need for
speed multiplier. Their strength is slightly diminished by the presence of system rings and brushes, but
the benefits of variable speed operation are an advantage sufficient to numerous manufacturers
(Vestas, Gamesa, etc.) to use this type of machine. The nominal rotation speeds of these machines are
usually slightly lower compared to machines with squirrel cage then the ratio multiplier speeds may be
smaller [27]. An alternative and very interesting solution to obtain a variation in the rotation speed of
about 30% around the synchronous speed is to couple the generator rotor to double-fed rotor through
two 3-phases converters, one as rectifier mode and the other as an inverter. In general, the design of
the wind turbine rotor is limited to 25% of the rated power of the electrical machine stator, which is
sufficient for a change about 30% of the speed range. That is its main advantage, while its main
drawback is related to interactions with the grid, especially over current caused by voltage dips of grid
[13].
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As these types of machines are used only for large-scale wind applications, in the next part,
synchronous machines will be presented.

I.2.2.2.1.2 Synchronous machines
For several decades the industry has used the DC motor with the main advantage of being easily
controllable through the natural decoupling of flux and torque. On the other hand, the presence of the
collector brush system has always been a big engine problem which limits the power rating and
maximum speed. Also, this presents difficulties in maintaining of continuous operating by predicted
interruptions, which limit increasingly its use. It is for these reasons and thanks to advances in power
electronics that the industry has moved towards the use of AC machines to take advantage from
benefits such as the flexibility of speed changing rate and operation stability. Among the AC machines
used in the drives, the PMSM has a number of advantages, namely no losses to the rotor, low inertia,
and its high mass torque compared to asynchronous machine and classic synchronous machine.
Moreover, PMSM has relatively small inductance, which results in rapid current response and thus of
the torque. From technical viewpoint, this machine is more compact and generates less energy losses
than separately excited machine. It generally has a low inertial time constant and high massif torque, it
is robust and reliable. The two major drawbacks are: the lack of adjustment in the amplitude of the
magnetic moment and its high cost [19].


With external excitation:
Synchronous machines with external excitation are known to offer very high torque with
suitable geometrical dimensions. They can therefore be used in direct drive wind turbines.
Systems of this type also have their defects. The wound rotor of synchronous machines
requires regular maintenance of the rings and brushes system. The excitation circuit of the
inductor requires the presence of a supply network and of reactive power. Isolated sites are
adapted to these generators in the presence of capacitors battery or an independent voltage
source. By cons, the adjustability of the inducer of these machines provides another means for
adjusting the operating point of energy. Power electronics is required for all applications using
this type of machine that are of variable speed. However, contrary to asynchronous machines
the conversion wind turbine placed on the stator should be sized for the entire power
generation system [13].



With permanent magnets:
The development of magnetic materials has allowed the construction of permanent magnet
synchronous machines by costs which are becoming competitive. The machines of this type
are with large number of poles and allow the development of considerable mechanical torques.
There are several concepts of synchronous permanent magnet applications dedicated to wind
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turbines; they are construction machinery standard (radial magnetization), discoid generators
(axial field), and external rotor. The coupling of these machines with power electronics is
becoming more economically viable, making it a serious competitor for all types of
asynchronous generators. Systems of this type have a failure rate considered miniature by
eliminating some sources of defects: deletion of speed multiplier and the rings and brushes
system for magnet generators. Maintenance costs are minimized while this is very interesting
in wind energy applications, especially in inaccessible sites (e.g. offshore). The obligatory
presence of power electronics allows finally a simple regulation of the rotation speed and thus
an effective energy optimizing [27].
By choosing PMSM for its noticeable advantages, there are various types of control allow connection
between the generator and electrical grid. The next part will be dedicated to present these types of
connections.

I.2.2.2.2 Converter types and their structures
For small-scale wind generator, there are two types of structures for converting mechanical energy
into electrical energy. Passive structure uses a no controllable three-phase AC-DC converter, e.g.
three-phase diode bridge [25], as in Figure 11 (a).

Figure 11. Different small scale wind generator structures [30]
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Sometimes it is possible to find an active structure based on controllable three-phase AC-DC converter
[25] as in Figure 11 (b). By adding a controllable DC-DC converter to passive structure, it is easy to
get an active structure as in Figure 11 (c).

I.2.2.2.2.1 Three-phase diode bridge
This part briefly describes the static converters commonly used in power conversion wind systems. All
these topologies are designed for the use in medium and high power scale, while our case study is that
of small scale. Converters based on fully controlled components are expensive therefore
disadvantageous in a set of small scale. In the effort to reduce costs, the diode bridge, which is
inexpensive, seems attractive, provided that the energy performance is not too degraded. Since PMSM
produces a voltage at variable frequency and amplitude, additional power electronic devices are
required to meet the needs required by the load. When this method is used to provide the output
voltage then it will be untreated before it is introduced to the load or the grid. In this study, a threephase diode bridge is considered to rectify the voltage generated by the PMSM.
In the circuit constituted by a diode bridge, the diodes are assumed ideal (ideal switches) and the
output current of the rectifier circuit is continuous (highly inductive load). Each diode thus functions
during a third period while the rectified voltage consists of six sinusoidal portions per one period of
time. A topology of passive diode rectifier can be used as shown in Figure 11 (a).
Adding a chopper behind the diode bridge is used to control the DC voltage and therefore the output
power of the generator as it will be explained later. This structure is used for wind energy of small
scale. However, this type of association does not control the machine's power factor and the current is
greater than about 20% in the classic topology with fully controlled converter for same power.
Similarly without adding the chopper, the voltage of the generator varies, so the DC voltage is also
varies and it is necessary that the DC voltage is greater than the AC voltage of the network side, which
increases loss. In both cases the topology is less interesting than the combination of two entirely
controlled as explained in the following paragraph.

I.2.2.2.2.2 Voltage three-phase inverter
For PMSM in small-scale wind turbines, the general structure to extract power is given in Figure 12.
Wind energy is captured by wind turbine blades; it is then converted into electrical energy by PMSM.
This energy is sent to the DC bus through an inverter (MPPT inverter). This inverter may either
require the torque or rotation speed. Then, DC bus energy is sent to the grid via the grid inverter. As
this thesis focuses on small-scale wind turbine integrated into microgrid, the grid connection (grid plus
its inverter) is replaced by a programmable electronic load (PEL) and wind and blades are replaced by
a wind emulator (as it will be seen in the next chapter).
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Figure 12. General structure to extract power in case of use three-phase inverter [123]

One of the constraints considered for this work is that the electrical machine used is a synchronous
machine with permanent magnets and the topology of the control structure is already determined
(which will come later in I.2.2.2.2.3). However to verify this structure, a research work in our
laboratory is carried out in [123]. By using vector control based on PMSM model, which is given in
Appendix II, this structure is carried out. The direct component of current in d-q axis does not
contribute to the torque; to get maximum torque per ampere this component (variables with an asterisk
are references) must be settled at zero value in vector control. In this type of application, the control is
often done using proportional-integral (PI) controllers. In closed loop and for this type of device, PI
controllers introduce two poles, but also a zero. The settings are more complex. Integral-proportional
(IP) controllers are used to eliminate zero. Figure 13 shows current loops of PMSM in d-q axis for
given rotational speed with currents reference in rotating frame.
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Figure 13. Vector control - PMSM current loops for given value of rotational speed [123]
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iB
iC
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The closed loop transfer function with IP controller can be written for both axis d and q respectively as
in (1) and in (2), with s as Laplace variable:
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Where kd  kq 1 R S and  d  Ld R S   q  Lq R S and with K1 and K 2 as controller parameters. For
the regulation part, the determination of K1 and K 2 is based on (3) and (4).
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Experimental test is carried out to verify the control performance in this type of structure. Figure 14
shows that for steady state (   100rpm and iq*  6 3 A ) the currents in the natural base
2
iA , iB , and iC are identical to their references i*A , iB* , and iC* . Thus the vector control operates properly

in steady state for this structure.
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Figure 14. Currents in the natural base and their references [123]
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This type of structure and control offers a good performance, yet it is required a high complexity in
design and expensive equipment for being carried out. Therefore, in the third structure, the cost will be
minimized.

I.2.2.2.2.3 Three-phase diode bridge with chopper
Static converters are essential elements of the wind energy conversion system with variable speed.
They allow operating at variable speed and thus extracting the maximum power generated by the
turbine. Power can be optimized (the DC side) by a voltage control (accordingly the rotational speed
of the generator) with a controlled PWM rectifier as seen in the last part, or by a rectifier of threephase diode bridge associated with a controllable converter (step-type buck or chopper). As it is
presented in the last paragraph, configurations based on a rectifier bridge with six controlled switches
are costly and require a rather complex control circuit. The structure of this part requires a simple and
less expensive control system. As the output voltage of PMSM is too high, a boost converter (chopper)
is chosen to use for a high voltage output.

I.3. Conclusion
A brief description of renewable energy has been presented in this chapter. In this context, some key
concepts about wind technology were given as methods of description of wind resources, examples of
architectures, used generators, etc. the work of this thesis focuses on a small scale wind power system
dedicated to a site concern the urban environment. Examples of practices and industrial achievements
of this set are offered. The turbine types of horizontal and vertical axis are described for the various
improvements of possible performance. Wind turbine in our case is small scale one of horizontal axis.
Types of machines used in the small scale wind turbine were classified to choose the most appropriate
for the studied system. PMSM is used in our study case for its known advantages. In terms of control,
various structures and control of small scale wind turbine were listed and studied.
Therefore this chapter has helped to build the foundations of our study through the representation of
all the elements of wind power system represented by different energy conversion structures.
Investigative search has been described and allows to focus on the target for this study in the context
of small-scale wind turbine. Several structures and management strategies with regard to cost criteria
(simplicity of construction and maintenance) and energy efficiency were discussed. According to this
criterion, special attention was paid to the performance in each model.
A major part of this chapter has dealt with wind turbine structure and the insertion of a conversion
system to be associated with the small-scale wind turbine. This part has allowed highlighting several
key points:
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A brief description of the diode bridge in its environment has been proposed. This structure is
sufficiently simple and quick to implement, yet it does not offer any kind of power
optimization.



Fully controlled converter was presented to optimize the power and control the system. It is
proved that its performance is good enough but the cost remains the main obstacle for
implementation.



Finally, static conversion structure for DC-DC was presented through a power control adapted
to provide voltage control. It is highlighted, under static conditions, the interest of such
structure to variable DC bus voltage which offers the opportunity to maximize the power
whatever the wind conditions are.

As the last configuration is considered, certain components of wind turbine have to be characterized.
Thus, in the next chapter the components characterization will be presented and the wind power will
be fully illustrated. Also, the next chapter will focus on performance of the considered structure under
various strategies to extract the maximum power, which will conclude on looking for the best cost.
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Chapter II. Studied wind turbine – control
analyses and energy optimization
A practical approach to energy production is to use wind turbine coupled with a PMSM. PMSMs are
reliable, efficient and of low maintenance. In addition, with flexible operation, they may have a direct
coupling to the turbine (no gearbox, another mechanical system). Thus, system based on PMSM can
operate at variable speed, to extract more energy with less mechanical stress and therefore, less energy
variations, which is not the case with a constant speed operation [17].
In this chapter, a wind turbine conversion system will be detailed by explaining its different structures
and all its elements. Static converters are essential in the structure of such a system. They allow not
only operating at variable speed but also extracting the maximum amount of produced power. The
frequently used structure is the three-phase diode bridge rectifier associated with a controllable
converter. Then, in order to design an MPPT controller not only robust and effective, but also to
optimize the all over cost of the system; both direct and indirect methods are taken in consideration.
To allow experimental validation in the laboratory, an emulator of the system was constructed.
Experimental results are shown to demonstrate the effectiveness of the proposed controller.
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II.1. Wind turbine emulator
As it is mentioned in chapter I, small-scale wind turbines are wind turbines which have a capacity
inferior than or equal to 30kW for Europe and 100kW for USA. These wind turbines are usually
equipped with blades having a diameter of between two and eight meters. In the European case, they
are generally used in standalone operation for powering remote sites. Small-scale wind turbines use
several types of electric machines, like asynchronous machines [28], but the most used is PMSM. The
PMSM is popular because it is effective and reliable. It also has a good energy density per given
volume and weight. In recent years, the axial flux PMSM appeared; it is of highly performance, but it
has strong manufacturing constraints [26]. Thus, this study focuses on a small-scale wind turbine with
PMSM of radial flux type. For converting mechanical energy into electrical energy, small-scale wind
turbine mainly use two types of structures; passive structure and active structures. Various types of
these structures are illustrated in first chapter in Figure 11.
Figure 11 (a) shows the passive structure that uses a static uncontrollable AC-DC converter (threephase diode bridge). Occasionally, it is also possible to find the active structure of Figure 11 (b). This
structure uses a controllable AC-DC converter. Besides, by adding a controllable static DC-DC
converter, the first passive structure is easily transformed into active structure as shown in Figure 11
(c). The passive structure is robust and does not have a high cost; however it does not optimize the
collected energy. At this time, energy flow optimization becomes focus before considering the
financial costs of a system (which is quite debatable). It is for this reason that the passive structure is
virtually no longer used. This leaves two types of active structures that are presented in Figure 11 (b)
and (c).
To operate the structure presented in Figure 11 (b), it takes 6 transistors and closed loop control (to
some extent directed by elaborated control as it is presented in chapter I). However for the structure
presented in Figure 11 (c), it takes 7 diodes, one transistor and closed loop control (directed by a
simple control). Then, it is readily understood why that in most applications, the structure of Figure 11
(c) is frequently used. Therefore, in this study the structure (c) of the Figure 11 is considered. The
scheme of the studied wind emulator principle is illustrated in Figure 15.
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Figure 15. Scheme of studied wind emulator principle

The test bench for the wind turbine emulator consists of various devices shown in Figure 16.
WIND AND BLADES
EMULATOR
PEL

PMSM

MPPT
THREE-PHASE
CONVERTER DIODE BRIDGE
Figure 16. Various devices for the test bench of wind turbine emulator [123]

To emulate wind and blades, it is required a control board for rapid control prototyping (Digital signal
processing and control engineering, dSPACE DS1104) to control a three-phase industrial driver
(C3S063V2F10 from Parker) to drive a three-phase PMSM (NX430EAJR7000 from Parker) which
emulates dynamic characteristics of wind and blades. The parameters of this type of PMSM are given
in Appendix III. The generator is a same PMSM as that emulates the wind and the blades. A threephase diode bridge (SKD 51/14 from SEMIKRON) connects the generator outputs and converts the
AC power from the generator into DC form. A DC bus uses a capacitor of 1 mF and an inductance of
50 mH (267.5mΩ) to obtain an acceptable balance between filtering quality and system dynamics. In
order to operate the MPPT, it requires that the control board dSPACE DS1104 (sample time of 100μs)
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controls another driver (SKHI22A from SEMIKRON) to drive an IGBT module (SKM100GB063D
from SEMIKRON). In addition, one programmable electronic load (PEL, PL-6000-A from
Puissance+) with a 1.1mF capacitor is used to emulate the power demand. For all operating points of
the studied system, the PEL maintains voltage uPEL at constant value (400V).

II.1.1. Aerodynamic and electrical power
The principle of wind turbine operation is based on the formula for the aerodynamic power ( p

AERO

)

given in (5):

p

AERO



1
 R 2 cP v3
2

(5)

where  , R, cP , and v are respectively the density (kg/m3), the radius of the blades of the considered
wind turbine (m), the power coefficient, and wind speed (m/s). The power coefficient cP is not
constant but it depends on the normalized wind speed v and wind turbine type i.e. Coefficient cP is a
function of tip-speed ratio (   R v ).
The first step is to create a "wind emulator" that must emulate the aerodynamic power and the inertia
moment of the blades which is brought about by the rotational axis. To perform that, one of the two
electrical machines mentioned above is controlled as motor with an industrial driver. The latter
controls the speed (for its analog input 0-10V). The speed reference is obtained by solving the
equation (6):

1
d
 pAERO  pEM   J  F 

dt

(6)

where pEM , J , and F are respectively electromagnetic power (W), moment of inertia of blades
(kg.m2) which is brought about by rotational axis, and the viscous friction coefficient (N.m/rad).
In order that the "wind emulator" is as realistic as possible, in last equation the used parameters are the
geometric, aerodynamic, and mechanical parameters of BERGEY EXCEL 1 [30], [31], which are
given in Appendix III. In fact, all parameters of small scale wind turbine are difficult to be found.
Therefore, these parameters are known for this type of wind turbine which is the same type of that one
installed in our site, further more it is well known for performance and reliability. The power
coefficient cP is an approximated polynomial function of the 7th order is given in (7), whose factors
are also taken from BERGEY EXCEL 1 [30], [31], given in Appendix III:
7

cP ( )   a K  K
K 0
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(7)

Finally, the electromagnetic power is difficult to measure, an approximation thereof is used as in (8):
pEM  vA iA  vB iB  vC iC

(8)

For various wind speeds, Figure 17 and Figure 18 respectively give the experimental evolution of the
aerodynamic power and electric power ( pBUS  uBUS iBUS ) as a function of the bus voltage uBUS and the
bus current iBUS .

Figure 17. Experimental evolution of the aerodynamic power according to u BUS and iBUS [29]

Figure 18. Experimental evolution of the electric power according to u BUS and iBUS [29]

Figure 17 and Figure 18 show that for a given wind speed, the aerodynamic MPP and the electric MPP
are different. This difference is mainly due to losses in the PMSM and the three-phase diode bridge.
These figures also show that with this system it is much more difficult to control the system with iBUS
than with uBUS . Indeed, for a given current there are two points of power: aerodynamic and electrical.
The control is therefore carried out always with voltage.
A converter can impose different values of uBUS across three-phase diode bridge. Considering an
arbitrary profile of wind speed given in Figure 19, Figure 20 shows the evolution of pBUS for different
values of uBUS ranging from 100V to 250V. The respective recovered energies are 1.6Wh for 100V,
4.3Wh for 150V, 5.55Wh for 200V and 4.95Wh for 250V, while potentially recoverable energy is
5.9Wh (Figure 19). For arbitrary wind speed profile, it seems that the optimal value of uBUS is 200V.
Figure 19 and Figure 20 show that to get the maximum energy when the wind is random, uBUS must
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be varied in real-time. Taking into consideration the MPP shown in Figure 17 for different wind
speeds (which depend on uBUS ), optimum uBUS for different values of rotational speed ( n  60 2
rpm) is an almost linear function as presented in Figure 21. In this work, as three-phase diode bridge is
used, an experimental analysis is carried out instead of analytical study to determine the values of
u BUS . In fact, analytical study when it is constructed provides evaluation of parameters under different

conditions which is not concerned. So that analytical study is not presented in this thesis.

Figure 19. Arbitrary wind speed profile and optimum evolution of pBUS [29]

Figure 20. Experimental evolution of pBUS for different values of u BUS [29]

Figure 21. Experimental optimum u BUS for different values of n [29]
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II.1.2. PMSM and control system
PMSM plays a key role in the production systems of wind energy to transform mechanical energy into
electrical one. A rigorous mathematical modeling of PMSM is a prerequisite for the design of the
machine control algorithms as well as features analysis at steady and dynamic states of wind energy
conversion systems. Studying the behavior of an electric machine is a difficult task and requires, first
and foremost, a good knowledge of its dynamic model in order to predict well by simulation its
behavior in the different considered states. For this reason, PMSM modeling in both A-B-C and α-β
references is given in Appendix II. All variables with asterisk are reference values.
The control cooperates with the strategy of MPPT which aims to extract maximum electrical power,
i.e. the maximum electrical energy. As it is concluded above, the bus voltage is used as the controlled
*
parameter for MPPT algorithm and the reference value of bus voltage u BUS
is the calculation result of

this algorithm.
*
It is absolutely necessary to use a regulator to control the system following the u BUS
calculated by

MPPT algorithm. In order not to complicate the task but also to avoid focusing on this, a hysteresis
corrector is used. In this study the hysteresis controller (schema with hysteresis controller is given later
in Figure 28) is chosen due to its rapid response capability, wide bandwidth and low difficulty of
realizing. The bandwidth of the hysteresis correction is set as small as possible to minimize the ripple
of the electrical quantities.
Figure 22, Figure 23, Figure 24, Figure 25 and Figure 26 show the dynamic process of system
response to bus voltage step input using the hysteresis control. For these figures, experimental
conditions are as follows: 8m/s wind speed, 100V initial bus voltage u BUS , and 10V step change of bus
voltage are used to obtain a significant difference.
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Figure 22. Experimental evolution of u BUS
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Figure 23. Experimental evolution of v A [29]
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Figure 24. Experimental evolution enlarged of v A [29]
iA iBUS

4

(A)

2
0
-2
-4
0

0.5

1

1.5
Time (s)

2

2.5

3

Figure 25. Experimental evolution of iA and iBUS [29]
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Figure 26. Experimental evolution enlarged of iA and iBUS [29]

Experiment evolutions shown in Figure 22 suggest that uBUS can properly track the reference of bus
*
voltage u BUS
under the control of the hysteresis method. Given the fact that all three-phase voltages
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( v A , vB , and vC ) and three-phase currents ( iA , iB , and iC ) are balanced, thus the same behavior is
expectable, just evolutions of single phase voltage ( v A ) and current ( iA ) are presented in the
following figures (Figure 23, Figure 24, Figure 25 and Figure 26) aiming to highlight the signal
changes before and after uBUS changing.
Figure 23, Figure 24, Figure 25 and Figure 26 present the whole dynamic response of v A , iA , and
iBUS , while Figure 24 and Figure 26 display the enlarged evolution for each variable. It is obvious that,

comparing with three-phase current, three-phase voltage respond to the reference of bus voltage more
rapidly, meanwhile wave forms of v A and iA do not transform significantly. This means that
hysteresis control meets the requirement of rapid response, without the distortion of system operating
mode.

II.2. Maximum Power Point Tracking
As explained in the last section, that it becomes possible to impose reference value of voltage bus
*
into the system. So, to maintain the bus voltage at a constant reference value, which permits to
u BUS

ensure the management of the energy transferred toward the grid properly, it is necessary to use a
MPPT procedure.
To extract the maximum power and therefore the maximum of energy, it is essential to use a MPPT
algorithm. For small-scale wind turbines (as for other nonlinear energy systems), there are two types
of MPPT methods. The first is so-called direct method and the second is called indirect method.
The first method is based on the perturbation and observation (P&O) of system variables in real time.
The complexity of this type of method is the choice of disturbance ratio and the observation time value
especially when the studied system is very noisy. A great value of this ratio means faster response, but
more oscillations around the MPP. A small value improves accuracy but also reduces the rate of
convergence [32], [33]. In both cases, there is a loss of efficiency.
The second method is based on the knowledge of the wind turbine model [34]. Exact knowledge of the
wind turbine model can sometimes cause problems and demand above all using a mechanical sensor
(for a speed or wind speed). To save the cost of buying a mechanical sensor and not to reduce the
overall system reliability, mechanical sensor may not be used. So, the speed of wind turbine must be
estimated. Indeed, the price of a mechanical sensor can be up to 20% of the total price of a small-scale
wind turbine. In the case of large-scale wind turbines, there is no mechanical sensor problem because
the purchase price is small compared to the total investment. An estimator, however, could afford to
have redundancy in case of failure of the mechanical sensor.
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In recent years, a number of very good works related to the MPPT algorithms for small-scale wind
turbines have been presented [35]-[46]. The most encountered works are based on direct method and
using P&O [35]-[40]. These studies can be classical works or improvements with fixed or variable
pitch. There are also some indirect methods [41]-[44] and non-standard methods [45], [46]. Indirect
methods are less frequently used. In addition, there are very few works that give experimental results
with real wind profile [37], [41], [44], and [45].

II.2.1. Direct MPPT
Direct methods are independent from the knowledge of the power curves and speed of wind. They are
based on methods like P&O, Hill Climb Searching, etc, which were successfully applied in
photovoltaic systems. Yet the wind energy conversion process is more complicated because of the
stochastic nature of wind, the complex aerodynamic and non-linear behavior of the generator and of
the electrical system, the application of these methods into a conversion small-scale wind system
require changes and adaptations.
The MPPT algorithm proposed in [47] exploits the fact that the optimum power curve of a wind
turbine is characterized by a single constant kopt . Hence, if the maximum can be detected and
successfully achieved, then kopt can be extracted by measuring the power and rotation speed. Once

kopt is known, it can serve as specific reference to the size and direction of the next disturbance.
In [48], the authors proposed an MPPT controller based on the current at wind turbine input and wind
speed. The controller generates the appropriate duty cycle for the boost converter, and hence the
maximum power point is tracked. The optimized reference current is used to obtain the maximum
output power generated from wind for different wind speeds. However, in the methods described
above, they require the measurement of the rotor speed which requires a speed sensor that costs still
expensive and not easily measured accurately.
Therefore, a MPP continuation method was proposed in [49]; it is based on the equation P T  0 ,
with P the step of power between two successive points and T the step of the time values, that
calculates the new duty cycle to check the MPP when the wind speed changes. Authors of [50]
proposed a method based on the same equation, but using a fuzzy controller to check the MPP. Both
show that they do not need neither knowledge of wind turbine power curve or wind speed. However,
these methods only work for a constant load. If the load changes when the wind speed is constant, the
current and voltage will change but P T remains at the same value, then the controller cannot
identify this change to move the system to the new MPP; in this case the extracted power is no longer
maximized. Accordingly, these methods cannot be applied in this manner for microgrids whose loads
vary with time.
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The basic principle of the direct MPPT algorithm is shown in Figure 27 [51], [52]. u , k and k  1 in
Figure 27 means respectively the perturbation step size, the iteration for the actual case and the
iteration for previous case.

Figure 27. Principle of P&O method [29]

In the context of this research work, the three direct methods chosen are the P&O not fixed step, the
P&O variable step based on the Newton-Raphson method, and P&O with variable step based on fuzzy
logic.
*
The reference value of bus voltage u BUS
is the calculation result, while u in Figure 27 means the

perturbation step size. To make sure that the combination of the values of the perturbation facing on
the observation time, the dynamic characteristics of bus power responding to the bus voltage should be
investigated. For this, several groups of experiments with different step inputs of bus voltage have
been carried out and are presented in section II.2.3.

II.2.2. Indirect MPPT
Indirect MPPT methods are based on the wind turbine power curve. From this curve the optimal speed
can be determined according to each wind speed and then controlling the rotor to follow this optimal
speed [53], or by feed-forward controller [54]. In [55] MPPT algorithm based on the use of the
memories and the initial value of reduced speed is proposed. The proposed algorithm adapts itself and
accurately performs the automatic update setting of the reference speed data as the wind speed
changes based on the characteristics of the generator. In indirect method, there is also the torque
control: from the optimal speed, optimal torque is calculated for each wind speed and this reference is
then followed by a control, sliding mode [56] or by a fuzzy controller [57].
A drawback of indirect methods is that the power curve of a wind turbine is not available with high
precision and will change according to the rotor aging. Another disadvantage is that it requires the
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measurement of the rotational speed of the rotor. The price of anemometers or speed/position sensors
is a barrier to the application of indirect methods in isolated sites [58]. Therefore, it is necessary to
measure or estimate the speed rotation to know the voltage uBUS to be imposed across three-phase
diode bridge. Consequently, the next section presents the model of PMSM prepared to the estimation
of rotational speed and position.

II.2.3. Experimental validation using rotational speed sensor and
hysteresis controllers
Figure 28 shows the structure used for this experimental validation in case of direct method, knowing
that in the case of the indirect method the speed becomes the entry of "MPPT" block. In this
experimental test, the speed is obtained by a mechanical sensor.

Figure 28. Structure used for experimental comparison of MPPTs

The components of test bench of studied emulator are illustrated in Figure 28. Wind and blades are
emulated by three-phase brushless servomotor (NX430EAJR7000 from Parker) driven by three-phase
industrial inverter (C3S063V2F10 from Parker). This industrial driver is controlled in speed by a
dSPACE DS1103 (controller board for rapid control prototyping). The measurement of the real speed
rotation is effected by a rotating speed sensor (DR2513 from SCAIME) and also verified through a
resolver (TS2620N861E11 from Tamagawa). The PMSM, which is used, is the same as that emulates
the wind and the blades. The three-phase diode bridge is classical (SKD 51/14 from SEMIKRON).
Capacitor C BUS =1mF and inductance LBUS =10mH (22.5m) were utilized to obtain a good
compromise between filtering and system dynamics. Indeed, large values are filtered heavily but will
limit the system dynamics. IGBT module (SKM100GB063D from SEMIKRON) is used as a MPPT
converter. It is controlled at 5kHz with step of time up to 0.2ms by the dSPACE DS1103 via a driver
(SKHI22A from SEMIKRON). The power demanded by the DC microgrid is emulated by a
programmable electronic load (PEL, 63202 from Chroma). The capacitor C PEL =1.1mF is the bus
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capacitor of DC microgrid (which is the capacitor connected in parallel to the PEL). Generally, DC
microgrid can use multiple voltages including 400V. PEL maintains voltage uPEL equal to 400V
whatever the operating point of the small scale wind generator.

II.2.3.1. Direct method
This section presents experimental results for both fixed and variable step size for the proposed MPPT
algorithm. As input for whole system, an arbitrary wind speed profile is used (Figure 29, Figure 30,
Figure 31 and Figure 32).
According to the analysis presented in Section II.2.1, MPPT algorithm must work discontinuously in
time domain. The observation time step is chosen as 2 seconds. For the fixed step size method, the
perturbation step size u , as defined by (11), is fixed as 5V, which is considered as a compromise
between the stability and the tracking speed. To improve the efficiency and the accuracy of the
conventional P&O method, variable step size algorithms have been proposed.
In this study, the method used for modifying perturbation step size u depends on the slope of the
power with respect to the input voltage, as expressed by the equations (9), (10) and (11):
slope  k  

pBUS  k   pBUS  k  1

uBUS  k   uBUS  k  1

slope  k   slope  k   slope  k  1
u 

pBUS (k)
, u   5,5
slope  k 

(9)
(10)
(11)

The experimental results are presented as follows. Figure 29 shows the potential available bus power
*
and the evolution of bus power respectively for step size fixed ( pBUS  F ) and variable ( pBUS V ).
pBUS

Figure 30 displays the experimental evolution of bus voltage for step size fixed ( uBUS  F ) and variable
( uBUS V ).
Figure 31 presents the experimental evolution of u which is fixed at 5V for fixed step size method
( uF ) and calculated by equations (9), (10) and (11) for variable step size method ( uV ).

-59-

9

*
v pBUS pBUS-F pBUS-V

800
600

7

(W)

(m/s)

8

400

6

200

5
4
0

50

100
Time (s)

150

0

*
Figure 29. Potential bus power pBUS
and experimental evolution of pBUS  F and pBUS V [29]
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Figure 32. Experimental evolution of pBUS / uBUS [29]

Due to the presence of noise in real signals of pBUS and uBUS , operating points of both fixed step size
MPPT and variable step size MPPT drift around each MPP. Under the condition of bus power steadystate value changing insignificant, the different behavior of bus voltage (as presented in Figure 30) is
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important to identify the distinction between these two algorithms. Results of observation
( pBUS / uBUS ) are very sensitive to the noise from pBUS and uBUS (see in Figure 32). But, since the
variable step size algorithm calculates u with the pBUS  k  slope  k  instead of directly
pBUS / uBUS , it could suppress this interference. Therefore, even sometimes certain undesired results

of pBUS / uBUS emerged, the algorithm will not result in a divergence. Thus, experimental results
show a good quality of power signal, i.e. less power fluctuations on DC link bus.

II.2.3.2. Indirect method
Based on the results presented in Figure 21, it is possible to set the reference voltage uBUS * . Figure 33
shows that the reference voltage uBUS * and the real voltage u BUS on the system are the same. In
addition, Figure 33 illustrates that the control of MPPT converter work properly.

Figure 33. Experimental evolution of uBUS * and u BUS [30]

Figure 34. Arbitrary wind speed profile and experimental evolution of pBUS [30]
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Figure 35. Evolution of wind turbine power coefficient cP [30]

Figure 34 shows the arbitrary wind speed profile and the power recovered pBUS . The corresponding
energy is 5.8kWh while potentially recoverable energy is 5.9kWh which equivalent to a relative error
of about 1.7%. With interpolation factors used, the optimum TSR is equal to 7 giving the optimum
wind turbine power coefficient equal to 0.4539.
Figure 35 shows that the real wind turbine power coefficient is not always equal to 0.4539. However,
being the use of the electrical MPP and the absence of the use of the aerodynamic MPP, this
coefficient is close to 0.4539.
The results obtained in this context are given only by a single algorithm; there is no comparison
between several algorithms. Yet in the context of this research, an experimental comparison was
performed for three direct methods and indirect method based on an actual wind profile. The selected
wind profile is given in Figure 36. The variation of this profile is actual wind Compiegne on 15
January 2015.

Figure 36. Selected wind profiles

Figure 37 shows the experimental results obtained for the actual wind profile. In order to get
the results for other profiles, some time must be taken to adjust iteratively the three direct
methods to obtain the best results in terms of recovered energy. Without expertise, it is not
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easy to get good results. In the indirect method, a quick and simple reversal of Figure 18 is
enough. For Figure 37, the results of different MPPT methods are distinguished by:
- Subscript ‘-p’ means the potential value for optimal condition which are based on the prior
experimental data shown in [29];
- Subscript ‘-f’ means P&O fixed step-size method;
- Subscript ‘-v’ means P&O with variable step-size based on Newton-Raphson method;
- Subscript ‘-vf’ means P&O with variable step-size based on fuzzy logic method;
- Subscript ‘-lt’ means look-up table method (indirect method).
This case, which presents a real wind speed profile based on real data, contains many rapid changes.
Consequently, values of energy for different MPPT methods are distributed. Comparing with P&O
method with variable step-size based on Newton-Raphson method, P&O method combining fuzzy
logic method can significantly increase the harvested energy.

Figure 37. Experimental results for the actual wind profile [10]
Table 2. Energies and their differences from potential value

Method

-f

-v

-vf

-lt

Energy (Wh) (potential 52.28)

46.22

46.69

48.95

51.66

Difference (%)

11.59

10.68

6.36

1.18

From these results, under complex wind speed variation, it can be concluded that direct methods are
disadvantageous: P&O is of less efficiency under rapid variation of wind speed, knowing that
mechanical inertia cannot be ignored. Concerning the production, energies extracted by direct methods
are significantly affected by how fast the wind speed varies. On the other hand, look-up table method
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extracts about 98.82% of potential energy, even though evolutions of u BUS did not match the optimal
theoretical curve at 100% (Figure 37); it is significantly better than the others. Thus, for different wind
profiles, the indirect method extracts more than 98% of the theoretical potential energy through proper
monitoring of the MPP and without power oscillations around the MPP.

II.3. Conclusion
In this chapter, the model of small-scale wind turbine emulator, which is considered to study, is
presented along with the experimental validation. Small-scale wind turbines as large-scale ones are
now well integrated into electrical power grids. The small-scale wind turbines are most often used as
stand-alone systems, seen as substitutes for the connection to national grid, or integrated in an
electrical microgrid. On the other hand, large-scale wind turbines are often used as systems connected
to the national grid, with an injection of total and permanent power. For small wind turbines,
experimental validation shows that this is a tool that has become essential in order to demonstrate
concepts and/or theoretical approaches.
In this chapter, firstly a direct MPPT algorithm is introduced with two strategies, i.e. fixed and
variable step. According to the characteristic of the small scale wind generator, the classical fixed step
P&O method and a variable step P&O method are implemented to achieve MPPT. Experiments results
suggest that both algorithms correctly find out the MPP no matter the wind speed increases or
decreases. With the physical restrictions, extracted energies for two methods are not significantly
different, but the variable step MPPT clearly suppresses the oscillation amplitude when generator
system operates close to the MPP.
Then a simple and robust MPPT indirect method was validated. For small-scale wind turbines with a
high mechanical time constant, the indirect method of MPPT gives the best results. Moreover, this
method is not only for experts of MPPT methods, it is fast to implement given its simplicity. As
mentioned above, the price of a mechanical sensor can be up to 20% of the total price of a small-scale
wind turbine. To use an indirect MPPT of less cost, estimating the speed becomes a vital matter.
In the next chapter, the sensorless approach in PMSM case will be focused on. A state of the art will
be presented to illustrate the methods that the most used in literature. The most commonly used
methods will be tested for speed/position estimation for PMSM. Best estimation will be developed for
the studied system to achieve balance between estimation accuracy and overall cost.
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Chapter III. Rotational speed and rotor position
estimation
In this chapter, comparative study about rotational speed and rotor position estimation for synchronous
machine is focused on.
The exact information about rotor position and rotational speed is important for good performance of
drive system and asserting control reliability. Many years ago, sensors were used to get this
information. With the advancement of technology, methods of estimation started to appear more and
more, in order to create a substitute to the physical sensors. This trend of replacing a physical sensor
with an estimation procedure has two visible advantages: (i) minimizing the overall cost of the system
by economizing the cost of this sensor; (ii) improving the system characteristics by increasing the
stability, heightening the robustness, time economizing, decreasing faults probability, etc.
In small-scale wind turbine systems these advantages can be of great importance considering the
relatively high cost of position sensor and adding to it the obstacles posing technically by using it. In
case that sensorless tool must rebuild the system state, then an observer is what can be an appropriate
tool. Indeed, an observer is a software tool for measurement allowing the estimation of system state
from a limited amount of information, i.e. the inputs and outputs of the system.
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III.1. State estimator
The dynamic behavior of many physical systems can be described using a mathematical model that
involves a set of differential equations relating a finite number of internal variables, also called state
variables. The temporal evolution of the system is characterized by its changing state variables, which
depends on the applied drive signals and initial conditions. This system state representation is
particularly well adapted to the synthesis of many control laws (e.g. state feedback control). The
implementation of these control techniques requires knowledge of the evolution of all state variables.
However, on a practical level, the state variables do not always correspond to system measures, or
they are devoid of any physical sense, because their direct measurement is subject to technical as well
as technological or economic constraints (e.g. difficult instrumentation system, unavailable or very
expensive sensor…). For these reasons, the complete state of the system may be difficult or quite
impossible to measure. The value of one or more variable(s) of system state should be estimated or
rebuilt in a rule through an observer, also said software sensor. The estimation of the system state also
plays a central role in the context of systems monitoring and diagnostic. It serves, in fact, to generate
system failure symptoms established from the comparison between the estimated signals and those
measured. The reconstruction of a system of state variables is therefore a fundamental problem in the
engineering sciences.

Figure 38. Principle of state estimation

The reconstruction of state proposes to provide estimates of the state variables ( x̂ ) from the known
variables, i.e. the system inputs (u) and outputs (y), as illustrated in Figure 38. A solution to the
problem of estimating the system state, based on knowledge of a mathematical model of the linear
time-invariant (LTI) system, was introduced by Kalman and Luenberger [62] in the 1960s.
The estimate of the variables of concern is accomplished through the Kalman filter in the stochastic
case or through Luenberger observer, also said proportional gain observer, in the deterministic case.
An observer (or filter) is a dynamic system that outputs an estimate of the process state from the
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inputs, outputs and the system model and, using a correction proportional to the difference between
the measured and the estimated output. The correction gain for the Luenberger observer is obtained by
imposing a convergence speed of the estimation error. As for the Kalman filter, it uses the statistical
properties and noise of the system to obtain the optimal correction gain minimizing the variance of the
estimation error. The reconstruction of state for systems characterized by LTI model seems to have
reached a certain maturity and there are many synthesis algorithms available.
However, different approaches, leading to a state estimation for specific classes of nonlinear models,
have been proposed in the literature. Most of these approaches are extensions of concepts introduced
by Kalman or Luenberger. The most widespread are undoubtedly the extended Kalman filter (EKF)
and the observer of extended Luenberger. Under these approaches, estimating the state of the system is
carried out from a linearization at every moment of the nonlinear pattern along the estimated
trajectories. This approach is valid only for models locally differentiable and estimation error
convergence is guaranteed only locally. The nonlinear function is linearized around current estimate.
Other techniques allow obtaining an auxiliary linear system from a transformation (change of
coordinates) of the nonlinear system state. It is thus possible, using conventional techniques, to design
an observer in the new coordinate of system. An inverse transformation then leads to obtain a
nonlinear observer for the origin nonlinear system. The main drawback of this approach is due to the
restrictive conditions of appropriate transformation availability [63].
The high gain observers are applicable for systems that cannot be linearized by a change of
coordinates, but provided that the system is globally Lipschitz. These observers have a structure
similar to Luenberger observer. As its name refers, this observer uses a large gain which increases
according to constants of Lipschitz of the system. This gain compensates the effects of non-linear part
of the system on the estimation error. The literature provides various syntheses of high gain observer
techniques. The adaptive gain observers proposed in [64], combines high-gain type observer with
extended Kalman filter to allow the benefit from advantages of each structure. This behavior type of
observer has an initial large gain type whose global convergence is proved and an asymptotic behavior
close to that of extended Kalman filter with remarkable strength properties. More recently, so-called
algebraic methods applied to early state estimate closed loop delivered in this direction are
encouraging [65]. All these methods require precise knowledge of a nonlinear mathematical model of
the system over the entire operating range. However, obtaining such a model is far from being easy
because of the complex nature of nonlinear systems. Black-box identification techniques are often
relied on to represent mathematically the system dynamic behavior. The choice of the internal
structure of the model is the keystone of these identification techniques. Indeed, the model structure
must, firstly, be general enough so as to take into account a diverse number of modeling situations
and, secondly, be able to promote further exploitation. Using the multi-model it is allowed to achieve
an excellent compromise between the two.
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In this section, we will present some methods among the most used in the case of the sensorless
control of PMSM. But before addressing this issue, a study of PMSM observability is presented.

III.1.1. Observability study of PMSM
As already mentioned, in case of sensorless approach, if the system state must be rebuilt, an observer
then is needed. Indeed, an observer is a mathematical means of measurement allowing the estimation
of a system state from a limited amount of information (the inputs and outputs of the system).
Definitely, before trying to reconstruct the system state, there is a necessity to know if the state
variables are observable or not. The concept of observability is whether the state can be reconstructed
from the input and output signals. In the case of linear systems, observability is determined,
conventionally, by an order condition. In the case of nonlinear systems, which is the case of PMSM,
the notion of observability depends on both inputs and the initial conditions [66].
To study the observability of synchronous machine, the model given by equations in (α-β) is
considered whose differential writing can be deduced by (12):
LS

i 
sin  
d i  v 
      RS    K  

dt i  v 
  cos 
i 

(12)

with v , v voltages in α-β reference (V), i , i currents in α-β reference (A), K flux magnets

constant,  electrical speed of the rotor (   p with p number of pole pairs) and  (   t )
electrical position.
It is assumed that the variation of machine parameters, the stator resistance, the stator inductor and the
flux of magnets, is so slow compared to that of the currents and speed. Thus, it can be assumed that

d

dt

RS  d

dt

LS  d

dt

  0 and that RS and LS are known ( is the induced flux by the permanent

magnets).
Let   and   the two-phase stator flux of PMSM given by (13):
i 
d    v 
      RS  
dt    v 
i 

(13)

2
   LS i      LS i   F2 cos2   F2 sin 2   F2

(14)

Therefore, that results in (14):
2

It is defined in (15) that:
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 2  2   LS i    LS i   2   LS i   LS i   F2  0
2

2

(15)

A measurable output y must be defined and   and   must be reconstructed to build the function
T

of observability H Obs

 dy d 2 y 
  y, , 2  . Hence, it is possible to calculate the instantaneous
 dt dt 

observability of   and   , i.e.  f and  by illustrating the injectivity of observability function
H Obs for every t.

After defining y , the calculation of

d2y
dy
and
are carried out respectively in (16) and (17):
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Now, by defining the following changing in structure of variables in matrices form as in (18):
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(16)

(17)

D1  y
D2 

dy
 2 LS iT Cv
dt

d  2 LS i Cv 
d   LS i 
d2y

C

2
v
dt 2
dt
dt

(18)

T

D3 

where: i  i

T

i  and Cv 

i 
d    v 
      RS   .
dt    v 
i 

These three new variables, D1 , D2 and D3 are measurable. For the system to be observable, it is
necessary that from

 D1 , D2 , D3 

must be calculated only one  . It is proceed by contradiction

assuming that there are  1 and  2 . Then, in this case, gives the equivalent (19):
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Therefore, by rewriting equation (19) and considering that 1  1  2  2 and 2  1  2  2 , it
becomes as in (20) and (21):
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(21)

To have a unique solution, i.e.  1   2 , the matrix A1 must be invertible. Based on (21), it can be
proved that if   0 , the matrix A1 is invertible, which makes it necessary that  1   2 . Otherwise, at
standstill, the matrix A1 is reversible and in this case of  1   2 the instantaneous observability of 
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is not guaranteed. Thus, it is demonstrated that for a non-zero speed, the position and the machine flux
can be observed if the stator resistance and inductance are well-known.

III.2. Various types of estimators
To classify the methods of position estimation, the principle and the used technique have to be
differentiated. So, as principle, there are two methods, one depends on estimating the EMF or
extended EMF, and another depends on rotor flux estimation or saliency phenomenon.
Several works based on the first approach, either by using observers [67] and [71], or a voltage model
compares between the calculated and detected variables [72]-[77], or fuzzy logic technique [78]. In the
case of techniques using a model of voltages and currents, the measured phase parameters (voltages
and/or currents) are used to estimate the position based on the equations of machine. For machines
with intern magnets, the approach of extended EMF (EEMF) is used because of the approximations of
normal method of EMF, which can lead to estimation errors and therefore instability in the system
[79]-[81]. However, the parameters variation due to temperature and saturation affects the accuracy of
the estimate. In methods using technique of a state observer or the Kalman filter, the effect of
parameters variation is not as critical as in the case of methods of voltage model. However, the
common problem to this class of techniques is the direct association between the accuracy of the
estimated rotor position and amplitude of the EMF which is proportional to the rotational speed.
Indeed, in the range of low speeds, where the EMF is very low, the estimate is significantly degraded.
To resolve this problem, an injection of a high frequency current is considered to detect small changes
in EMF in the machine phases. The use of this strategy allowed obtaining a maximum torque at
PMSM start-up. Some algorithms, as given in [82], using EKF, model reference adaptive system
(MRAS) or other methods based on sophisticated identification procedures, allow, under certain
conditions, the operation from zero speed; but they need a complex mathematical model and they are
expensive to use in commercial systems [83]. In this approach, a system model with the same real
inputs is involved to produce an estimate of the output, which is supplied as a feedback to the model to
correct the estimate. EKF is used for this estimate and shows high performance [60], [83]-[86].
In the second approach, using the flux linkage is best known for several years. The basic idea is
simple, based on the phase-voltage equation that can be written as in (22):
v  RS i  d dt 

    v  RS i  dt 

(22)

Hence, it is possible to still obtain an estimate of flux linkage phase by the previous integrating [3].
Anyway, due to issues of isolation, this is not practical to measure the voltage at the phase’s terminals.
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In addition, that is due to the dead time of the switching signals of voltage commutation, because of
the large error. On other hand, to achieve this estimate, an observer with mechanical model or nonmechanical model can also be used. All types of machines use frequently the principle of closed-loop
observer [94]-[104]. Techniques that exploit magnetic saliency phenomenon are mainly based on the
injection voltage or current signals at high frequency (HF) in the phases of the synchronous machine
and utilize signals that are induced to detect the rotor position. Another technique known as INFORM
(indirect flux detection by on-line reactance measurement) is injected to the machine phase voltage
vector rotating at a high frequency and uses a tracking algorithm of current response. However, it is
used only in the case of interior permanent magnet (IPM) synchronous machine. It is applied in
several jobs [75], [87]-[93]. Moreover, it is used as a complementary technique to estimate the initial
position and in the region of low speed [79], [94]-[97]. The use of this class of methods in high speeds
is not desirable because the injected HF signal superimposed on the machine power generates a couple
parasite that can degrade the performance of the drive [79].
Various position estimation techniques have been developed for brushless machines, and many are
still developing. Concerning rotor position information, sensorless control techniques can be divided
into two classes [105]. The first one, well-known since several years, uses the flux linkage variation; it
is based on high frequency signal injection to extract the rotor position [106], [107]. This method
explores the rotor anisotropies from HF signals that are injected into the machine, and so it allows
operation at low speed and at standstill. However, the injected signals can produce harmonic currents,
which increase electrical losses and induce torque oscillations. Furthermore, it is quite complex and
requires special development both in control design and signal conditioning to extract the rotor
position [105]. Therefore, the most highlight advantage of this technique that it can be used in the
whole region of speed including standstill and low speed. But, on the other hand, it generates extra
losses and torque ripples and consequently a lot of noise. For that reason it is often used just for zero
and low speed [119].
The second method is based on motional EMF or fundamental excitation [108], [109], either by using
an observer, a voltage model comparing between calculated and detected variables or by fuzzy logic
and other intelligent techniques. So, in general, this method depends on the machine model to estimate
its EMF, which in turn, can provide the information of the rotor position and speed. This method is
suitable for medium and high speed range and remains the standard industrial solution [105]. One
major problem in back-EMF based methods is their poor performance in low speeds due to low signal
to noise ratio in the sampled back-EMF [118]. Thus, for both machine starting and steady state, the
fundamental excitation and the signal injection methods can sometimes work together. In [118], both
of them were combined using an observer by model reference adaptive system. This solution
improved the operation at low speed range; however, torque ripple can come out due to the injected
signals. It is carried out with high performance in [120]; it is proposed for surface mounted PMSM an
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field-programmable gate array (FPGA) based hybrid sensorless controller combining a linearly
compensated flux observer and the alternating voltage HF injection method. The main idea is that
model-based observers cannot work well at low speed; therefore, the signal injection method is used.
A hybrid observer is used to perform a smooth transition between both strategies, in which the
estimated flux angle is obtained with the linear combination of both observers. As in [120], also [121]
presented sensorless PMSM control employing the HF injection algorithm and combined it with the
extended Kalman filter for estimation of rotor position and speed in the whole range. Both algorithms
have partial usage. The former one can be used in standstill and in very low speeds whilst EKF can be
employed in higher speeds. A proper transition between the two strategies is achieved by a hybrid
estimator which is based on probabilities calculation for each particular estimation algorithm. In [122],
to extract the rotor position information, HF signal injection was used at very low speeds below
100rpm, while to obtain it at speeds superior than 500rpm a sliding mode observer (SMO) was used. A
weighting algorithm was performed as a handover between these two processes and it takes place
when the drive is operating between 100 and 500rpm. It showed that the proposed sensorless drive
system is able to estimate the rotor position and speed accurately at very low speeds including
standstill during both steady-state and dynamic operations under both loaded and unloaded conditions.
In addition, as mentioned above, due to current advanced microprocessor technology, some
applications of classical state observers of modern control theory arise: optimal state observers,
Luenberger observer and EKF [123].
The next parts present the most frequent used types of estimation methods to conclude which is the
most appropriate for the studied system. Firstly, in the next part, EMF method is applied in this work
by using an observer, the SMO and a study of this observer based on EMF estimation is carried out.
Then, a study of speed and position estimation by phase locked loop (PLL) is carried out using second
method of rotor flux estimation. Subsequently, MRAS algorithm is applied in the rotor reference
frame and speed and position estimation is obtained. Finally, EKF approach is applied in both stator
and rotor reference frames to examine its performance in estimating rotor speed and position.

III.2.1. EMF (Electromotive-Force)
Regarding the fundamental excitation method, there are various techniques and strategies to employ
this method. The back-EMF can be calculated based on the voltage and current measurements using
the machine model or by some technique such as the model reference adaptive systems and the
observers. Authors of [108] and [124] estimated the EMF using voltage and current measures. In the
former, it is done through operational amplifiers by integration, which can degrade the accuracy of the
estimation, where in the latter voltage transducers built around isolation operational amplifiers to
achieve more accurate estimation. A nonlinear position observer was proposed in [125], where
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stability analysis is carried out in continuous-time domain and it is shown that, depending on the load
condition, the system performance degrades when the speed approaches zero. This is the main
drawback of this technique.

III.2.1.1. SMO (Sliding Mode Observer)
SMO has attracted the attention of researchers for its robustness, speed of convergence, good
performance and low sensitivity to parameter uncertainty. In [66], the author presents two types of
SMO: one SMO of first order using EMF and complete model of the machine and another SMO of
higher order. These methods are based on the estimation of the EMF which is proportional to the rotor
speed. The principle of the SMO is to force the dynamics of an n-order system using discontinuous
functions to converge to a range S of dimension (n-n1) called sliding surface (where n1 is the
dimension of the measurement vector). Thus, the sliding mode control is a nonlinear concept which is
to "bring the state trajectory to the sliding surface and to change it with some momentum to the point
of balance" [66].
Three steps are therefore essential to develop a SMO. First, it requires a switching surface given by

S ( x)  0 . Then, it must define the convergence condition. Finally, it determines the control law.
An observer in classical sliding mode whose correction term is a sign function was used in [110],
[111]. In [110], a SMO is presented for the PMSM. This observer allows the estimation of the rotor
position and speed from the measurements of voltages and stator currents. The effectiveness of this
observer has been tested in simulation. In [111], a sensorless control scheme have been proposed
based on the sliding mode technique to estimate the position and speed of the PMSM. They integrated
the Lyapunov algorithm to determine the law of adaptation of speed and stator resistance. Despite the
effectiveness of this observer, the chattering phenomenon caused by the sign function, used as a
switching function in the classic SMO, is still a major drawback. This causes oscillations, degradation
of performance and even system instability. Indeed, the magnitude of EMF is very small at low speed,
which affects the accuracy of estimation of the rotor position. To overcome this problem, a low-pass
filter and an additional compensation of the rotor position are used. However, by adopting this
solution, the delay caused by the filter is still an issue.
To reduce this phenomenon and to increase the accuracy of rotor position estimation at low speed and
stability of the high-speed system, some improvements were made by replacing the sign function with
softer features. Some researchers have proposed replacing the sign function with saturation function
[112]. Using this function greatly reduces the chattering, but the presence of a low-pass filter cannot
be avoided.
Other solutions proposed in the literature have replaced the sign function by a sigmoid function [113],
[114]. The latter allows a smooth transition and therefore a considerable reduction of the chattering
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phenomenon to the two other switching functions. A comparative study of the three switching
functions was carried out in [115]. Based on simulation results, it has been found that the use of the
sigmoid function allows a greater improvement relative to the two other switching functions.
In [116], a hybrid SMO has been developed combining two types of SMO. The first is non-singular
terminal sliding mode which enables rapid convergence with good accuracy. The second, a SMO of
high order guarantees stability and solves the chattering problem.
The difference between SMO and more traditional observers, e.g. Luenberger observers, is that there
is a non-linear term injected into the observer depending on the output estimation error. The concept
of sliding mode was originally applied to control system design and later applied for estimating system
states [118]. In [118], a method of designing a sliding mode linear functional observer has been
illustrated for a system with unknown inputs. It presented the existence conditions for the observer and
proposed a structure and design algorithm for the SMO. The proposed algorithm was then applied for
sensorless control of PMSM.
In this approach, system has robust properties in opposition to parameters uncertainties and external
disturbances. Thus, it can be applied in critical environment like wind energy conversion system.
However, it is important to indicate that the observers design and stability analysis are usually carried
out in continuous-time domain, while their implementations are in discrete-time domain. Hence, the
continuous-time sliding mode conditions can fail to predict stability performance of the system [130],
[131]. Alternatively, [132]-[134] suggest sensorless control by means of sliding mode approach. The
most important reasons to use sliding mode are: easy implementation, reduced order and inherent
robustness in the presence of parameter uncertainties and of perturbations, which are attractive
advantages [135].
In this section, a SMO based on [117] is presented. This observer is chosen due to its following
advantages:


It is based on EEMF which involves simple equations, generic and applicable to all types of
synchronous machines.



It uses only two of machine parameters: the stator resistance RS and inductance of the
transverse axis Lq .



It does not use the machine speed as input.

All variables with an asterisk (e.g. i* ) are reference values, with a hat (e.g. iˆ ) are estimated values
and with a tidemark (e.g. i ) are error estimation values.
Electrical equations of PMSM in the fixed reference (α-β) are given by (23) (see Appendix II):
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v 
i 
sin  
d i 
   RS    LS    K  

dt i 
  cos 
v 
i 

(23)

The electrical equations of synchronous machine in α-β reference may be formulated as in (24) using
the equivalent of EMF:
d i  1 v  RS
 
 
dt i  LS v  LS

i  1
 
i  LS

e 
 
e 

(24)

A SMO can be defined as in (25):
d iˆ  1 v  RS
 
 
dt iˆ  LS v  LS

iˆ  K
   SMO
LS
iˆ 

sign(iˆ - i ) 


sign(iˆ - i ) 

(25)

with K SMO the observer gain and sign(iˆ - i ) given by (26):
 1 if (iˆ - i ) > 0


sign(iˆ - i )   0 if (iˆ - i ) = 0

ˆ

1 if (i - i )  0

(26)

The dynamics of the error along the sliding surface are defined by (27), as the difference between the
equation (24) and equation (25):
RS
d i 
 
dt i 
LS

i  1
 
i  LS

e  K SMO
 
LS
e 

sign(i ) 


sign(i ) 

(27)

with i and i given in (28) observation errors of current i and i respectively:
i  iˆ - i 

 
i  iˆ - i 

(28)

The stability analysis of this observer is carried out by considering a Lyapunov function V given by
(29):

1
V  (i2  i 2 )
2

(29)

The derivative of this function relative to time is given by (30):

R
K
d
1
d 
d 
V   i  i    i   i   S (i2  i 2 )  (e i  e i  )  SMO (| i |  | i  |)
dt
LS
LS
LS
 dt 
 dt 
The observer is stable if

R
R
d
V  0 . Therefore, it is obtained  S i2  0 and  S i 2  0 .
dt
LS
LS
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(30)

Hence, it is sufficient to check the inequality (31):
K
K
1
1
e i  SMO | i |  e i   SMO | i  | 0
LS
LS
LS
LS

(31)

In other words, it is necessary that (32) to be checked:

KSMO  max(| e |,| e |)

(32)

The estimated currents tend toward actual currents as soon the observer reaches the sliding surface. In
this case, i  0 and i   0 . In order to force the convergence iˆ to i and iˆ to i , a desired value
of the observation error is set equal to zero. Then, the estimation scheme given in Figure 39 is applied.
Once the sliding surface is reached and the observation error tends to zero, EMF is given by the
equation (33):
sign S (i ) 
e 

e   K SMO 
sign S (i ) 
 

(33)

where sign S is the equivalent function to the sign function in the sliding surface.

Figure 39. Block diagram of the SMO based on EME

Low-pass filters (LPF) are used to extract e and e . The estimated rotor position is then given by
(34):
 e
e
 

ˆ   tan 1 



sign S (i ) 
1 K
   tan  SMO


 K SMO sign S (i ) 

(34)

In the ideal case, i.e. for a stable system, the trajectory given by the estimation errors of the currents
slides on the sliding surface. However in this case, because of the delay due to the switching time, the
estimated currents fluctuate around the true value. This phenomenon, chattering, will affect the control
accuracy by causing oscillation or instability and degrading system performance. That is why the sign
function used in [117] is replaced by the sigmoid function to reduce the effect of chattering.
In this case, the observer's equations become as in (35):
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d iˆ  1 v  RS
 
 
dt iˆ  LS v  LS

iˆ  K
   SMO
LS
iˆ 

 H(iˆ - i ) 


ˆ
 H(i - i ) 

(35)

where H is the sigmoid function given by (36) and a in (36) is a positive constant used to adjust the
slope of sigmoid function. It acts on the reaching mode:


 
2

  1
 H( i )   1  exp   a i   



 
 H(i )  
2
  1

 1  exp   a i   

(36)

This is the first step of the estimation by sliding mode where the state vector must reach the sliding
surface. The sliding surface may be defined by the estimation error of the currents i and i as (37):
 S  i 
Sn        0
 S  i 

(37)

After sliding mode reaches the observer becomes robust vis-a-vis the parameter variations. This is the
second step in the sliding mode estimation where the state vector must slide on the sliding surface,
given by Sn  0 to reach the point of equilibrium.
To investigate the stability of this observer, the Lyapunov function given by (38) is considered. The
derivative of this function relative to time is:
R
d
1
1
V   S (i2  i 2 )  (e i  K SMO i H (i ))  (e i   K SMO i  H (i  ))
dt
LS
LS
LS

(38)

In this case, it must be:

KSMO  max(| e |,| e |)

(39)

After reaching the sliding mode, the EMF may be given by (40):
 H S (i ) 
e 

e   K SMO 
 
 H S (i ) 

(40)

where H S (i ) and HS (i ) are the EMF on the sliding surface.
The chattering problem is solved using the observer proposed above, which uses the sigmoid function
as switching function. This function is characterized by a range of operation, i.e. 1  H(i )  1 and

1  H(i )  1 unlike the sign function which is equal to either 1 or -1.
Using the equations given in (40), the rotor position can be derived by (41):
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 e
e
 

ˆ   tan 1 



H (i ) 
1 K
   tan  SMO S  

 K SMO H S (i ) 

(41)

III.2.1.2. Experimental results of SMO method
This method is verified experimentally using the dSPACE 1104 and MATLAB environment. Three
phase diode bridge is used to extract and convert the AC power generated by PMSM into DC power
which is supplied to the programmable electronic load (PEL) as shown in Figure 40. An encoder
(TS2620N861E11 from Tamagawa) is used to extract the real position of machine rotor. This position
is shown in results to compare the estimated one with it.

Figure 40. Experimental configuration for position estimation test

The estimated position uses only the measurements of stator voltages and currents which are
illustrated in Figure 41 at wind speed of 8m/s where DC voltage bus is equal to its reference. The test
of position estimation is carried out at two limit value of wind speed slowest 4m/s and highest 8m/s at
the point which is corresponding to its maximum power point. This is done by varying the nominal
value of speed to its upper and lower neighborhood. To achieve this variation test and to verify the
performance of estimation, the DC bus voltage, which is in our case the same as load voltage, is varied
by value of ±10V.
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Figure 41. Stator voltages and currents at wind speed 8m/s – SMO method

SMO has good performance in transient case for the two values of wind speed (Figure 42 and Figure
43). Thus, the robustness of the observer is tested vis-a-vis the speed variations, where the value of the
DC bus voltage is varied ± 10V for each point.
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Figure 42. Position estimation by SMO method at wind speed value of 4m/s
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Figure 43. Position estimation by SMO method at wind speed value of 8m/s

In tuning this observer, it is noted that the estimation accuracy is directly related to two quantities; the
first is the gain of SMO and the second is time constant of the low pass filter that is used to get the
estimated state. It is preferred experimentally to select a small value of SMO gain but enough to
induce sliding motion. On the other hand, the time constant must be selected small for higher
estimation accuracy but must be enough larger for large value of observer gain.
Figure 42 (a) and Figure 43 (a) correspond to the variation in DC bus voltage of -10V whereas in
Figure 42 (b) and Figure 43 (b) correspond to the variation of +10V. In the case of a variation of the
speed above the nominal value i.e. case (b), it is more accurate but affected much more by the
discontinuous phenomenon which is reduced greatly grace to the use of sigmoid function instead of
sign function as explained earlier.
The results of using SMO with sign function are not shown here as it is noisier and less accurate.
Nevertheless by using SMO showed good estimation yet with fluctuation and error at low speed. So in
this method, the need for complementary strategy is still a necessity. The next part will deal with flux
estimation method accompanied with a phased locked loop (PLL).

III.2.2. Flux estimation plus PLL (Phased Locked Loop)
A PLL is a system for detecting the instantaneous phase and the direct, negative, zero sequences of
any three-phase electric system [126]. These variables are necessary in the step of identifying the
harmonic currents. The instantaneous phase is an important and indispensable parameter for
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identification methods. Some methods are very sensitive to frequency changes. It is therefore
necessary to have a robust PLL to improve the quality of the compensation.
This method is well known as it is simple, the design process is quite easy and its implementation is so
suitable. In [127], sensorless control using PLL was realized with vector control and it demonstrated
that practical solutions can be provided through this strategy for grid-connected PMSG wind turbine.
Anyway, the main drawback of it, is that it is susceptible to be influenced by machine parameters
variety and different measurement errors [119].
The design of a PLL system using conventional method is studied in this section.
In three-phase electrical network, the PLL is used to detect the symmetrical components (direct,
inverse and homopolar) and also the instantaneous phase (frequency) of voltage. In [128] and [129],
three-phase PLL is presented. The three voltages in the reference frame A-B-C are transformed into the
reference Park where the direct component of voltage is zero if a good estimate of the instantaneous
phase is guaranteed.

Figure 44. PLL standard schema

So, in this work, a PLL is used to determine the speed and position from the measured voltages and
currents. Figure 44 shows the general schema of PLL in stator reference. The two stator voltage and
current phases are used as inputs of rotor flux estimation block to estimate the two components of
rotor flux. A PLL is used to extract the position and speed information with two components of
estimated rotor flux as input variables.
The rotor flux quantity in α-β reference frame could be calculated through equation (42) as follows:
e    v  RS i  dt  LS i

e    v  RS i  dt  LS i

(42)

The rotor angle can be estimated based on the relationship between flux quantity e and e and the
rotor electrical angle  .
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III.2.2.1. Experimental results of method of flux estimation plus PLL
This method is verified in experimentation using the dSPACE 1104 and MATLAB environment. The
same last configuration in Figure 40 is used whereas the estimator of SMO is replaced by PLL
estimator. Figure 45 shows the stator voltages and currents which is used as inputs of this estimator to
get the rotor position estimation. The test is carried out at the points of maximum power which
corresponding to each value of wind speed. DC bus voltage is varied by ±10V.
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Figure 45. Stator voltages and currents at wind speed 8m/s - PLL method

In this strategy a high pass filter (HPF) is utilized to cascade with the traditional flux integrator and
compensates relative phase leading, which could successfully respond to the problems of DC drift and
initial value. From Figure 46 and Figure 47, the estimated rotor position and real rotor position are
demonstrated respectively at wind speed values of 4 and 8m/s.
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Figure 46. Position estimation by PLL method at wind speed value of 4m/s

-83-

0.04

Rotational speed (rad/s)

-0.02

Rotational speed (rad/s)

Position (rad)

-0.04

6

0
-0.06

120
110

90
-0.06
8

130

Position (rad)

Voltage (V)

130

DC bus voltage DC bus voltage ref.

0.02

0.04

150
0.06

The real rotor position is directly measured at the machine shaft using an encoder as mentioned earlier.
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Figure 47. position estimation by PLL method at wind speed value of 8m/s

Figure 46 (a) and Figure 47 (a) correspond to the variation in DC bus voltage of -10V whereas in
Figure 46 (b) and Figure 47 (b) correspond to the variation of +10V. In both cases, the estimation is
robust and not affected by changes while estimation error is relatively of high value.
The comparison between the results concerning the estimated position and the real measured position
demonstrate that position estimation flux estimation plus PLL strategy gives a reasonable precision but
it needs a manual starting or adaptive PID tuning.
In the next paragraph, Luenberger observer is presented. Reduced order of this order will be achieved
to get the rotor position estimation.
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III.2.3. Luenberger observer of reduced order
In this part, the technique of calculating a Luenberger observer is used to reconstruct the position of
the PMSM assuming that only the currents are accessible to measurement. The main principles of
Luenberger observers are proposed in [136] and [137]. The state presentation is of the equation (43):

dx
 A. x  B.u
dt
y  C .x

(43)

where: x , u , y , A , B and C are respectively state vector, control vector, output vector, matrix of
transition, matrix of control and matrix of measurement.
The system to be observed in our case is the model of PMSM; the machine model in d-q reference,
which is used for dealing with continues variables, is given by the equations (44):
vd   RS
v   
 q   Ld 

d 
0   dt id   0 


Lq   d   K  
iq
 dt 

 Lq   id   Ld
 
RS   iq   0

(44)

with Ld and Lq are cyclic stator inductance respectively in direct axis ‘d’ and transverse axis ‘q’. In
this case, a third equation in addition to these two equations which corresponds to a usual
approximation is adopted. This approximation is to assume that the dynamics of the speed is much
slower than the stator currents. Let x  id

iq

T

  be a state vector, u  vd

T

vq  a control vector

and y   is an output vector. The state representation of the PMSM is then as in (45):


Lq
 RS

1

0 

 
L
Ld

 Ld

 d
d
 Ld
RS

K
 x 0
 x    
Lq
Lq 
 dt
 Lq


 0

0
0
0









 y   0 0 1 x

 
0 
 
1 
u
Lq  
0  

 



(45)

Considering that in the studied machine Ld  Lq  Ldq and to simplify the writing of equations by
using  dq  RS Ldq , the last model can be rewritten as in (46):
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  dq



d

 x     dq
dt



0
 0



 y   0 0 1 x

 1
L
0 
 dq


K 

x 0

Ldq


 0
0 




0 

1 
u
Ldq 
0 



(46)

In this model, the machine speed  plays simultaneously the role of state variable and a parameter
appearing in the dynamic matrix. In the case of the mechanical sensorless approach, the machine
speed is not measured and only the stator currents are accessible to measurement. Then the state vector
can be divided into two sub vectors x1  id

T

iq  and x2   . Thus the dynamic matrix and control

matrix become as given in (47):

 0 
 
  dq



 A11      , A12    K  
dq 


 Ldq  


 1



0 
L



 B   dq

 1 

1 
 0



Ldq 




(47)

It is evident that the pair ( A11 , A12 ) is observable. Therefore, by using the formulas given in [136] and
[137] and considering that the real speed as the estimated one, a reduced identity observer is
determined for estimating the machine speed so that the rotor position. Let K L be the gain of the
observer, which is can be expressed by KL  k1 k2  and thus an equation showing the physical
parameters of the machine is constructed as in (48), [136]:

ˆ    k1 id  k2 iq

(48)




k
k
d
K 
K
2 K
   k1  dq  k2  k1 k2

 id   k1   k2  dq  k2
 iq  1 vd  2 vq  k2

dt
Ldq 
Ldq 
Ldq
Ldq
Ldq



(49)

with:

Thus, the calculation of the observer is reduced to the calculation of the vector  , which must ensure
the stability under Hurwitz [136], [137]. Yet the observability of the pair ( A11 , A12 ) makes this
calculation possible.
It is noteworthy that the determined observer depends on the value of speed  which is not measured.
To implement this observer,  should be replaced by ̂ in the observer's model, which is a
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reasonable approximation since the observer has already begun to converge. For that, the gain k 2 must
be chosen such that the convergence is guaranteed.

III.2.3.1. Experimental results of Luenberger method
Using dSPACE 1104 and MATLAB environment, this observer is tested experimentally. The
configuration in Figure 40 is used. The estimator which is used is Luenberger of a reduced order.
Figure 48 shows the stator voltages and currents which is used as inputs of this observer to estimate
the rotor position. The test is carried out at the points of maximum power which corresponding to each
value of wind speed Figure 49 and Figure 50.
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Figure 48. Stator voltages and currents at wind speed 8m/s – Luenberger method
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Figure 49. Position estimation by Luenberger method at wind speed value of 4m/s
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At each point of maximum power the nominal value of speed is varied to its upper and lower
neighborhood. To achieve this changing, the DC bus voltage is varied by value of ±10V to verify the
performance of estimation.
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Figure 50. Position estimation by Luenberger method at wind speed value of 8m/s

Figure 49 (a) and Figure 50 (a) correspond to the variation in DC bus voltage of -10V whereas in
Figure 49 (b) and Figure 50 (b) correspond to the variation of +10V. In both cases, the estimation is
robust and not affected by changes while estimation error is relatively of high value. As shown in
Figure 49 and Figure 50, the estimation error of position, which is corresponding to high wind speed
(value of 8m/s), is getting smaller in high speed than it is at low wind speed (value of 4m/s). Figure 49
shows that estimation error get bigger when the power shift from its maximum value.
This observer is noted that it is sensitive to the variation of stator resistance parameter than other
setting of parameters where the error of estimation is corresponding. A comparison between three
tested methods shows that all three methods give in nominal state almost acceptable estimation but all
need a complement tool as manual starter. Therefore, a more accurate observer is needed.
The next part will deal in detail with Kalman filtering to get a good estimation of rotor position.
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III.3. Extended Kalman filtering
III.3.1. Kalman filtering
The Kalman ﬁlter principle introduced by Rudolf Emil Kalman represents an efficient means for the
recursive data processing. Concerning the estimation of the PMSM rotational speed, there have been a
number of studies that proposed various methods for this aim. While the estimation method based on
observer depends to some extent on the accuracy of the motor model; the EKF is the most popular
model-based estimator allowing sensorless drive control in a wide speed range [156].
Using the Kalman filter, the control without mechanical sensor can be implemented, because it allows
observing and predicting the position and speed from the measurement of currents and supply
voltages. Moreover, since the studied system is nonlinear, the algorithm of EKF [138] must be used.
This will give optimal recursive states estimation from the measurement of other variables.
In the early 1960s, the Hungarian Kalman published the algorithm of optimal observer [139]. This
observer was first used in the domain of space and especially in Apollo program. It is found in the
field of electrical engineering for the sensorless control and diagnosis process [145], [146]. Kalman
filtering is based on the principle of total observation (Figure 51) that estimates the outputs y from its
model (inputs u), then correct the quantities of estimated state x̂ using a negative feedback of error
estimation [149]. The correction is performed by a gain vector that allows the filter performance to be
settled (such as dynamic). This vector gain K is sometimes determined offline for specific
performance (e.g. pole placement). For the Kalman filter, the gain vector is calculated for each
iteration from the error predictions and uncertainties (noise) on the state quantities and measurements,
in order to minimize the error between the model and the real system [149].

Figure 51. Principle of observation

This technique has the disadvantage of complexity and high degree of difficulty in designing of the
estimator gain [19], but on other hand it increases position detection accuracy especially in low speed
range and improve noise suppression effectively [119].
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In [147], author studies the influence of the use of mechanical equation in the model of the EKF. It
then presents the influence of parameter variations on the behavior of the observer. Simulation results
are presented without experimental validation. It uses the control signals of inverter and the
measurement of the DC bus voltage in order to reconstruct the phase voltages. The author concludes
that using a simplified model has the advantage of being light in computational time, but it introduces
estimation errors. In addition, it does not allow estimation of the load torque.
In [138] a vector control is provided without position and speed sensor of a salient pole PMSM. The
algorithm allowing EKF to estimate the position and speed from the currents and voltages measured in
a reference related to the stator. The estimate of the initial position is determined from the measured
stator currents after the application of test signals to terminals of PMSM. It presents experimental
results in transient and steady state on a machine of 1.4kW. It is highlighted the good performance of
the order without mechanical sensor. Finally, the author stressed the need for filtering the measured
signals (current and voltage) with the aim of improving the performance of the proposed algorithm.
Another technique developed in [148] is to reduce the order of the system and reduce the
computational time. This method is based on the choice of EMF and rotor speed as state variables in
d-q coordinates. Indeed, the author reduces the order of the system to 3, which allows it to minimize
matrix operations to reduce the computational time. The author proposes to use the trigonometric arc
tangent function to estimate the rotor position from the estimated EMF. Simulation results and
experimental results are shown to confirm the robustness of reduced-order Kalman filter concerning
the change of stator resistance.
In [150] the authors used an EKF with online tuning of the rotor flux. Although this solution provides
wide speed range and has been shown to be capable of delivering full torque at standstill, it requires a
high computational effort to compute the optimum state estimation gain matrix from the covariance
matrix at every control cycle. A vector controlled PMSM drive has been implemented in [151] by
using a low cost digital signal controller. The PMSM drives with sensored and sensorless operations
have been performed at various speed and load conditions to demonstrate the performance of the drive
at four-quadrant regions. Moreover, the details of voltage and current transitions corresponding to
speed transitions have been presented for the sensored and sensorless operations. The speed estimation
has been performed by using EKF which estimates the speed and rotor position with the knowledge of
the stator currents and voltages.
To sum up, the Kalman filter shows good estimation performance and also robustness to noise and
parameter variations. It also has good robustness performance to load changes, particularly when
extended to the couple. However, the calculation time of this filter is higher than other observers since
it has high mathematical operations.

III.3.2. Principle and functioning
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EKF algorithm consists of two main parts which are prediction and correction, where the calculation
of the prediction step depends on the estimated state from the previous iteration. The correction step
depends on both prediction step and calculation of K , the observer gain; so, to start the process, an
initial state is needed. To apply Kalman filter, one must first and foremost model the problem in
function to the parameters to be estimated and sensors measurement. The discrete extended Kalman
filter model is represented by the equations (50) (where indexes z and z+1 represent respectively the
estimated and predicted states):
xz 1  Axz  Buz  vz  f  xz , u z , vz 

(50)

yz 1  Cxz  wz  h  xz , wz 

with x, y, u, v, w, A, B , and C are respectively state vector, output vector, control vector, state noise,
measurement noise, matrix of transition, matrix of control and matrix of measurement. The noise v
and w are assumed as temporally uncorrelated, zero-mean random sequences with known covariance

Q (state noise) and R (measurement noise).
Filtering steps can be illustrated as given in [123]:

Figure 52. Steps of Kalman filtering

The algorithm EKF is given in Table 3, where the index z-1 represents previous states.
Table 3. The two stages of Kalman filter operating

Prediction stage:
Prior state vector

xˆz  f ( xˆz 1 , uz 1 )

Covariance matrix of prior state

Pz  Az Pz 1 AzT  vz Qz 1 vTz

Correction stage:

K z 1  Pz CzT  Cz Pz CzT  Rz 

Optimal gain

xz 1  xz  Kz 1  yz 1  h( xz ) 

Estimated state vector
Covariance matrix of estimated
state

1

Pz 1  Pz  K z  Cz Pk C zT  Rz  K zT

When the model of the system is well defined, the two matrices Q and R must be chosen which
allows the establishment of the uncertainty degree between the model and the real system. Then, the
initial state vector and the initial error covariance matrix P0 is initialized which is based on supposed
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errors on each state. When these steps are carried out and in each sampling period, an estimation phase
and then a correction phase are performed. In this context it is worth noting that:


If Q is small, it reflects a greater confidence in the estimates and less in the measurements;
the filter gain tends to decrease. The observations have a very slow convergence dynamics.



If R is small, it reflects great confidence in the measurements; the filter gain tends to
increase. The estimated output will be almost identical to the measures: since the filter will not
be correct the observations will also not be.

The understanding and implementation of EKF are not most complicated; the main difficulty lies in
selecting Q and R matrices. After defining these two matrices, steps of Kalman filter calculation can
be applied, as in Table 3. Thus, it is clear that xz 1 is the estimate of new state vector and Pz 1 is the
new matrix of estimated state covariance. The latter matrix can provide information about the
accuracy of the estimate of each parameter. These two phases of calculation have to be applied
whenever new samples from the sensors are available.
To implement EKF in the small scale wind turbine, the model of the electric machine used must be
defined. The mathematical model of the PMSM in the reference related to stator is used and it is given
by (51) (Appendix II):
v 
i 
sin  
d i 
   RS    LS    K  

dt i 
  cos 
v 
i 

(51)

Table 4 demonstrates for this case state vector, control vector, transition matrix and control matrix. To
observe the current and to estimate speed and position, the output of this system is chosen as the
current. The observation matrix C is also set in this table.
Table 4. Components of equations for Kalman filtering in a reference relation to the rotor

  

state vector

x  i

i

control vector

u  v

v 

output vector

y  i

i 

observation matrix

1 0 0 0 
C

0 1 0 0 
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T

T

T

From equation (51) and Table 4, the observer in (52) can be built:






f  x  







  1

   v  RS i  K  sin   
  LS

f 2  x2  



1
dt 
   v  RS i  K  cos   
d    LS

f3  x3  

0
dt  
 

d  


f 4  x4  

dt 
f1  x1  

di
dt
di

(52)

The use of EKF involves linearization of state equations around the operating point. The transition
matrix A which is the Jacobean of (52) is expressed by (53):
 f1
 x
 1
 f 2

df  x1
A

dx  f 3

 x1
 f 4

 x1

f1
x2

f1
x3

f 2
x2

f 2
x3

f 3
x2

f 3
x3

f 4
x2

f 4
x3

f1 
x4   RS
 
f 2   LS
x4  
 0
f 3  

x4   0

f 4   0

x4 

0




K sin 
LS

RS
LS

K cos 
LS

0

0

0

1

K  cos  

LS

K  sin  


LS


0

0




(53)

After the system is fully modeled and the construction of EKF observer is done, two matrices
appearing in the calculations are required, namely the matrix of measurement noise covariance R and
the matrix of state noise covariance Q .
Consider having a sensor with Gaussian noise, the matrix of measurement noise covariance is a matrix
with two dimensions, and of value terms, the square of the standard deviation of noise for each sensor.
The simple matrix of R is shown in (54) with  a ,  b the standard deviation of current noise.
The matrix of state noise covariance Q represents the system modeling error. This matrix is a
diagonal matrix of four dimensions (the size of state vector), shown in (54) with qa , qb , qs and q p
are respectively the maximum permissible error variance of modeling on the current, speed and
position. The terms on the diagonal correspond to the square of the maximum standard deviation of
error that is allowed for each parameter to estimate. This matrix is determined empirically based on
the data of the problem.
To well understand these terms, it is useful to notice that if the terms of error is set too small compared
to the reality, then the Kalman filter will fail to rectify the errors of the model and make biased
estimates. Contrariwise, if the error terms are too large in relation to reality, then the model will not be
biased, but the resulting estimates are of poor quality that is to say, the covariance of the error will be
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large. The difficulty of the Kalman filter is to estimate properly this matrix of state noise covariance in
order to have the most accurate estimate without bias.

 a2 0 
R  
2
 0 b 



 qa 0 0

0 q
0
b


Q


 0 0 qs



 0 0 0




0  

0  
0 

q p  

(54)

Once implemented in MATLAB and compiled under dSPACE, the EKF produces results fairly
quickly. However, for best results, setting the Q and R matrices is done empirically and may take
time, depending on the level of expertise of the user. Since the characteristic stochastic noises are
generally not known, the tuning of this matrix can be obtained by simulation. After determining the
noise of the measures to build R matrix, and after obtaining the optimal value of Q and P0 matrix by
simulation to get best convergence, the values in (55) are chosen by trial and error method:

8 1
 R  10 
0


1


Q  108 0

0


0





0 0
0  

1 0
0  
0 100 0  

0 0 106  

0
1 

(55)

Figure 53, Figure 54 and Figure 55 show that the results obtained using EKF with non-sinusoidal
variables are of good quality where it is performed by using EKF based on model with reference
relating to the stator.

Figure 53. Results obtained for EKF with non-sinusoidal variables (experimental stator voltages at wind speed 8m/s)
[30]
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Figure 54. Results obtained for EKF with non-sinusoidal variables (experimental stator currents at wind speed 8m/s)
[30]

Figure 55. Results obtained for EKF with non-sinusoidal variables (evolution of speed estimation when wind speed
change from 8m/s to 6m/s) [30]

By decreasing speed, Figure 55 shows that the estimation response is high enough to follow the
measured value (a maximum relative error of about -2.4%, where speed sensor has already average
measurement error of this value). Also, in case of increasing speed, the estimated value gets rapidly to
the new one. Therefore, good performance of EKF estimator is proved at different cases of PMSM
working states.

III.3.3. Highlighting the problem related to EKF use
Performance of the EKF, depends on the correct prior knowledge of the process and measurement
noise covariance matrices ( Q and R , respectively) [157]. In order to increase the performance and
the reliability of the EKF several studies already have tried to develop an adaptive version. Using
innovation and state estimation, it seems possible to estimate parameters that characterize the state of
the process. These parameters can then be used to adapt the gain matrix by online automatic tuning of
some of the covariance matrices used in the computation of the gain matrix. This kind of adaptive
EKF is empirical but seems to have good behavior compared to the EKF.
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Because of the complexity to ensure robustness when adaptive measure is continuously updated, some
authors used an adaptive algorithm based on switching between several models. For example, in [152],
authors have developed an application on a highly critical process from robustness point of view. They
have proposed two matrices of covariance to switch between them depending on the state of the
process. There exist a large number of papers dealing with adaptive observers and adaptive extended
Kalman filtering [153] especially in the GPS and DGPS community [154]. In [154] for instance,
authors present an adaptive extended Kalman filter using innovation in order to adapt matrices of Q
and R , exactly in the same spirit than in the present As obtained in the results of last section, EKF
approved a good estimation in various speed ranges and in the two types of machine variables,
sinusoidal and non-sinusoidal. Anyway, the main problem of this method is the difficulty of choosing
the components of matrices. In [155], the high-gain extended Kalman filter (HG-EKF), which is also
an exponentially converging observer, is introduced, but with the property that it is more efficient in
the presence of noise. Indeed, the high sensitivity of high-gain observers is a well-known drawback:
the high gain ensures convergence but also increases noise effects.
The next part of this chapter focuses on the use of EKF with adaptive auto-tuning for a small scale
wind generator based on PMSM with an active structure. The used MPPT, which was presented in
chapter II, is based on the knowledge of the parameters of small scale wind generator as input with
EKF-based estimation of mechanical rotation speed.

III.4. Extended Kalman filter with adaptive auto-tuning
In adaptive Kalman filter, the knowledge about the noise covariance values is adjusted according to
the difference between the predicted estimates and the current measurements. Several ways for this
purpose have been developed in [157]-[159] which can be classified into four categories: Bayesian,
maximum likelihood, correlation (autocorrelation), and covariance matching. Few studies have
introduced methods either offline or non-adaptive to decide metrics of measurement and state noise
covariance for the rotor speed estimation. Authors of [156] gave a comparison between three variants
of the square-root implementation for the EKF with the standard implementation that consider the full
matrix representation in sensorless control of AC motor drive. The benefits of square-root EKF were
discussed for every method and they referred that such methods improved accuracy and robustness in
critical operating conditions of the drive whereas its computational cost is higher than the conventional
algorithm.
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III.4.1. Principle and functioning
Every moment z the optimal gain of EKF is calculated so as to minimize the error covariance
according to the algorithm of Figure 56, which is more detailed than in Figure 52. Since it is very
difficult to access the error covariance of states, then the two matrices Q and R are often used for
setting the observer performance and provide a large number of possible parameter settings using
simple principle: the more trusted the model (respectively measures) the less the values of (resp. R)
must be. In order to handle all these settings at once, De Larminat proposed a method that allows the
user to place the poles of the permanent regime of the observer using a single high level parameter T0
[161], called observability horizon.
Such an approach has already been tried for the adaptive adjustment of an observer for the state of
charge of lithium-ion batteries [162].
Prediction step
Prior state vector xz  f  xz 1 , uz 1 
Prior covariance matrix Pz  Az Pz 1 AzT  vz Qz 1 vTz

System input u

Optimal gain

z 1

Measurements y
(system output)

K z 1  Pz C zT  C z Pz C zT  Rz 

1

Innovation step
Estimated state vector xz 1  xz  K z 1  yz 1  h( xz ) 
Estimated covariance matrix Pz 1  Pz  K z Cz Pz

Estimated
state x

Figure 56. Detailed algorithm of the extended Kalman filter

The observability horizon T0 is used to compute the partial observability gramian G0  T0  given in
(56):
T0

G0  T0    e A t C T Ce At dt
T

0
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(56)

To write the gramian formula for the studied system, it must, on the first hand, formulate the function

H  t   e A t C T Ce At that is calculated based on its components as follows:
T

Exponential of the matrix A in (57):
  RLS t
e S


e At   0


 0
 0


 K  cos   LS t 
t.e

LS

RS 
 K  sin   LS t 
t.e

LS

0


1


 K sin   LS t
t.e
LS
RS

0


e

RS
t
LS

RS

K cos   LS t
t.e
LS
RS

0
0

1
t

(57)

Exponential of the transpose of the matrix A in (58):

'

eAt

R
 St

e LS



0

   K sin 
 K  cos 2
t
t

LS
 LS

 K  cos
t

LS


0


e

RS
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 K  sin  2
K cos
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 K  sin 
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0 0


0 0

1 t


0 1


(58)

From (57) and (58) the function H can be then built in the result as in (59):
 2 RLS t
e S


H (t )   0


 A31
 A
 41

RS

0
2

e

RS
t
LS

A32
A42

 K sin  2 LS t
t.e
LS
RS

K cos 2 Ls t
t.e
LS
A33
A43

with:
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RS 
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(59)

R
 St 
K
2
A31 
 t sin   t  cos  e LS 
LS

RS 
t

K
A32 
 t cos  t 2 sin   e LS 
LS

2
R

 K  2  LSS t
A33    t e


 LS 

2
RS
 K  3  LS t 2

A34    t .e 


 LS 

RS
 t
K

LS
A41 
t. e  cos 

LS

RS

t

K

A42 
t. e LS  sin 
LS


A43  0

2
RS

 t
K 

A44    t 2 e LS  2

 LS 

(60)

Once G0  T0  has been calculated, Q is deduced and R is normalized to the identity matrix in (61):
Q   T G  T  1
0
0
0

 R  I

(61)

Moreover, as it will be illustrated through the experimental results, long observation horizons lead to
slow the convergence speed of the estimation. Another important point is that for short observation
horizons the steady state Kalman gain is high. This results in considering the smallest modeling error
and therefore leads to a "noisy" estimate. On the contrary, long observation horizons induce low
steady state Kalman gain and the modeling errors are filtered. The trade-off between speed of
convergence and "noisy" estimation is achieved thanks to the influence of the observability horizon.
The minimal value chosen for T0 must be greater than the smallest time constant of the system. In
order to be able to deduce on-line the state error covariance matrix Q , one has to calculate the
analytical expression of the partial observability gramian G0  T0  . For the real time implementation of
the proposed adaptive tuning observer, the values of G0  T0  have been stored in tables for various
observability horizon values and mechanical machine speed values.
Theoretically, the matrix Q is expected to be diagonal. In order to reduce the real time calculation,
only the diagonal elements of G0  T0  have been previously calculated off line in relation of T0 and
the speed n . The results of this calculation have been implemented into look up tables (Figure 57) in a
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real time calculator. Moreover, since the observability horizon variation acts as a low pass filter, the
computation of G0  T0  may have a low sampling period in order to reduce the computational effort.

Figure 57. Values of the diagonal of

Q

[160]

In Figure 57, it can be noticed that for the first three elements Q11 , Q22 , and Q33 their values affected
primarily by observability horizon variation. Whereas during the speed variation, the values of these
three elements stay almost the same. So, by finding the appropriate value of observability horizon, that
makes the difference in accurate estimation.

III.4.2. Results and conclusions
Figure 58 (a) shows the evolution of the measured (real n ) and the estimated speeds during a step
response. During this test the speed increases from 100 to 400rpm, the generated power pBUS varies
from 0 to 800W (with the reference bus voltage uBUS *  200V ).
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Figure 58. Evolution of measured (real n ) and estimated speeds during a step response (a) and on steady state
(b).[160]

Different values of T0 have been tested into the range 0.1ms to 6ms. The lowest value may be greater
than the sampling period and the highest one correspond to the time constant LS R S . As it is
illustrated on Figure 58 (a), with a small observation horizon, the estimation converges quickly. As it
is illustrated on Figure 58 (b), whatever the value of T0 , the estimation errors do not exceed 1%. As
one can see, for T0  5ms the speed estimation filters the high frequencies fluctuations of the real
speed induced by eventual perturbations due to the electrical drive system.
In the studied case, the highest value of T0 seems to be the most convenient for the parametrization of
the Kalman filter.
A second test has been experimented to implement the speed observer with the MPPT as shown in
Figure 60. A wind speed profile has been emulated as illustrated in Figure 59. It can be seen that short
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observation horizons T0 influence significantly the speed estimation while this one is used inside a
MPPT control and consequently influence the performances of the MPPT.
The best performance is obtained for large observation horizon T0 ( eBUS  1.7Wh for T0  5ms versus

eBUS  1.63Wh for T0  0.5ms ). For values of T0 strongly inferior to the electrical time constant
LS R S , the speed observer does not filter the high frequencies perturbations. On the contrary, for

large time constant, the speed estimation acts as a low pass filter and rejects the perturbations on the
speed. To complete this experimental validation, Figure 61 shows the appropriate use of extended
Kalman filter with adaptive control for a real wind profile (of 10 minutes for the 15 th of January in
Compiegne). As a conclusion, the observation horizons T0 must be close without being higher than
the electrical time constant LS R S in order to warrant the best performances.

Figure 59. Arbitrary wind speed profile v and optimum evolution of pBUS and p AERO [160]

Figure 60. Evolution of the generated power pBUS for a wind speed profile.[160]
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Figure 61. Evolution of the power generated in 10 minutes for the 15 January in Compiegne [160]

In this section a small-scale wind generator PMSM-based associated with an indirect MPPT method
was studied. Choosing an active energy conversion structure and a sensorless PMSM, to control the
system a speed estimator is required.
Facing to other methods, the EKF model-based estimator allows sensorless drive control in a wide
speed range and estimates the rotation speed with a rapid response. Knowing that the voltage and
current sensors are required for security issues, therefore, the use of the estimator does not induce
additional costs. Furthermore, it saves a speed sensor that can generally represent more than 10% of
the price of a small scale wind generator.
The EKF parameters tuning is solved by introducing an adaptive method, i.e. adaptive-tuning EKF.
This adaptive estimation approach is innovative by using a covariance matching technique. This new
method for adaptive-tuning of parameters of the EKF for a small scale wind generator allows easy
operation of the EKF. It is implemented and then validated experimentally. The experimental results
prove that the proposed method is technically feasible with good performances within some limits.
One of these limits concerns the observation horizons T0 whose values have to be both close and
inferior to the electrical time constant in order to obtain the best performance. Therefore, as the
observation horizons should be variable, further work will aim to find a criterion to determine the best
value of T0 for each operating point and adapt it in real time.
Anyway this observation horizon simplifies the procedure of choosing the values of various elements
of Kalman matrices.
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III.5. Conclusion
In this chapter, several sensorless methods allowing position and speed observation of the PMSM are
presented. The most used methods in the estimation of the PMSM position and speed techniques were
illustrated. At low speeds, although the techniques are numerous, injecting high frequency alternative
signals appears to be the most accurate method. A state of the art is proposed to choose the methods
the most appropriate depending on operating conditions. For the near nominal operation, we
introduced four types of estimation methods.
Firstly, we considered the fixed coordinate system α-β. Two methods were presented of which the first
is a sliding mode observer. The second is to estimate directly the speed and the position using a flux
estimator plus PLL.
A model in the rotating frame d-q then is considered. In this case, the estimate of the speed comes
before the position estimate that is derived by a simple integration of the speed. Luenberger observer
of reduced order is presented for this aim. Experimental results were carried out for each case so that
the position estimation is verified experimentally by using these mentioned methods. Then the
estimation is verified at low speed begin from 4m/s then for higher speed (5m/s, 6m/s 7m/s and 8m/s).
The EKF method is applied to synthesize a reduced observer for observing the position and speed of
the machine. Experimental results were acceptable in the nominal case of position estimation but it
needs elaborated work to design the covariance matrices.
Finally, the case of EKF with adaptive tuning approach is studied in order to find a solution to
covariance matrices tuning. The EKF observer with adaptive tuning approach is presented in this
section and tested in the test bench. As EKF sensorless approach with adaptive auto tuning of its
matrices components it is found that this approach has improved the performance of the observer even
at low speed.
There are other types of observers in the literature that have not been presented in this thesis, as it
focuses on the methods most used. For example for other methods, sliding mode observer of higher
order presented in [66], the interconnected adaptive observers [163], the observer Matsui [164], etc.
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General conclusion and perspectives
In an ecological context more and more significant, this thesis makes a contribution to the field of
renewable energies, particularly in the sector said the “small-scale wind turbines". The main objective
of this study involved the propose of a small-scale wind power system whose structure is simplified to
offer a compromise cost - reliability - satisfactory performance.
In the first chapter, a state of the art focused on renewable energies especially the "small-scale wind
turbine" has shown us the various systems used in wind power generation. This bibliographic study is
to highlight what our needs in order to simplify the system while preserving its energy efficiency. It is
found that the simplest passive architecture has no active power control therefore no energy
optimization; hence it was not chosen to be studied. Fully controlled architecture has been tested
experimentally and it has a good optimization but it still of high cost. MPPT controls require more or
less complex architectures, but it is found that they have good power optimization. So, the chosen
system is "passive" rectifier added to it a boost converter with MPPT strategy because it incorporates
power control hence power optimization. A permanent magnets synchronous generator directly
coupled to the three blades of the turbine is used, connected to a DC bus through a three-phase diode
rectifier. The issue of grid connection is not addressed in this thesis. Therefore this chapter has helped
to build the foundations of our study through the representation of all the elements of wind power
system represented by different energy conversion structures. Several structures and management
strategies with regard to cost criteria and energy efficiency were discussed. According to this criterion,
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special attention was paid to the performance in each model. The main conclusions taken in
consideration for the study concern:


Modeling a wind profile including a significant temporal wind turbulent component.



The generator is represented from an analytical model coupled then, via the circuits’
parameters. Three models were represented. The first model is in natural base i.e. threedimensional stationary base A-B-C; the second model, developed in two-dimensional
stationary α-β. The third model is in two-dimensional rotor base d-q.



This confrontation is confirmed by the experimental approach based on a generator prototype
for wind emulating approach. Indeed, the circuit parameters of the prototype are also at
consistency with those from the models.



Study of the wind turbine emulator for each wind value of a static or dynamic profile. The
main inertial effects are also properly taken into account.

In chapter II, these last points were taken into account. A model of small-scale wind turbine emulator,
which is considered in this study, is presented along with the experimental validation. A direct MPPT
algorithm is introduced with two strategies, i.e. fixed and variable step. According to the characteristic
of the small scale wind generator, the classical fixed step P&O method and a variable step P&O
method are implemented to achieve MPPT. Experiments results suggest that both algorithms correctly
find out the MPP whatever the wind speed increases or decreases. With the physical restrictions,
extracted energies for two methods are not significantly different, but the variable step MPPT clearly
suppresses the oscillation amplitude when generator system operates close to the MPP. Then a simple
and robust MPPT indirect method was validated. For small-scale wind turbines with a high
mechanical time constant, the indirect method of MPPT gives the best results. Moreover, this method
is not only for experts of MPPT methods, it is fast to implement and add to that its simplicity. The
hindrance of this method is its need to speed/position sensor; the price of a mechanical sensor can be
up to 20% of the total price of a small-scale wind turbine. To utilize an indirect MPPT of less cost,
estimating the speed becomes a fundamental matter, which lead to focus on this point in the third
chapter.
In the third chapter, a presentation of the various works carried out on the position estimation of
synchronous machine rotor with permanent magnets has been conducted. In this chapter, the principle
of control without mechanical sensor has been developed. Methods that estimate the rotor
speed/position were presented. The state of the art to estimate the initial position of the rotor that has
been proposed in the literature was included. After analyzing the different techniques for detecting the
position, thus, different methods proposed in literatures are considered and classified to be studied in
details, and then the most effective and widely used one were verified experimentally for the studied
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system. The methods which are chosen are SMO, rotor flux estimation with PLL, Luenberger observer
of reduced order and EKF.
Experimental tests for each method were performed to compare the performance of speed/position
estimation. Opposite to other methods, the EKF model-based estimator permits sensorless drive
control in a wide speed range and estimates the rotation speed with a rapid response. The EKF
parameters tuning is the main problem to its implementation. Hence to solve this problem, the thesis
introduces an adaptive method, i.e. adaptive-tuning EKF. As a result and grace to this approach, the
total cost of conversion system is reduced and the performance is guaranteed and optimized.
Finally, the systemic approach in this thesis allowed us to identify the main models of conversion
systems and controls the component elements of the small scale wind turbine, which meet the specific
needs of being integrated into the microgrid at minimum cost. Thus, several perspectives can be
traced, in the continuity of this work. So, this study opens a number of perspectives:


Studying the effect of each estimation methods with other configuration of control e.g. fully
controlled converter.



Most estimation processes have time varying parameters. Among these parameters, one can
distinguish the stator resistance of PMSM. The value of this resistance can increase to twice
its nominal value due to the stator heating. Therefore, errors are occurred on the estimation of
speed and rotor position. To remedy this problem, it is necessary as the stator resistance
estimate for the control without mechanical sensor using e.g. the MRAS method.



Exploiting the estimation techniques developed in chapter III to design an estimator for the
flux of permanent magnets.



To study and implement algorithms for detection and isolation of a default speed/position with
reconfiguring the PMSM control to ensure continuity of system operation.



Interestingly, thereafter, implementing advanced fault detection methods in chosen control
without mechanical sensor, in particular defects of opening of a stator phase faults stator
short-circuit and the presence of other defects at the inverter.
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Appendix I. Parameters measurement of PMSM
From the early days of the energy distribution, which means late twenties of the last century, the grid
engineers understood how important is an accurate model of the synchronous machine in calculating
the stability, or in general, the dynamic behavior of the power grid. Since the synchronous machine
model is based on its parameters, the need for a reliable set of electrical parameters is obvious. The
parameters can be calculated analytically or via a magnetic field analysis procedure during the design
stage of the machine. The parameters can be obtained also by tests at the factory or on site. Two
groups may classify the techniques to settle on electrical-machine model parameters: frequency and
time domain tests. Some of them can be applied online, while others are used when the machine is at a
standstill. Online tests, such as the sudden short circuit, open circuit, load rejection, and field flux
decay, have been reported in literature [23]. Tests, such as the sudden short circuit and load rejection,
are considered to be prohibitive due to the possible damage of the machine. Moreover, a great amount
of research has been reported to characterize the d–q-axis machine model with standstill tests. Some of
them are the well-known standstill frequency response, DC step voltage, and DC flux decay. A set of
inductances and resistances is always needed in modeling and simulating the synchronous machine
dynamic behavior or for its controller design [24].

1. Measurement of constant electromotive force
The constant of back-electromotive force (EMF) can be obtained by measuring the machine phase
voltage in the state of no-load while it is driven through the shaft at a constant speed  . The constant
k gives a ratio between back- EMF voltage and the angular electrical frequency

 . From the same

test, the ratio between the mechanical and electrical speed also gives the number of pole pairs. To
achieve this test it requires oscilloscope, at least one voltage probe. The motor is set to spin at a
constant speed. Then, the generated phase voltage is measured and the constant k is calculated by (62):

k

v

(62)



Various rotation speeds have been applied on the machine to get more accurate value of back-EMF
constant. After measuring the phase voltage terminal, this constant are calculated by (62) considering
that this speed has an amplifying ratio by 7 due to gearbox from manufactory. The constant k can be
rewritten as in (63):

k

V
2 .
60

7

Results are shown in Table 4:
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(63)

Table 5. Results of no-load test

Rotational speed

Voltage phase

Back-EMF constant

Back-EMF constant

[rpm]
350

[V]
20.2

[V.r-1.s]
2.448

[V.rad-1.s]
0.389

700

39.9

2.418

0.384

1050

59.6

2.408

0.383

1400

79.6

2.412

0.383

2.421

0.385

Average value

At the same time, by applying Fast Fourier Transform to the output signal, electrical frequency is
obtained and then number of poles pairs can be calculated. For rotation speed of 1050rpm, meaning
110rad.s-1, and electrical frequency measures 90Hz, meaning 556rad.s-1. Hence, the number of poles
pairs is verified to be 5 pairs of poles.
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0
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0

0.005

0.01

0.015

0.02
time [s]

0.025

0.03

0.035

0.04

amplitude [V]

60
40
20
0
0

100

200

300
frequency [Hz]

400

500

600

Figure 62. Voltage signal Fast Fourier Transform in no-load test

2. Measurement of phase resistance
To measure the resistance R (recall that the resistances of the three phases are equal and therefore
only one measurement is sufficient), a voltage-current method can be used where it is necessary to
impose a DC voltage between a phase and the machine neutral point. Hence, as the current is also
continuous, so L  di / dt  0 and impose a zero rotational speed (which leads to E  k.  0 ). In this
way, voltage equation of the machine becomes V  R  I . A portable multi-meter (of type FLUKE
87V) is used to measure the voltage of phase and a numeric multi-meter (of type FLUKE 8846A 61/2) to measure the current phase. A DC voltage source (of type AX 502 Metrix) has been utilized to
feed the circuit. To obtain a more real value of resistance, various measurements were taken at the
nominal value of current with different period of time to allow the machine get hotter. Results are
presented in Table 6:

-130-

Table 6. Results of resistance value

Time (min)

Voltage(V)

T=0
T=15
T=30
T=45

Current (A)

R ()

5
5
5
5

1.316
1.344
1.358
1.368
1.346

6.58
6.72
6.79
6.84
Average value

3. Measurement of phase inductance
One phase can only be used to measure the inductance value. By imposing a voltage to one phase,
only the self-inductance can be considered, the other two phases are in effect under zero voltage, it
will not induces mutual inductance. In this test, the converter is used as a chopper to inject a

square-wave voltage in the phase so that induces a step response gives an image of time
constant  . So inductance can be calculated from   L / R . The DC source is connected to
the converter bus and phase A to the first arm and the neutral point to the negative terminal of
the bus. A dSPACE 1103 is used to generate chopper pulses that produce the appropriate
wave at the chopper output. This dSPACE is also used to obtain the two signals, the injected
voltage into the machine and the response step of phase current, as presented in Figure 63:
6

4

2

0
0

0.01

0.02

Time [s]

0.03

current
voltage
0.04 0.05

Figure 63. Voltage step and current response

Signals are filtered and treated through MATLAB and final result is obtained that gives the
time constant value, so that inductance value can be determined, as it is in Table 7.
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Table 7. Results of inductance value

Time constant

Chopper frequency
(Hz)

 (s)

2
5
15
25

0.0038
0.0036
0.0034
0.0032

Inductance
L (mH)
4.9
4.7
4.4
4.2

4. Measurement of mutual inductance
Mutual inductance can be calculated if it is placed under the same conditions as the same in
experimental measurement of phase inductance (but sinusoidal voltage imposed on a single phase) and
measure the EMF induced in the two other phases. A linear three-phase amplifier (of type PA-1000AB x 3 and of 3kVA power) that emulates the national grid is used to produce sinusoidal voltage. A
produced voltage in the other phase terminal is measured. Also, the previous inductance value can be
verified by measuring voltage and current phase, and determine the angle phase of it. This test doesn’t
need dSPACE or converter, but just an oscilloscope to figure and store signals data. By imposing an
alternative voltage whose an effective value of 4.8V and a frequency of 50Hz in phase A, an
alternative current flows through machine phase, and its effective value equals 1.72A shows the
signals of voltage and current in machine phase, current vector is lagged to voltage by 126 o, thus, the
power factor of 0.5878. Hence, the inductance value can be verified through Ohm’s law as voltage,
current and frequency values are known; its value is 5.6mH.
8
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2
0
-2
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-8
0

Voltage
current
0.01
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0.03
Time [s]

0.04
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Figure 64. Voltage and current signals in machine phase

Figure 65 show the voltage induced at open-terminal phase B, which represents an image of the
mutual flux with phase A.
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Figure 65. Induced voltage and flux signals at open-terminal phase

Mutual inductance can be obtained through integrating voltage so getting magnetic flux. Flux induced
in phase B has a calculated maximum value of 0.002wb. Current maximum value is 1.72A. So mutual
inductance can be calculated and it results 1.2mH.
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Appendix II. Modeling of PMSM
In this appendix, the mathematical model of PMSM will be developed in fixed frames, both the natural
three-phase reference A-B-C and stationary two-phase reference α-β. The analysis of machine power
and torque will be given as well. The first step of a control guideline synthesis is the modeling of
control PMSM process; this modeling is established in terms of differential equations and is
essentially based on the Clarke transformation. Thus, the purpose of this part is to present the
modeling of permanent magnet synchronous machines associated with a 3-ph diode bridge. It begins
with the three-phase model and the model obtained by decomposition in the two axes (Clarke
transformation).

1. Simplifying assumptions
A PMSM is a complex system, whose modeling conformed to the following simplifying assumptions:


The voltage system is balanced.



The distribution of the magneto-motive force created by the stator windings is sinusoidal.



The magnetic circuits are not saturated (operating in the linear zone).



There are no rotor’s damper windings (effect of the shock absorbers is neglected).



Losses by eddy current and hysteresis are neglected.

2. Equation development of PMSM in A-B-C frame
To establish simple relationships between voltage power sources and motor currents, the model of
ideal synchronous machine is considered. Figure 66 represents the geometrical diagram of PMSM.
From this schema, electrical equations can be obtained.

Figure 66. Equivalent diagram of PMSM in A-B-C frame

In the context of simplifying assumptions listed above and taking into account the geometrical schema
mentioned earlier, the equations of PMSM can be written as (64):
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d A
dt
d B
vB  RS .iB 
dt
d
vC  RS .iC  C
dt
v A  RS .iA 

(64)

with  A ,B ,C stator flux in A-B-C reference (Wb), vA , vB , vC phase voltages in A-B-C reference (V),
iA , iB , iC phase currents in A-B-C reference (A) and RS Phase resistance (  ).

In matrix form (65) it is obtained:
vA   RS
v    0
 B 
vC   0

0
RS
0

0  i A 
 A 
d  



0  iB    B 
dt
C 
RS  iC 

(65)

Under the assumption of a sinusoidal spatial distribution of induction, the induced flux by the magnet
in the three-phase of stator 'a, b, c' are given in (66):

FA  F cos
2 

3 
4 

 F cos   

3 




FB  F cos   
FC

(66)

with F Induced flux by the permanent magnets (Wb) and where the produced flux in each stator
winding is sum of four terms. For example, to the phase 'a', the flux is sum of the following terms:
Self-flux phase 'a' to 'a': AA  L0iA
Mutual flux of phase 'b' to 'a': BA  M S iB
Mutual flux of phase 'c' to 'a': CA  M S iC
Mutual flux of the magnet on phase 'a': FA
Hence, the expression of the total flux in the phase 'a' is given by (67):

A  AA  BA  CA  FA  L0 I A  M S  I B  IC   FA

(67)

because the machine is balanced by isolated star point, then: iA  iB  iC  0 . That is to say,
iB  iC  iA . So, the expression of the flux in phase 'a' is reduced to (68):

A   L0  M S  iA  FA  LS iA  FA
Therefore, the expressions for flux in the other two phases are expressed as (69):
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(68)

B  LS iB  FB
C  LS iC  FC

(69)

By replacing the expressions for the flux in the voltage system, the equations in (70) are obtained:

diA dFA 

dt
dt 
iA 
iA   eA 
 vA 
diB dFB   
d    



vB  RS .iB  LS
  vB   R  iB    L  iB   eB 
dt
dt   
dt
v 
iC 
iC  eC 
diC dFC   C 

vC  RS .iC  LS
dt
dt 

v A  RS .iA  LS

where

 R

(70)

is a diagonal matrix (no coupling between phases) and  L  symmetric matrix and in

circulation. These matrices and electromotive forces are expressed by (71):

 RS
 R   0
 0

0
RS
0

0
 L0

0  ;  L    M S
 M S
RS 

MS
L0
MS



cos 

M S   eA 
 
2
M S  ;  eB    F cos   
3
 
L0  eC 
 
4
cos   
3
 











(71)

From (70), the electrical schema is simplified as given in Figure 67:

Figure 67. Electrical schema of PMSM

From (70) and (71), (72) can be concluded:


cos 

vA 
iA 
iA 
 v   R i   L d i    cos    2
F 

 B     B    dt  B 
3
 
vC 
iC 
iC 
 
4
cos   
3
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(72)

3. Equation development of PMSM in α-β frame
The two-phase model consists of two perpendicular coils with respect to each other (Figure 68) and
traversed with currents phased by π/2. In order to model the three-phase system described above
through a two-phase model, Clarke transform with its inverse transformation are used. Considering the
simplifying assumptions mentioned above and in case of stator windings connected in star and a
balanced three-phase system, the zero sequence components of the current, voltage and flux become
zero. Therefore, equations can be deduced based on simplified Clarke transform given by (73):

  v A , iA  
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vB , iB  


3
 3  v , i  
2
2  C C


 1


0
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v
,
i
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 B B  2
2  v , i 



vC , iC  

 3 
 1

2
 2


v , i  2 1

  3
v , i 
0


1

2

1

(73)

Figure 68. Natural three-phase reference A-B-C and stationary two-phase reference α-β

Applying this transformation on voltages, currents and flux, the two-phase PMSM model is given by
the equation (74):
v 
i 
sin  
d i 
   RS    LS    K  

dt i 
  cos 
v 
i 

(74)

with v , v voltages in α-β reference (V), i , i currents in α-β reference (A), K flux magnets

constant,  electrical speed rotation (   p with p number of pole pairs, five here) and  (

  t ) electrical position.
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Appendix III. Geometric and mechanical
parameters
Blade radius: R  1.25m ;
Interpolation factors of cP :
a7  4.1 108 ; a6  4.2  106 ; a5  2.1  104 ;
a4  4.2  103 ; a3  1.65  102 ; a2  1.9  102 ;
a1  1.7  102 ; a0  1.9  103 ;

Inertia: J  1.5kg  m 2 ;
Viscous damping coefficient: F  0.06Nm / rad .
PMSM parameters

number of pole pairs

5

measured phase resistance

1.46

measured flux linkage of the magnets

0.393Wb

self inductance in average

0.0051H

mutual inductance in average

0.0005H

inertia of rotor

42.6×10-5kg·m2
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