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Abstract 

The integration of the wind power, which is one mostly used renewable resource, is always one 

challenger for urban microgrid. In this thesis, one urban wind turbine based on a permanent magnet 

synchronous machine (PMSM) is studied in order to be integrated into a DC urban microgrid. A state of 

the art concerning the renewable energies, DC microgrid, and control strategies of wind power generation 

is done.  

Based on a model of urban wind turbine fitting the demand of urban electric system, which 

consists of an emulator of wind speed and blades, a PMSM and a DC/DC converter, this thesis proposes 

the maximum power point tracking (MPPT) methods satisfying the requirement of producing energy as 

much as possible, and power limited control (PLC) strategies answering the demand of flexible energy 

production. From simple to complex, four MPPT algorithms including Perturbation and Observation 

(P&O) fixed step-size method, P&O with improved Newton-Raphson method, P&O with fuzzy logic 

method and lookup table method are studied and implemented to be compared with each other using three 

wind velocity profiles. According to the experience about MPPT subject, four PLC algorithms are 

introduced and implemented to be analyzed and compared with each other with one power demand 

profile calculated randomly. 

Summarizing all experimental results, the lookup table method can handle all requirement of 

MPPT operating mode supplying the best performance, however, in the condition of more flexible power 

demand operating mode, the combination of P&O and fuzzy logic method presents the best performance 

and potential which can be achieved in future works. 

Key words 

Wind power generation, DC microgrid, urban wind turbine, permanent magnets synchronous 

machine (PMSM), Maximum power point tracking (MPPT), Power limited control (PLC). 
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Résumé 

L’intégration de l’énergie éolienne, qui est une ressource renouvelable très utilisée, n’est pas 

toujours facile pour le micro-réseau urbain. Dans cette thèse, une éolienne urbaine basée sur une machine 

synchrone à aimants permanents (MSAP) est étudiée pour être intégrée dans un micro-réseau urbain à 

courant continu. Un état de l'art concernant les énergies renouvelables, les micro-réseaux à courant 

continu et les stratégies de contrôle de la production d'énergie éolienne, est réalisée. 

Basé sur un modèle d’éolienne urbaine répondant à la demande du système électrique, qui se 

compose d’un émulateur de vent et de pales, un MSAP et un convertisseur DC/DC, cette thèse propose 

des méthodes de poursuite du point de puissance maximale satisfaisant à l’obligation de produire de 

l’énergie dans la mesure du possible. Une stratégie de contrôle à puissance limitée répond correctement. 

De simples à complexes, quatre algorithmes MPPT, P&O à pas fixe, P&O à pas variable avec la 

méthode Newton-Raphson améliorée, P&O à pas variable à base de logique floue et une méthode 

indirecte de type lookup table, sont étudiés et implémentés pour être comparés à l’aide de trois profils de 

vitesse du vent. 

Par expérimentation, les algorithmes MPPT et PLC sont comparés, analysés et discutés. 

Résumant tous les résultats expérimentaux, la méthode lookup table peut gérer toutes les 

exigences du mode de fonctionnement MPPT en présentant la meilleure performance, mais, dans le mode 

de fonctionnement PLC, la P&O à base de logique floue présente les meilleures performances. 

 

Mots-clé 

Production éolienne, micro-réseau DC, éolienne urbaine, machine synchrone à aimants 

permanents (MSAP), suivi du point de puissance maximale, commande en puissance limitée. 
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General introduction 

In recent decades, the research and the implementation of the renewable energy sources have 

increased since the traditional fuel utilization has reduced. This pressure for a clean and environmental 

friendly energy, along with the liberalized electricity market, demands efficient, reliable and diversified 

energy sources [1]. Renewable energy sources such as the wind turbine (WT), photovoltaic (PV) panel 

and biomass have received more and more attention inasmuch as its high efficiency, reliability, easy 

installation, less environmental impact and political factors [1]. Thus, the energy transition is an important 

concern in the various strata of society in near future to almost the entire world. Human beings’ activities, 

such as industry, lighting, transport, etc. will be more and more powered by renewable energy sources. 

Highlighted by the World Energy Council, providing the sustainable energy policies, the three 

following dimensions are important to be considered: the energy security; the energy equity and the 

environmental sustainability. Today, the utility power grid is confronting the requirements about high 

reliability, low costs, high efficiency, integration of renewable energy sources and electric vehicles into 

power grid. Producing more and more energy from renewable sources like wind, solar, biomass and 

geothermal sources is the priority of electricity production. But, integration of power from renewable 

resources into the utility power grid is a huge challenge while it is one huge opportunity. Even though the 

application of the decentralized electricity generation, for which the commonly use of renewable energy 

sources is widely spreading, the intermittent and random production of renewable sources is still an issue 

for public power grid that is unable to bypass. The power quality of the wind or solar source is influenced 

by their seasonal and unpredictable nature, including the problem of fluctuations of voltage and/or 

frequency, harmonic pollution, etc. 
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Facing the environmental challenges, urban areas are key players to achieve the energy transition 

given their strong potential of intensive development of renewable sources. The main strategy is to find 

solutions reducing energy consumption and increasing the share of renewable resources, while reducing 

the environmental impact of existing and future urban areas. It means that the urban areas are going to 

have more authority to manipulate the distribution of energy as well as the production. Thus, many 

projects are launched for creating positive energy buildings and territories achieving the balance between 

consumption and production of energy at the local scale. 

1. Decentralized electricity production 

Recently, the distributed energy generation system presents a rapid growth and reveals an 

increasing complexity for grid managers. This distributed generation requires grid management and the 

consumption must be optimized. Renewable energy sources are simple to realize distributed generation, 

that is the reason why renewable energy generation leads to new path for balancing of production and 

consumption, especially for large scale implementation.  

What is the best power grid technical regulation to integrate renewable energy 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 terminal user and the communication 

among them are must to be considered. This demand results in the appearance of smart grid, which is a 

power grid fulfilled by communication and information technology. Becoming a ‘smart grid’, the problem 

of peak consumption, optimal energy and demand response should be solved to increase the integration 

level of renewable energy sources and its own robustness. The smart grid has high level of surveillance 

about bidirectional power and information flows, providing flexible option to terminal users and better 

services to electricity producers and distributors. Aiming to reduce power losses and peak energy demand, 

supplying ancillary services, smart grid leads to the concept of microgrid. The definition of a microgrid is 

a set of renewable and traditional sources, storage, utility grid connection and controllable loads. 

Microgrid is more suitable to manage and optimize local energy sources respecting the requirement of 

utility grid. It can better deal with the power grid and terminal users and improve the reliability of power 

supply. 
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The main research issues on microgrid include following aspects: power converter (components, 

topology, and power quality), power balancing (droop control), protection, and energy management. The 

main challenge is the energy management. There are two kinds of energy management approaches. The 

rule based approach, built on sets of logic rules, is robust but cannot guarantee the optimal performance 

for any condition. The second approach is the optimization based on advanced control tools. However, 

implementing this optimization approach is hard in real-time condition. Usually, optimization methods 

involve prediction of environment variables, which naturally has bias degrading operation even leading 

failure. For assuring safety, the microgrid has to introduce bidirectional power flow and flexible structure. 

Thus, new protection device or method are demanded to deal with this complex environment. In a word, 

ensuring reliable distribution of electricity based on microgrid, it is not easy to integrate itself into 

centralized large production of the power grid. 

2. Microgrid research project of AVENUES EA 7284 

Our laboratory has been working for more than eight years on the urban micro grid as the main 

body of the advanced local energy management and smart grid communications. The focus of our 

research project is to design a micro grid control strategy to optimize the local area of energy demand, 

based on local information, and can participate in the global smart grid interaction through 

communication. The smart grid topology presented in Figure 1 shows the vision of the smart grid concept 

and the role of microgrid, using general concepts. 

 

Figure 1: Smart grid topology [2]. 

The microgrid can be integrated into a city's infrastructure at the local level, and is connected to 

the main power grid through a dedicated adaptive controller. At urban scale, there are several microgrids 

and parts of traditional utility grid connected together to the grid through common connection point. 

Microgrid is allowed to be connected and isolated by intelligent switches. 
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The urban microgrid developed by AVENUES laboratory is connected to the smart grid by a 

controller which must supply the interface between the utility grid and the loads, in order to realize an 

optimal power management. Figure 2 displays the principle of power management interface using the 

main data exchanged between the microgrid and the utility grid. 

 

Figure 2: Power management interface principle [3]. 

The microgrid controller must collect information about the availability and dynamic pricing of 

the public grid, must send information about the smart grid on injection intentions and power demand 

forecast, match the terminal users’ requirements under all physical and technical limits, and operate at the 

condition with the lowest energy costs. The specific interface associated with the urban microgrid [3] 

aiming to meet those objectives, was designed as given in Figure 3. 

 

Figure 3: Microgrid controller [3]. 

The microgrid controller designed by AVENUES laboratory is a multilayer and multiscale design 

able to provide flexibility with the necessary algorithms [4]. It can be sorted into four layers, the operating 

time scale of which is different and ranges from days to less than seconds.  

Human-machine interface allow counting the terminal users’ options or building critical loads, or 

load shedding limits, or other specific criteria. 
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Prediction layer considers the terminal users’ options, forecast data for several variables and 

calculated two power variables: the predictions of renewable energy production and the energy demand.  

The optimization of energy costs is calculated in the energy management layer given two power 

variables mentioned above. According to the previously calculated predictions and the operating 

constraints such dynamic pricing, storage capacity, etc., the optimization is solved by mixed integer linear 

programming and the used solver is CPLEX [4]. The main challenge in scientific point of view are the 

difficulties of global optimization, due to the error introduced by the mismatch between predictions and 

the real time operating conditions, and the limitation resulted from the constraints imposed by the utility 

grid. This layer is the most important intelligent layer. 

For urban microgrids, several operating strategies are developed based on its resources, such as 

photovoltaic, wind turbine, storage, public grid connection, micro-turbine or biodiesel generator, and 

loads. Figure 4 presents the main possible strategies. 

 

Figure 4: Energy management strategies for urban microgrid [2]. 

Renewable sources supply the consumption of building and charge the electric vehicles. Extra 

energy could be stored in storage or injected into the utility grid. However, the utility grid is regarded as 

the back-up source for the building and electric vehicles, if it is available. Since the utility grid is not 

available and there is any lack of power, the micro-turbine works. Information given by the smart grid 

commands the microgrid working mode, in order to compliance the actual availability of the utility grid. 

3. Small scale wind turbine integration in urban DC microgrid 

Focusing on the wind generation system, the appliances generally are sorted by the productivity 

of power, into the large, medium and small scales [5]. Comparing with large wind generation system, 

which is widely used for wind farm, the medium and small scale wind turbine can be implemented in 

more flexible environment, especially small scale wind turbine system which is commonly used in urban 

distributed energy system. Using different electrical conversion structures, the small scale wind turbine, 

which is our research interest, can supply alternating current (AC) or direct current (DC) loads.  
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In the urban microgrid environment developed by AVENUES laboratory, presented in Figure 5, 

all elements are coupled on the same DC bus. It can operate in the grid-connected mode and in isolated 

mode. 

 

Figure 5: DC microgrid overview [3]. 

This microgrid used the DC bus link efficiently integrating renewable sources and storage. Since, 

there isn’t the problem of phase synchronization which is related with AC bus, and there is only one 

control objective, voltage at DC bus, the overall performance can be improved by removing multiple 

energy conversions [6]. The DC bus can directly supply almost main part of building appliances, for 

example lighting, ventilation and air conditioning, office devices, etc., with less power losses. The 

microgrids research project of AVENUES laboratory considers a small-scale wind generator that has to 

be integrated to the described DC microgrid. Comparing with 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. 

4. Main objectives of the thesis 

Being different from wind farm, wind resource in urban environment is intermittent and 

influenced by the season and the spatial structure of the installation location. According to the fact that 

wind power urban DC microgrid integrated is usually consumed at the place of production, it askes a 

more flexible power control strategy to deal with the user requirements which cannot be completely 

forecasted before the installation. Theoretically, wind turbine might be demanded to extract as much 

power as possible following the variation of wind velocity, or to product the demanded power value 

following the variation of user’s requirements. Otherwise, the switching effect between these two power 

control strategies influences the power quality and safety of electrical system. To meet these requirements, 

the study of the integration of small scale wind turbine into electric urban microgrid system is proposed in 

this thesis. 
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This thesis is expected to reach the following achievements: 

-Modeling a small scale wind turbine system consisting of the generator, the electrical conversion 

structure and wind and blades emulator using Matlab®/Simulink® model. Aiming to study small scale 

wind turbines in urban areas, a mathematics model of wind and blades indicating 1 kW rated power was 

chosen to be implemented in Matlab®/Simulink®. According to advantages and disadvantages of 

different kinds of used generator, the Permanent Magnet Synchronous Machine (PMSM) stands out from 

among the double-fed asynchronous machine and the asynchronous machine with squirrel cage. With 

respect to conversion mechanical energy in to the electrical form for small scale wind generator, the 

passive structure, i.e. non-controllable convertor and the active structure with controllable convertor are 

probably used. Even though the passive structure has the advantages of robustness and attractive price, 

the energy flow cannot be optimized. The active structure allows this energy optimization. Due to less 

financial cost and energy loss, the active structure of the diode bridge and one chopper was implemented 

to realize the proposed power control strategies. Based on this platform, several experiments were 

introduced to reveal the steady-state and dynamic characteristics of the studied small scale wind energy 

conversion system, in order to make a contribution for application of power control strategies. 

-Implementing maximum power point tracking (MPPT) algorithms including different types and 

advanced control methods, to extract power as much as possible; then exploring and comparing 

characteristics of those proposed MPPT algorithms in the modeled experimental platform. Aiming to 

extract the power from air flow as much as possible, four MPPT methods were studied and installed in 

our platform. Three direct MPPT methods based on perturbation and observation principle integrated 

different ways of step-size calculating to improve the performance. And, one indirect MPPT method 

using relationship between optimal mechanical rotational speeds and optimal DC bus voltages was chosen 

as the contrast. Two designed wind profiles and one measured real wind data in France are implemented 

into our platform to explore overall performance of all four MPPT methods and to enable the next 

research topic—the power limited control. 

-Implementing power limited control (PLC) algorithms tending to integrate MPPT condition 

together in order to avoid the switching effect between controlling modes; and comparing characteristics 

of those proposed PLC algorithms in the modeled experimental platform. On the basis of MPPT research 

achievements, four power control methods integrated MPPT and PLC, which were extended from 

implemented four MPPT methods, are installed and studied with the measured real wind data mentioned 

before combining with a randomly calculated power demand profile. All power control methods are 

designed without requirement of the operating mode identification that tends to avoid the switching effect 

between different operating modes and reduce the complex of application. In the experimental validation, 

obtained experiences would help us to developed the integration work of small scale wind turbine into the 

electrical microgrid which is the main research subject of our lab AVENUES.  
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This thesis is organized as follow: Chapter I generally introduces the concept of eolic system 

positing the research presented in this thesis. Chapter II and III respectively describe the principle of 

proposed MPPT algorithms and PLC algorithms. The detail of experimental platform and its steady and 

dynamic characteristics are presented in Chapter IV. Based on the experimental platform, sets of 

experimental tests are designed and actualized to validate the proposed MPPT and PLC algorithms and 

compare them in Chapter V. Finally, the conclusions and further works are given in Chapter VI. 
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Chapter I. Eolic generation system 

All energies were almost extracted from renewable sources before the first industrial revolution 

and made the reputation of fossil resources rise in the 19th century. The usage of renewable energy is 

associated with the wind in order to drive ships over water. This practice can be traced back some 7000 

years, to ships on the Nile. Moving into the time of recorded history, the primary sources of “traditional” 

renewable energy were human labor, animal power, water power, wind, in grain crushing windmills, and 

firewood, a traditional biomass. 

There are many definitions that characterize a renewable energy: 

 Energy that can be reconstituted or is recovering faster than it is used; 

 Energy natural renewal is fast enough for it to be considered as inexhaustible at the human 

time scale; 

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

phenomena. 

From 2012 to present, renewable energies markets share over one-quarter of global power 

capacity with an increase of 8% based on 2011. From electricity viewpoint, renewable energies provide 

over 21% of global demand; but the most part is based on hydraulic power.  
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As one of the main options of renewable resources, the wind power is the utilization of air flow 

through wind turbines to mechanically power generators for electricity. The emergence of the wind 

power, regarded as a significant source of the world’s energy, must be ranked as one of the significant 

developments of the late 20th century [5]. The emerging awareness of the finiteness of the earth’s fossil 

fuel reserves, as well as the adverse effects of burning those fuels for energy, gave the need of seeking 

alternatives. Wind exists everywhere all over the world, and in some places with considerable energy 

density. Certainly, it is conceivable to be used again, since wind had been widely used in the past for 

mechanical power as well as transportation. 

This Chapter will briefly describe the eolic generation system, while pointing out different scales 

and different energy conversion structures of eolic generation systems. 

I.1. Wind turbine framework 

A wind turbine is described as a machine which converts the power of the wind into electricity. 

As an alternative of fossil fuels, wind power is plentiful, renewable, widely distributed, clean, produces 

no greenhouse gas emissions during operating, does not use water, and occupies little land [7]. The net 

effects on the environment are far less problematic than those of nonrenewable power sources. In modern 

wind turbines, the actual conversion process uses the basic aerodynamic force of blades to produce a net 

positive torque on a rotating shaft, resulting first in the production of mechanical power and then in its 

transformation to electricity within a generator. According to this mechanism, it is not possible to store 

the wind and use it a later time. The power output of a wind turbine is thus inherently fluctuating and non-

dispatchable. Thus, the most common solution is to limit the production below what the wind could 

produce [5]. In the viewpoint of application, in larger networks, the use of wind turbine results in a 

decrease in either the number of conventional generators being used or in the fuel use of those that are 

running. Conversely, in smaller networks, there may be energy storage, backup generators, and some 

specialized control systems. 

The most common design of wind turbine, which is also adopted for study in this thesis, is the 

horizontal axis wind turbine (HAWT) whose axis of rotation is parallel to the ground. This design has 

been widely used (Figure 6 (a)) for the large wind turbine in wind farm [8], small scale wind turbine such 

as in urban areas, and off-shore environment [9]. Beside this concept, there is other topology named 

vertical axis wind turbine (VAWT) [10, 11] (Figure 6 (a)). An example of HAWT is presented in Figure 6 

(b).  
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a 

 

b 

Figure 6: (a) Large scale, small scale, off-shore and vertical axis wind turbine; (b) Major 

components of a typical horizontal axis wind turbine. 

Based on this Figure, the principal subsystems of a typical horizontal axis wind turbine are 

displayed [5]: 

 The rotor consisting of the blades and the hub; 

 The drive train , which includes the rotating parts of the wind turbine (exclusive of the 

rotor), usually consists of shafts, gearbox, coupling, a mechanical brake, and the 

generator; 

 The nacelle and main frame, including wind turbine housing, bedplate, and the yaw 

system; 
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 The tower and the foundation; 

 The machine controls; 

 The electrical system, including cables, switchgear, transformers, and possibly electronic 

power converters. 

The short introduction over of some of the most important components of wind turbine system 

follows. Nevertheless, since the detailed discussion of the overall design aspects of these components are 

not research focuses of this thesis, there will be no more information about them besides follows. 

The rotor consists of the hub and blades of the wind turbine. These are usually considered to be 

the most important components in the point of view of the performance and the overall cost. Generally, 

concerning the number of blades, the three blades design is the most common choice. Regarding the 

structure of the hub, the most of intermediate sized and small sized turbines have used fixed blade pitch 

and stall control, meanwhile, the general trend now seems to be an increased use of pitch control, 

especially in larger turbine such as those used in wind farm. From the material point of view, blades on 

the majority of turbines are made from composites, primarily fiberglass reinforced plastics, but sometimes 

wood/epoxy laminates are used. 

The drive train shown in Figure 6, usually consisting of the rotating parts of the wind turbine, 

typically includes a low-speed shaft, a gearbox, and high-speed shaft. Sometimes, these components 

could have the support bearings, one or more couplings, a brake and the rotating parts of the generator. 

The aim of using the gearbox is to regulate speed to a rate suitable for driving a standard generator. To 

larger wind turbines (over approximately 500kW [5]), planetary gearboxes became more pronounced 

because of the weight and size advantages, comparing with the parallel shaft structure. Some wind turbine 

designs use specially designed low-speed generators demanding no gearbox. 

Nearly all wind turbines use either induction or synchronous generators [5, 12, 13]. Both of these 

designs entail a constant or near-constant rotational speed of the generator when the generator is directly 

connected to the utility network. The main advantage of induction generators is that they are rugged, 

inexpensive, and easy to connect to an electrical network. The variable speed wind turbine becomes more 

and more popular having a number of benefits including the reduction of wear and tear on the wind 

turbine and potential operation of the wind turbine at maximum efficiency over a wind range of wind 

speed, yielding increased energy capture.  



 

-41/153- 

The control system for a wind turbine is important with respect to both machine operation and 

power production. Generally, a wind turbine control system includes the following components: 

 Sensors—speed, position, flow, temperature, current, voltage, etc.; 

 Controllers—mechanical mechanisms, electrical circuits, and computers; 

 Power amplifiers—switches, electrical amplifiers, hydraulic pumps and valves; 

 Actuators—motors, pistons, magnets, and solenoids. 

The design process of control systems for wind turbine application follows traditional control 

engineering practices; however, many aspects are quite specific to wind turbine, which will be detailed 

with our studied system in following chapters. 

In order to highlight the research work presented in this thesis, we will talk about different scales 

of wind turbine. Large scale, big scale or utility-scale wind turbine is used to describe those wind turbines 

applied for economic wind farm which can produce no less than 1 MW power [14]. Another side, those 

wind turbines whose capacities are no more than 50 kW (the standard in Europe [15]) or 100 kW 

(according to the criterion of the United States of America [14]), are named as the small scale wind 

turbine.  

I.1.1. Basic aerodynamic characteristic of wind turbine 

Whatever the big scale or small scale wind turbine, there is a basic expression for its mechanism, 

which is presented in this subchapter.  

Above all, original models of wind turbines were fixed speed turbines. This means that the rotor 

speed was a constant for all wind speeds. The tip-speed ratio (TSR) for a wind turbine is given by the 

following formula:  

 
Tip speed of blade

Wind speed
   ( 1 ) 

The definition of TSR is the ratio between the tangential speed of the tip of a blade and the actual 

speed of the wind v . The tip-speed ratio is related to efficiency, with the optimum varying with blade 

design. Higher tip speeds result in higher noise levels and require stronger blades due to large centrifugal 

forces. The equation (1) can be presented as in (2), calculating the tip speed of the blade by the rotor 

rotational speed   in radians/second and R  the blade radius in meters. 

 R

v


   ( 2 ) 
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Thus, for a fixed-speed wind turbine, the value of the tip-speed ration is only changed by wind 

speed variations. In reference to a pc   graph, that illustrates the relationship between TSR and the 

efficiency, it is evident that only one value of   yields the highest efficiency. Therefore, the fixed speed 

wind turbine is not operating at peak efficiency across a range of wind speeds. This was a motivator for 

the development of variable speed wind turbines. The research in this thesis focuses on the variable speed 

wind turbine. 

The typical curve of power co-efficient pc  and tip-speed ration   is presented below: 
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Figure 7: pC   graph [5]. 

According to all physic mentioned above, the harvested power AEROp  is given by the following 

formula: 

 2 31
2AERO pp R v c  ( 3 ) 

in which,   is the air density. 

Maintaining these concepts, the description of the large scale wind turbine and the small scale 

wind turbine are introduced in the next paragraph. 

I.1.2. Large scale wind turbine 

As mentioned above, the U.S. Department of Energy's National Renewable Energy Laboratory 

defines utility-scale wind projects—both land-based and offshore—as turbines larger than 1 MW, and 

utility-scale wind turbines also come in a multi-megawatt scale. The world's largest wind turbine has a 

rated power output of 8 MW. This kind of wind turbine is widely used, for example, in United States, in 

2012, the utility-scale systems account for the majority of installed distributed wind capacity and 

comprised nearly 79% of distributed wind capacity additions.  
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I.1.3. Small scale wind turbine 

As presented above, although definitions of small scale wind turbine in Europe and in United 

States are not the same, the majority of small scale wind system is suitable for a variety of applications 

including on- or off-grid residences; telecom towers, offshore platforms, rural schools and clinics, remote 

monitoring and other purposes that require energy where there is no electric grid, or where the grid is 

unstable. Associated with microgeneration, as opposed to large wind turbines, small scale wind turbines 

are applied for traffic signage, particularly in rural locations, as they avoid the need to lay long cables 

from the nearest mains grid connection point [16]. These small units often have direct drive generators; 

direct current output, aeroelastic blades, lifetime bearing and use a vane to point into the wind. As an 

important reference, the small scale wind turbine’s capacity of producing is less than or equal to 30 kW 

(in Europe) or 100 kW (in USA) of electrical power. 

Although vertical axis wind turbines are a growing type of wind turbine in the small-wind market, 

the majority of small wind turbines are traditional horizontal axis wind turbines [17]. One notes that the 

small scale wind turbine in the form of horizontal axis is exactly the research objective in this thesis. 

Naturally, wind turbines are controlled to operate only in a specified range of wind speeds 

bounded by cut-in ( cut inV   ) and cut-out ( cut outV   ) speeds. When the operating conditions are out of those 

limits, the whole generation system should be stopped to protect both the generator and mechanic 

structure of the turbine. Figure 8 shows the typical power curve of a wind turbine [18, 19]. From the 

figure, it can be observed that there are three different operational regions. 

 

Figure 8: Ideal power curve of a wind turbine. 
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The first is the low-speed region, in which the turbine should be stopped and disconnected from 

the grid or its load to prevent it from being driven by the generator. The second is the moderate-speed 

region that is bounded by the cut-in speed at which the turbine starts working and the rated speed ( ratedV ), 

at which the turbine produces its rated power. The turbine produces maximum power in this region, as it 

is controlled to extract the available power from the wind. In the high speed region (i.e. between ratedV  

and cut outV   ), the turbine power is limited so that the turbine and generator are not overloaded and 

dynamic loads do not result in mechanical failure [18]. It is noteworthy that to protect the turbine from 

structural overload, it should be shut down above the cut-out speed.  

To different application environment, wind turbine could be demanded operate in different modes 

in the wind speed range, such as constant rotational speed of turbine’s blades or variable rotational speed 

of turbine’s blades. The used generator and the power conversion structure of wind generation system 

limit this operating mode, which are discussed in next parts. 

I.1.3.1. Different types of machines 

After the extraction of aerodynamic power from air flow by turbine’s blades, energy is 

transformed into the electrical form via the generator. Different types of electrical machines may be 

chosen as an option for the small scale wind generator. Among these all alternatives, the permanent 

magnet synchronous machine (PMSM) is the one used most commonly; however, one note that the 

induction machine may also be used [12]. Since its efficiency reliability, energy density, small size and 

light weight, PMSM is popular than other alternatives. For the research in this thesis, the selected 

machine is a classical radial flux PMSM, even though there are new topologies of PMSM developed, 

such as axial flux type. The reason is that the excellent axial flux PMSM has large manufacturing 

constraints [13]. 

I.1.3.1.1. Asynchronous machines 

The advantages of asynchronous electrical machines are that they are easy to manufacture and 

cheap. Generally this type of machines can be sort into two main categories: squirreled cage machine and 

doubly-fed machine. 

The squirreled cage asynchronous machine is simple to be standardized and manufacture in large 

quantities and very large power scale, with a high reliability, requiring a low cost of maintenance. 

However, limited by the physical structure, the squirreled cage asynchronous machine is hard to realize 

the modification of rotational speed. Consequently the main application of this type machine in wind 

power, are in constant rotation speed and direct connection to the grid. They can be simply used in large 

wind turbines because of the demand of the blades rotational speed and possibility of direct-drive. But, 

comparing with variable frequency system, the squirreled cage asynchronous machine has weak points 

such as: lower energy efficiency, the problem of sudden power changes and the grid problem in case of 

wind drop. 
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Double-fed asynchronous machine is currently one of two competing solutions in variable speed 

wind applications. For this machine, its stator is directly coupled to the grid commonly by a transformer. 

The wind turbine thus allows the rotor set of variable speed operation working over a range of speed 

depending on the type and size of the wind turbine rotor [20]. Coupling the generator rotor to double-fed 

rotor through two three-phase converters, one as rectifier mode and another as an inverter, can obtain a 

variation in the rotation speed about 30% of the synchronous speed. In application, the wind turbine rotor 

is designed with the limitation to 25% of the rated power of the electrical machine stator, which supplies a 

sufficient change of speed up to 30% of the speed range. This is the advantage of double-fed 

asynchronous machine; meanwhile it maintains the drawback of interactions with the utility grid 

especially over current resulted from voltage drops of the grid [20]. 

I.1.3.1.2. Synchronous machines 

In past several decades, the DC motor has been used in the industry since its main advantage of 

being easy to be controlled through the natural decoupling of lux and torque. However, the collector 

brush system introduces a big engine problem limiting the power rating and maximum speed. 

Furthermore, difficulties of continuous operating maintained by predicted interruptions appear which 

limit its application more and more. Based on these drawbacks above and thanks to advances in power 

electronics, the industry’s interest has switched to the use of AC machines taking advantage from benefits 

of the flexibility of speed change rate and operation stability. As mentioned above, the PMSM has several 

strengths, low inertia, no losses to the rotor, and higher mass torque than asynchronous machine and 

classic synchronous machine. The PMSM supplies rapid current and torque response because of its 

relatively small inductance. Hence, from technical viewpoint, this type of machine has tighter 

configuration and less energy losses than those machines excited separately. Generally, it has a low 

inertial time constant and high massif torque presenting robust and reliable, meanwhile its weak points 

are the lack of adjustment in the amplitude of the magnetic moment and high cost [21]. 

In this thesis, the PMSM is chosen for its significant advantages, then, there are various types of 

control allow connection between the generator and electrical grid which is presented in next part. 

I.1.3.2. Converter types and structures 

Generally, the wind turbine is demanded to extract power as much as possible, which means that 

a MPPT algorithm is involved, in Region 2 presented in Figure 8, and to export constant power amount in 

Region 3 presented in Figure 8. But, this thesis just focuses on the Region 2 to realize the MPPT and the 

limited power amount control topics. Although the speed of the wind turbine could be fixed or variable, 

maximization of the extracted energy only is achievable with variable speed wind turbines. Aiming to 

operate in variable speed conditions, a power electronic converter is necessary to convert the variable—

voltage—variable—frequency of the generator in to a fixed—voltage—fixed—frequency which is 

suitable for the load [22, 23, 24]. In [22, 25, 26, 27], researchers have analyzed different possible 
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configurations of power converters and electrical generators for variable-speed wind turbine systems, 

which cover both the AC and DC application environment.  

For the research in this thesis, based on the power level of small scale wind turbine and 

application conditions in which the output of the small scale wind turbine is connected to one DC BUS 

[28, 29, 30, 31, 32, 33], specific implementations about the electrical structure of power conversion can 

be passive and active types (as presented in Figure 9) for converting mechanical energy into electrical 

form.  

Passive structure, which is robust and economical, uses an uncontrollable three-phase AC/DC 

converter (three-phase diode bridge) [12] (Figure 9 (a)).  

The active structure given in Figure 9 (b) has a controllable DC/DC converter and a three-phase 

diode bridge [34], or, as shown in Figure 9 (c) uses a three-phase AC/DC converter based on passive 

structure.  

 

Figure 9: Electrical structures of power conversion. 

The topologies of static converters are designed for application in medium and high power scale, 

while our study is for small scale. For the small scale system the fully controlled components are too 

expensive. In order to reduce costs, the diode bridge is attractive, since it is cheap and provides the energy 

performance not too degraded. To match the requirements of load, additional power electronic devices are 

asked because PMSM produces a variable frequency and amplitude voltage. In this research, the three-

phase diode bridge is used to rectify the voltage generated by the PMSM. The diodes in the circuit of the 

diode bridge are considered as the ideal switches and the output current of the rectifier circuit is 

continuous. A topology of this passive diode rectifier can be found as shown in Figure 9 (a). 
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The essential elements of the wind energy conversion system with variable speed is the static 

converter, which allows the system operating at variable speed and extracting the maximum power 

produced by the wind turbine. Output power at the DC side can be optimized by a voltage control 

(similarly, the rotational speed control at the generator) using a rectifier of three-phase diode bridge 

associated with a controlled converter (buck of boost, such as presented in Figure 9 (b)) or a controlled 

PWM rectifier (presented in Figure 9 (c)). As described in [31, 33], the achievement of AVENUES 

laboratory, the application of the fully controlled rectifier demands complex control method such as the 

vector control based on PMSM model to realize the modification of output power, and the process of 

designing this vector control requires researchers having rich application experiences. And, this kind of 

application usually arouses the development of sensorless technology about information of PMSM, such 

as achievements [31, 33], the work of H. Al-Ghossini of AVENUES laboratory. Furthermore, expensive 

equipment is asked to realize this structure offering a good performance. Contrary to the fully controlled 

structure, the active structure displayed in Figure 9 (b) requires a simple and less expensive control 

system. The control method for DC/DC converter is simpler and more robust than those used for the 

controlled rectifier, and the power loss of the three-phase diode bridge is less than the controlled rectifier. 

I.2. Conclusion 

Brief description about renewable energies has been introduced in this chapter, especially the 

important concepts of wind energy generation technology: basic characteristics of power generation, 

architectures, used generators, etc. Works in this thesis focuses on the small scale wind turbine which has 

to be integrated into an urban DC microgrid and, therefore, concerns the urban environment. Wind 

turbine studied in our research is small scale horizontal axis wind turbine. PMSM is the used type of the 

generator according to its known advantages. The power conversion structure is composed of a three-

phase diode bridge and a boost DC-DC convertor that was chosen after discussion about different 

structures and respectively control laws. Based on the system composed of the chosen architecture, 

generator and power conversion structure, the power control strategies, such as MPPT and PLC, are 

studied and then implemented. The theory of proposed MPPT methods will be introduced in next chapter 

focusing on extracting the power as much as possible 
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Chapter II. Maximum power point tracking 

The control of power output of small scale wind turbine almost is the most important topic to it. 

As mentioned above, realizing MPPT algorithm is one fundamental subject of power controlling about 

small scale wind turbine. MPPT methods can be sorted into direct method and indirect method according 

to whether the method lies on the mathematic model of the studied system. Inasmuch as our research 

target is to compare and analyze the regulating effect of both direct and indirect MPPT methods, the 

selected four MPPT methods are: Perturbation and Observation method fixed step-size (P&O-F); 

Perturbation and Observation method variable step-size with improved Newton-Raphson method (P&O-

INR); Perturbation and Observation method variable step-size with Fuzzy Logic method (P&O-FL); 

Lookup table method based on rotational speed and DC voltage (LT). In this chapter, the theories of four 

MPPT methods will be presented with the summary of published applications [12, 35--71], and their 

advantages and disadvantages are also analyzed and compared to prepare the experimental implement in 

our platform, which will be presented and discussed in detail in Chapter V. 
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II.1. Perturbation and observation with fixed step-size 

Summarizing the vast majority of achievements, MPPT methods can be sorted in to direct and 

indirect methods as summarized in [12, 35, 37, 38]. The direct MPPT method is used to describe the 

algorithm which theoretically doesn’t require the math information of studied system’s steady-state 

operating points. This type of MPPT method presents more robustness, simplicity and flexibility. These 

methods almost lie on the principle of the perturbation and observation (P&O), or hill-climb searching 

(HCS), which is a mathematical optimization technique used to search for the local optimum point of a 

given function. These methods are based on perturbing a control variable in small step-size and observing 

the resulting changes in the target function until the slope becomes zero. The basic operating process of 

this method is presented as in Figure 10. 

 

Figure 10: P&O control process. 

The process of the perturbation and observation method’s operating, describes the movement of 

steady-state operating point of system; the perturb step-size and the observe time step-size are the only 

parameters to be selected. As displayed in Figure 10, using the DC voltage and the power output as an 

example, each perturbation of the voltage introduces a variation of power output. If the variation of power 

output is positive which means the system is getting close to the maximum power point (MPP), so, the 

next step of perturb will follow the varying direction of the last step; and if the value of difference of 

power output is negative meaning that the system is moving in a direction away from the maximum 

power operating point, the next step of perturbing has to change the direction.  

The perturbation and observation method with fixed step-size (P&O-F) is one basic direct MPPT 

method. So, it was selected to be implemented into our platform as the first step. In the available 

literature, some authors perturbed the rotational speed and observed the mechanical power [35, 39, 40], 

while others monitored the output power of the generator and perturbed the inverter input voltage [41] or 

one of the converter variables, such as duty cycle [42, 43, 44]; input current [45]; or input voltage [32, 

46]. Comparing with mechanical sensors, apparently measuring electrical power and other variables are 

more reliable and low-cost. 



 

-51/153- 

In this work, the chosen variable of perturbation is the local DC bus voltage, which is exactly the 

output voltage of the diode bridge, and the output power is directly selected as the observe parameter. In 

the Matlab®/Simulink® software environment, this P&O-F method was implemented following the 

flowchart displayed in Figure 11. 

 

Figure 11: Principle of P&O-F method. 

On the basis of the mechanism in Figure 11, it is obvious that the perturb step-size and the 

observe time interval are the only two parameters that can be modified, which make the P&O-F 

independent, simple and flexible, and strong adaptable. However, it has the possibility to fail under rapid 

wind variations if the P&O-F is used into the Eolic system with medium and large inertia wind turbines. 

Furthermore, for applying the P&O-F method, there is one trade-off about choosing an appropriate 

perturbation step-size and the observation interval, especially in noisy systems: a larger step-size enables 

a faster response but induces more power oscillations, which means less efficiency; a smaller step-size 

improves the efficiency but reduces the convergence speed at the same time [47, 48, 49, 50, 51]. In 

addition, the initialization of these parameters affects the performance of this algorithm.  

Furthermore, another major drawback, which can lead to the failure of the tracking process, is 

apparent, the lack of distinction between the power differences resulting from the change in the wind with 

those resulting from the change in the previous perturbation [35]. The reason, why indistinct differences 

in power can result in a wrong determination the direction of the next perturbation step, is presented in 

Figure 12.  



 

-52/153- 

 

Figure 12: Tracking error of P&O method [35]. 

Since the wind speed changes, the actual difference of power is positive, furthermore, the actual 

determination of next perturb is also positive. However, in theory, the operating point has been the right 

side of the maximum power point, so the determination of perturbing direction should be negative. For 

P&O-F method, this moving, which is away from the peak, apparently decreases the efficiency to 

tracking the MPP, especially with a big fixed perturb step-size. 

II.2. Perturbation and observation with variable step-size 

As discussed before, the classic P&O method with fixed step-size apparently has drawbacks. 

Thus, concerning the direct methods, improving the efficiency and the accuracy promotes the 

development of modified variable step-size algorithms [32, 42, 46, 49]. In those adaptive step-size 

methods, the perturb step-size is automatically updated according to the actual operating point. Ideally, if 

the actual operating point is far away from the potential MPP, the step-size should be increased to 

accelerate the process for getting close; conversely the determination is reversed to decrease the step-size 

when the actual operating point is close to the MPP. Continually, the variable step-size decreases until it 

approaches zero in order to drive the operating point to settle down exactly at the MPP [35]. This 

principle reduces the oscillation of steady-state operating point of the system which occurs in the 

conventional P&O method, accelerates the speed to reach the maximum, and lowers the time needed for 

tracking. 
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In the study [49], the difference between the actual rotational speed   and the optimal rotational 

speed   is used to adjust the step-size of variable perturbation periodically at the end of the each 

iteration as following: 

      1d k d k        ( 4 ) 

in which, the  d k  is the duty cycle of the converter used in [49], and the   is a coefficient needed to be 

determined. The value of   is determined according to the optimal power curve, which means that the 

way for varying perturb step-size used in [49] actually removes the advantage of independence of P&O 

method. To each different wind turbine system, this optimal rotational speed *  needs to be re-

confirmed, and there is one coefficient   requiring experienced users. 

However the perturb step-size can also be chosen according to the scaled measure of the slope of 

power output, respecting the converter’s duty ratio [42, 52]: 
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in which, there still exits one coefficient   needed to be determined by designers. 

Furthermore, some research presented the way using a piecewise function [53], or calculating the 

slope value between the power and the rotational speed to determine the variable step-size [35]. However, 

the piecewise function method cannot converge the actual perturb step-size to zeros. And both of them are 

not independent enough, since they used several numeral parameters need to be determine. 

The first way to calculate variable step-size used in this thesis is based on the Newton-Raphson 

method [46], which doesn’t have other numeral parameters besides the maximum limit of perturbation 

step-size and the observe time interval. Another approach is based on fuzzy logic. 

II.2.1. Improved Newton-Raphson method 

Essentially, P&O variable step-size calculated by Newton-Raphson method still is one 

mathematic way to adapt the perturb step-size [46]. In numerical analysis, Newton-Raphson method, 

named after Isaac Newton and joseph Raphson, is a method for finding successively better 

approximations to the roots (or zeros) of a real-valued function. 

  : 0x f x   ( 6 ) 
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The Newton-Raphson method in one variable is implemented as follows: 

The method starts with a function f  defined over the real numbers x , the function’s derivative 

f  , and an initial guess 0x  for a root of the function. If the function satisfies the assumptions made in the 

derivation of the formula and the initial guess is close, than a better approximation 1x  is  
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Geometrically, ( 1x , 0) is the intersection of the x-axis and the tangent of the graph of f  at 

  0 0,x f x . 

The process is repeated as  
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until a sufficiently accurate value is reached. 

For MPPT application, using the voltage u  as the x , and the ratio between the change of 

electrical power p  and the change of voltage u  (the variable slope in (9)) as the function  f x , the 

practical application process is repeated at each step k , as presented in (9) [46]. 
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During experiments on the platform, this variable step-size P&O method with Newton-Raphson 

method, demonstrated one kind of overly strong convergence capability of perturb step-size u . In 

several statistics for MPPT experiments, this algorithm could not respond to the rapid changes of the 

wind speed with small amplitude. The experimental results will be presented and discussed in detail in 

Chapter V.1. 

According to those drawbacks, one improved method was introduced in this thesis, whose 

calculated process is iterated as follows: 
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The difference of this improvement will be explained in the Chapter V.1, with one experimental 

validation. 

II.2.2. Fuzzy logic method 

Many of the problems associated with the aforementioned methods have been solved by artificial 

intelligence control and hybrid methods. According to one study [54, 55, 56, 57, 58], fuzzy logic method 

can be utilized to calculate an optimal perturb step-size for the conventional P&O method. Ref. [54] used 

fuzzy logic method based on two integrated variables mixed by several mechanical variables to determine 

the perturb step-size to the Duty Cycle of converter used in their system. In [55], used inputs of fuzzy 

logic method directly were the output power and the Duty Cycle of the converter, and the perturbed 

variable also was the converter’s Duty Cycle. In comparison, [56] used the rotational speed and the output 

power as the inputs of fuzzy logic reasoning to modify the rotational speed. Being consistent with P&O-F 

and P&O-INR methods, this thesis used the DC voltage and the output power as the inputs of fuzzy logic 

method. 

Theoretically, fuzzy logic method can handle with robust and nonlinear control requirements, 

although it needs thorough knowledge about the studied system. In general, the fuzzy logic consists of 

mapping the input space and the output space through logical operations. The application process is 

divided into three steps: the fuzzification, the fuzzy reasoning and the defuzzification.  

The numerical values of inputs or outputs are transformed into fuzzy sets in the process of 

fuzzification. Every point of input space will be transformed into the “code” in form of the degree of 

membership for a set of membership functions, as the example shown in Figure 13. And this degree can 

take all the values between 0 and 1, which means it is not a Boolean logic. Furthermore, the result of 

fuzzy reasoning is converted to a quantifiable result based on its membership function in the 

defuzzification process. 
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Figure 13: Membership function example. 

As presented in Figure 13, concepts named “negative”, “positive” and “zero” compose the fuzzy 

set. Each concept has its own membership function which represents the degree of truth as an extension 

of valuation. Degrees of truth are often confused with probabilities, although they are conceptually 

distinct. Fuzzy truth represents membership in vaguely defined sets, not likelihood of some event or 

condition.  

Generally, the range of variable at x-axis equals the real operating range of this physic variable. 

The determination of this range influences the performance of applying fuzzy logic for MPPT methods. 

In this thesis, in order to simplify the process of applying the fuzzy logic and optimizing its parameters, 

all inputs are normalized before the process of fuzzification, and the result of defuzzification needs to be 

anti-normalized to become real output of the variable step-size P&O MPPT method. Modifying those 

coefficients of normalization and anti-normalization can optimize the performance of fuzzy logic 

application in MPPT topic. 

The process of fuzzy reasoning usually can be explained by the fuzzy rules (as an example given 

in Table 1) or the reasoning surface as presented in Figure 14. 

Table 1 – Fuzzy rule table 

Output  

Input 1 

negative zero positive 

Input 2 

negative + 0 - 

zero - 0 + 

positive - 0 + 
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Figure 14: Fuzzy reasoning surface. 

Figure 14 presents the fuzzy reasoning surface of the proposed fuzzy logic, and the Table 1 

explains the “if-then” reasoning role. The step of “if” defines a fuzzy region in the input space while the 

“then” step specifies the output in the fuzzy region. With a logical operator, membership functions values 

evaluating the degree of each activated rule express that how the “if” step of each rule is satisfied. 

Subsequently, the fuzzy set in the “then” step of each rule is determined. Finally outputs of each rule are 

combined to form one fuzzy set. In this thesis, the Mamdani fuzzy inference system fuzzy toolbox is 

used. The main goal of defuzzification is to interpret the fuzzy set resulted from the fuzzy reasoning into a 

numerical value between 0 and 1. Several defuzzification operators are mentioned in [59], but the most 

used one is the centroid, or center of gravity, which is chosen in this article also. The determination of 

these coefficients about normalizing for fuzzification and anti-normalizing for defuzzification will be 

presented in Chapter V. This selection influences the performances of fuzzy logic algorithm calculating 

variable step-size, so, it is usually optimized by another optimization algorithm such as particle swarm 

optimization method. However, in this thesis, physical means of those coefficients are simple and direct, 

so, values of these coefficients applied in Chapter V are chosen by the enumeration method. Detail 

information and the explanation can also be found in Chapter V. 

II.3. Lookup table method 

Aiming to compare as many different types of MPPT methods as possible, the second type of 

MPPT method rightfully will be implemented in our platform, since three direct MPPT methods have 

been chosen, as mentioned above. The indirect MPPT method, always indicates that it relies on precise 

mathematic model of the studied system, such as, the Tip Speed Ratio (TSR) method presented in [35], 

the optimal torque (OT) method used in [60, 61], the power signal feedback (PSF) method applied in [41, 

62], or methods based on relationship among several parameters of system [63, 64, 65, 66, 67]. Based on 

mathematic information between several variables of the studied system, the lookup table tool is usually 

chosen as the realizing approach. Advantages of the indirect method are clear: high accuracy and fast 

reaction, but they also have drawbacks such as lots of preliminary work, being sensitive to system 

parameter drift and requirements about sensors with high precision.  
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One indirect method relied on the most used parameter, i.e. the TSR, introduced in [35], is based 

on the identification of the optimal value of TSR pre-measured. The optimal point of the TSR can be 

determined experimentally or theoretically and stored as a reference. Although this method seems simple 

as wind speed is directly and continuously measured, a precise measurement for wind speed is impossible 

in reality and increases the cost of the system [68]. The block diagram of the TSR control method is 

presented in Figure 15. 

 

Figure 15: The block diagram of the tip speed ratio control [60]. 

Another basic indirect method is the optimal torque (OT) method. As mentioned previously, 

upholding the system operating at optimal points of the TSR can guarantees the conversion of available 

wind energy into mechanical form. As presented in Figure 16, the principle of OT method is to adjust the 

generator torque according to a maximum power reference torque of the wind turbine at a given wind 

speed. 

 

Figure 16: the block diagram of optimal torque control MPPT method [60]. 

Regarding the turbine power as a function of   and  , (3) is rewritten in the form in order to 

obtain the wind speed [35, 61]: 
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Assuming that the wind turbine is operating at optimal point of TSR, values of TSR and pc  can 

be marked as opt  and p optc  . Consequently, (11) can be transformed into the following expression: 
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Considering that AERO opt opt optp T  , optT  can be rearranged as presented in (13): 
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It is a torque-control-based method, where the analytical expression of the optimum torque curve, 

represented (13) is given as a reference torque for the controller that is connected to the wind turbine. 

Inside the scope of the concept of the indirect method, one straight way is the power signal 

feedback (PSF) control method shown in Figure 17. Unlike the optimal TSR method or OT method, in 

this method the reference optimum power curve of the wind turbine should be obtained first from the 

experimental results. Then, the data points for maximum output power and the corresponding wind 

turbine speed must be recorded in a lookup table. Rather than using the wind turbine’s maximum power 

versus shaft speed curve to populate the lookup table, the maximum DC output power and the DC-link 

voltage were taken as input and output of the lookup table in Quincy and Liuchen [41]. According to 

Raza Kazmi et al. [62], there is no difference between the PSF and the OT methods in terms of 

performance and the complexity of implementation. 

 

Figure 17: The block diagram of a wind energy system with the power signal feedback control 

technique. 

The indirect method used in this thesis is based on the optimal relationship between the rotational 

speed and the DC bus voltage. This optimal curve was obtained via prior measurement about the studied 

system’s steady state operating points. Obviously, for each fixed wind velocity, there is just one operating 

point extracting the most amount of power. So, forcing the system operating along this optimal curve can 

satisfy MPPT topic. The process of establishing this lookup table method is presented as in Figure 18. 
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Figure 18: Process of establishing lookup table for MPPT. 

There are also several combination applications of artificial intelligence method such as fuzzy 

logic or neural networks with indirect MPPT methods, such as [36, 39, 69, 70, 71]. [69] presents a radial 

basis function neural networks trained by the modified particle swarm optimization (MPSO) algorithm to 

be used as a control algorithm. The used way to realize MPPT topic was still to use the optimal TSR 

value pre-measured to calculate the reference of rotational speed based on measuring actual wind 

velocity. In this article, the fuzzy logic method saw also used to control the system follow the reference of 

rotational speed based on the pre-measured optimal TSR and actual wind velocity measured during 

operation. In [39], one neural network was used as the estimator of wind velocity to reduce the economic 

cost for MPPT. In addition, also in [39], another neural network, optimized by the particle swarm 

optimization (PSO) algorithm, was applied to calculate the reference of DC voltage according to the wind 

velocity value estimated by the first neural network, whose inputs were the actual rotational speed and 

output power. Furthermore, in [70] the authors show that the fuzzy logic algorithm can be used to 

estimate wind speed based on the mechanical power. Or, one growing neural gas network [36], which 

could be e-learning (i.e. trained by itself), was implemented to give the reference of optimal rotational 

speed. Applications of those artificial intelligence algorithms performed well, as discussed in those 

references. However, little few of these articles explained how to validate the training of neural networks 

finished during the application.  
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II.4. Conclusion 

In this chapter, theories of four proposed MPPT methods, which belong to two different sorts, are 

described in detail, summering the state of art of each sort of MPPT methods. Follow the principle of 

perturb and observe, the methods P&O-F, P&O-INR and P&O-FL repeatedly disturb the key parameter 

of system’s operation to determine the modification of working condition. From fixed perturb step-size to 

the variable step-size calculated by different methods the performances of these MPPT method tend to 

solve the problem of step-size’s convergence. Since this principle requires few knowledge of system’s 

specificity, those three direct MPPT methods maintain strong robustness and flexible applicability. As a 

representative of indirect MPPT method, the proposed lookup table algorithm based on the mathematic 

relationship of symbolic parameters was introduced and analyzed. Due to the utilization of precise 

information about studied system, this method naturally presents high precision while naturally be 

sensitive about the drift of system’s parameters. In this chapter, only basic logic of each proposed 

methods are presented. The parameters setting of each method will be discussed in Chapter V when all of 

them are going to be implemented into the test bench. With the explicit application objective, all proposed 

MPPT methods will be tested by several chosen wind velocity profiles and compared with each other. 

Experimental validation obtained during the study of this topic will make a contribution to the design of 

PLC methods, which is going to be described in next chapter. 
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Chapter III. Power limited control 

The small scale wind generation system right now is more and more used as one common source 

of distributed energy forms. Consequently, the small scale wind turbine has a strong possibility to be 

asked to output the electrical power for a certain variable value required by the load. Different from the 

fixed given power demands, the power limited control (PLC) demand can ask the system operating at any 

potential operating point including maximum power point. So, the optimal option is to integrate the 

MPPT method into the power limited control strategy to avoid the switching effect between different 

mode and the requirement of identifying for operating mode. 

In this chapter, four different PLC methods respectively based on those four MPPT methods 

presented in Chapter II are described with principle analysis. Each PLC method integrates the 

corresponding MPPT method avoiding the requirement of identification of operating mode. The 

advantages and disadvantages in theory are also discussed in this chapter, preparing the experimental 

comparison presented in Chapter V. 
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III.1. Perturbation and observation with fixed step-size 

The integrated power control strategy of MPPT and PLC has several approaches. In [72] the 

authors used the variable step-size P&O method based on the change rate of the current output to disturb 

the duty cycle of DC/DC converter of their system; also, the authors used a PI (proportinal integral) 

controller to realize tracking the limited power defined by load. This article introduced a complex 

mechanism switching between MPPT mode, limited power tracking mode and over wind speed 

protection mode in which the wind speed is over than the rated value. So, an additional dynamic 

characteristic about switching effect is inevitable. In [73], a modified P&O method is selected for MPPT 

regulation, but, to this article, power limited control just means the constant power output when wind 

velocity is over the rated value of the studied system, and a double loop PI control with a voltage inner 

loop and a power outer loop is implemented to achieve this objective. The sliding model control used in 

[74, 75], which dedicates to demand the system to meet a relatively logical relationship between the 

actual electrical power and the mechanical torque (regarded as the ‘sliding surface’) is independent on 

the mathematic information about the studied system. Thus, sliding model control applied for the 

integrated power control maintains strong robustness. But, similar as P&O’s principle, the sliding model 

control also just describes the movement of steady operating points of the wind generation system. At 

the same time, the determination of parameters of sliding model control requires experienced designers. 

Ref. [76] selected TSR as the feedback parameter of P&O method, then compare the actual value of 

TSR with ideal value calculated by mathematic model of studied system. Therefore, even it used the 

principle of P&O, the method still performed weak robustness.  

The first PLC regulating method introduced in this thesis is based on the P&O-F method used for 

MPPT presented in Chapter II.1. Comparing with P&O-F for MPPT, PLC demands to focus on the 

absolute value of the difference between the required power value and the actual output power assuming 

that the required value always can be known. Figure 19 presents the difference between MPPT condition 

and PLC condition in generally way. 
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Figure 19: Power control strategies. 

For a given wind velocity (the blue curve in Figure 19), if the demanded power value limitp  (the 

dash line) equals the potential maximum, there is only one operating point, as illustrated by the upper red 

dotted line in Figure 19. If the demanded power value is lower than the potential maximum value, in 

theory, there are two operating points supplying the same power value as displayed by the below red 

dotted line in Figure 19. Considering the transfer of operating points, if the steady component of 

operating currents is close to equipment’s physical limitations, the dynamic components of current 

resulting from the transfer between operating points has great risk for damaging devices. So, in this study, 

the system will be forced to operate at the “low current—high voltage” side for PLC condition. 

Following the logic of presenting the MPPT approaches in Chapter II, the first algorithm to be 

extended is the P&O-F method. As described above, when the demanded power value is lower than the 

potential maximum power value, the whole operating region can be divided into four sub regions by the 

MPP and two limited power operating points, as shown in Figure 20. 

 

Figure 20: Four operating regions for PLC condition. 

In order to distinguish these different regions, the identification based on the change of three 

variables during the P&O process is introduced. At first, is has to be mentioned that, the goal of P&O-F 

PLC method is to minimize the difference between actual power and demanded power value (marked as 
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limitdiffp p p   ). Hence, the change of the difference is the prioritized variable for P&O-F PLC method. 

Aiming to explain the logic easy, using the actual power as p  and the actual voltage as u , the four 

regions (marked as I, II, III and IV in Figure 20) can be indicated by the change of diffp , p  and u , as in 

Table 2. 

Table 2 – Definition of four operating regions for PLC condition 

 I II III IV 

 u k   
↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓ 

 p k   
↑ ↓ ↑ ↓ ↓ ↑ ↓ ↑ 

 diffp k   
↓ ↑ ↑ ↓ ↓ ↑ ↑ ↓ 

 

Based on the rules presented in Figure 20 and Table 2, when the system is operating in the 

regions I, II, or III, the perturb direction should be positive; if in regions IV, the perturbation must 

decrease the voltage. Aiming to assure the rules’ adaptability for MPPT condition, Figure 21 and Table 3 

are presented following.  

 

Figure 21: Operating regions for MPPT condition. 

Table 3 – Definition of operating regions for MPPT condition 

 I IV 

 u k  
↑ ↓ ↑ ↓ 

 p k  
↑ ↓ ↓ ↑ 

 diffp k  
↓ ↑ ↑ ↓ 
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According to the Figure 21 and Table 3, using the same way to indicate the operating regions for 

MPPT, the determination of perturbation is same as the for PLC condition. The difference between these 

two operating conditions is that the operating regions II and III for PLC condition don’t exist in the 

MPPT case. So, it can be claimed that this kind of identification based on the change of diffp , p  and u  

can integrate the MPPT and PLC power control demands without recognition of operating condition. 

Obviously, similar as MPPT condition, P&O-F method for PLC condition also has the drawback 

such as the problem about the convergence of perturbation step-size around the target operating point. 

Thus, the variable step-size P&O method for PCL is logical to be developed based on the same principle 

presented in Chapter II. 2. 

III.2. Perturbation and observation with variable step-size 

In order to integrate the P&O-INR and P&O-FL MPPT methods into PLC condition, the 

determination of perturbation direction is separated from the calculation of variable step-size. Similar as 

P&O-F method for PLC condition, the determination of perturbation direction is based on the logic 

presented in Table 2 and Figure 20. However, the calculation of variable step-size is also different from 

the MPPT condition: as presented in Figure 20, for the PLC condition, there is one “low voltage—high 

current” operating point supplying the same amount of power. If the calculation of variable step-size 

works for all four regions, the moving speed will be decreased around this operating point which is 

opposite to the principle of variable step-size application. So, the variable step-size calculation will just 

works at regions III and IV, for both of Newton-Raphson method and fuzzy logic method. 

III.2.1. Newton-Raphson method 

Since the regulating target of P&O PLC method is to minimize the difference between the 

required power and the actual power, based on (8), the x  variable is still the DC bus voltage BUSu , but the 

function  f x  is the diffp . Thus, the iterative methodology is organized as follow: 
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 ( 14 ) 

The value of variable “Sign” is determined by the identification of operating region, what means 

using the Table 2. If system is operating at region I, II, or III, “Sign” is positive one; if it works at region 

IV, “Sign” equals negative one. 
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In (14) it is shown the iterative approach following the principle of Newton-Raphson method, but 

according to several experimental results, which will be explained in Chapter V, this approach cannot 

decrease the step-size significantly for both MPPT and PLC conditions. Essentially, the root is that, based 

on the power distribution of wind generation system, the same perturb amount of voltage introduces 

different change of power for MPPT and PLC conditions. In detail, the gradient, seen as the change of 

power respect to the change of voltage, at the maximum power operating point is almost zero. However, 

at other operating points, this gradient has a positive or negative value. 

With those reasons mentioned above, in this thesis, one improved P&O-NR method for PLC is 

introduced as follow: 
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 ( 15 ) 

The mechanism is that: when demanded power value is far away from the potential maximum 

power, value of  slope k  is bigger than 1. So the calculated perturb step-size will divided by this value 

to make sure the convergence is significant; when the demanded power value is close to the potential 

maximum power where the  slope k  is not bigger than 1, the result of perturb step-size calculated by 

(14) converges well enough. So, the result calculated by (14) can be accepted. 

Taking into account the above considerations, it can be stated that with this variable step-size 

algorithm, the P&O-INR method can deal with the convergence of variable step-size for both conditions 

of MPPT and PLC. 

III.2.2. Fuzzy Logic method 

Following the logic of P&O applications for PLC condition, the used fuzzy logic will chose new 

input variables and new fuzzy reasoning rules. As similar as application of Newton-Raphson method for 

PLC condition which has been presented in Chapter III.2.1, the proposed fuzzy logic application for PLC 

condition selects the  slope k  (calculated by (14)) and  diffp k  as input variables, while the output of 

fuzzy logic method is still the perturb step-size for DC voltage. 
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At the process of fuzzification, the fuzzy set for  slope k  consists of five membership functions: 

they are “big negative”, “negative”, “zero”, “positive” and “big positive”, respectively marked as 

 bn,n,z,p,bp ; but the fuzzy set for  diffp k  are still “negative”, “zero”, and “positive” which marked as 

 , ,n z p . Similar as the design for P&O-FL MPPT method, both of two inputs will be normalized 

(   1slope k e  and   2diffp k e ) before transformed into the form of the degree of membership whose 

value is between 0 and 1. Detail shapes of membership functions are displayed as in Figure 22. All the 

shapes of proposed membership functions are chosen based on experimental experiences. 
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Figure 22: Membership functions for inputs: (a) 1e ; (b) 2e   
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The fuzzy reasoning rules are described as in Table 4. 

Table 4 – Fuzzy rules for PLC 

Output s  
2e  

n z p 

1e  

bn 0 0 0 

n + 0 - 

z + 0 - 

p + 0 - 

bp 0 0 0 
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Figure 23: Fuzzy reasoning surface. 

Figure 23 shows the fuzzy reasoning surface of the proposed fuzzy logic, and the Table 4 explains 

the “if-then” reasoning role. The step of “if” defines a fuzzy region in the input space while the “then” 

step specifies the output in the fuzzy region. With a logical operator, membership functions values 

evaluating the degree of each activated rule express that how the “if” step of each rule is satisfied. 

Subsequently, the fuzzy set in the “then” step of each rule is determined. Finally outputs of each rule are 

combined to form one fuzzy set. In this work, the Mamdani fuzzy inference system fuzzy toolbox is used. 

After the fuzzy reasoning process, given output s  is defuzzified using the membership function 

presented in Figure 24. Several defuzzification operators are mentioned in [59], but the most used one is 

the centroid, or center of gravity, which is also selected by this thesis. Then, the result will be anti-

normalized into the real perturb step-size by one coefficient determined based on experience. 
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Figure 24: Membership function for s . 

III.3. Online update lookup table method 

This approach follows the principle of the lookup table method presented in Chapter II.3. The 

selected input of this method is not just the rotational speed, but also the demanded power value. Output 

variable of this method is still the DC bus voltage.  

In theory, measuring and storing information about all operating points matching the PLC 

condition can establish one binary function, which is easy to fulfil requirements. However, according to 

devices used in our experimental platform, fixing the power value is not easy to be guaranteed during 

whole pre-measuring work.  

In order to reduce the uncertainty in the process of measuring operating points’ information, the 

pre-measured data about studied system is still sorted by different wind speed while varying the DC bus 

voltage. Then, data for each wind speed is used to fit one function, so that there are several curves 

indicating different wind speeds.  

Different from MPPT condition, since PLC method should help the system producing demanded 

power amount, the actual curve for calculating reference of DC bus voltage in the fact is updating with 

the vary of demanded power value. In this method, using just the operating points at the “low current –

high voltage” side could match our design mentioned in Chapter III.1. In experiments, it can be claimed 

that calculation time is short enough to avoid introducing additional time delay, which will be presented 

in Chapter V. 

Based on this mechanism, the proposed PLC method can be marked as online update lookup table 

method. The flowchart describing the principle in general way is displayed in Figure 25. 
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Figure 25: Flowchart about online update lookup table method. 

III.4. Conclusion 

Chapter III elaborates the theories of each proposed PLC method, which are designed to deal with 

the demand of operating either at the potential maximum power level or following the power level asked 

by load. According to description of presented methods, all of them, in fact, were designed to cope with 

the integrated power control issue that mixed MPPT goal and PLC goal together avoiding the switching 

effect between these two operating modes.  

Three direct methods are also based on the principle of perturb and observe logic, but the 

difference with pure MPPT condition is that the rule to determine the direction of system operating 

point’s movement is composed by three variables of system: the change of DC bus voltage, the change of 

actual DC bus power and the change of difference value of actual DC bus power and the demanded value. 

Adding just one variable into the logic of determination of P&O can extend the MPPT method covering 

PLC control topic. This is the contribution of this thesis. Since the objective variable has changed, the 

way of calculating variable step-size for P&O-INR and P&O-FL method are relatively varied. All three 
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direct methods don’t need the alternative identification about that whether the system is asked to extract 

power as much as possible or response the power demand from load side.  

The proposed indirect method also naturally integrates the control strategy of MPPT and PLC, 

automatically updating mathematic relationship between chosen parameters of system respecting the 

change of demanded power value. So, as long as the given power value is reasonable, this method also 

need no information of identification about system’s operating mode. Inevitably, this method requires 

precise information of studied system, such as working points’ distribution, to supply good performance. 

The more data about system has been collected before implementation, the better performance can be 

achieved, while the sensitivity of the parameters drifts also increase theoretically. Determination of all 

parameters about each method are presented and discussed in Chapter V. Contrast experiments are also 

displayed in that Chapter. 
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Chapter IV. Experimental Platform 

The detail information of experimental platform emulating the small scale wind generation 

system is presented in this Chapter. The approach of emulating wind speed and blades of one existing 

small scale wind turbine is in traduced at first. The model and operating condition for each device, such 

as the chosen PMSG and other electrical equipment, also can be found. 

The power distribution and dynamic characteristics of the studied system are revealed and 

analyzed subsequently. Based on the steady state and dynamic characteristics, several fundamental 

experimental tests are presented to explain how to assist those proposed MPPT and PLC algorithms 

realize their due features, preparing the comparing experimental tests described in Chapter V. 
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IV.1. Emulator wind speed and blades and generator 

According to discussion presented in Chapter I, the structure of studied system must include the 

blades and the hub of wind turbine, a generator and the electrical energy conversion structure. Since 

supplying a real controllable air flow makes whole platform difficult to maintain constant operating 

condition, the wind speed and the mechanical characteristic of blades and hub are decided to be emulated 

by a mathematic model in the Matlab®/Simulink® environment. 

According to the Chapter I.1.1, the power harvested by the wind turbine is given as in (3). The 

most important parameter needs to be identified is the power coefficient pc . The most used way to 

emulate fitted equation for pc  is based on the following [35]: 
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For the present work in this thesis, the pitch of the blades of the small scale wind turbine is fixed, 

the pitch angle   in (16) is set to zero. So, there are other researches using polynomial function to fit the 

curve, such as in [46], a 5th order polynomial function. 

In this thesis, considering the rated power level defined by the user, a 7th order polynomial 

function was selected because this function was obtained from one 1 kW HAWT product fabricated by 

Bergey  Excel 1 [77], whose blade radius is 1.25mR  . This 7th order polynomial function is described as 

follow: 
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 ( 17 ) 

Based on (3) and (17), assuming that the air density   is constant and equal to 1.225kg/m3, the 

distribution of harvested power AEROp , which is regarded as the function of rotational speed, can be 

illustrated as in Figure 26. 
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Figure 26: Power distribution for pAERO. 

In experimental platform, this emulator consists of a control board for rapid control prototyping 

(dSPACE DS1103) a three-phase industrial driver (C3S063V2F10 from Parker) commanded by the 

dSPACE, and a three-phase permanent magnet synchronous motor (PMSM) (NX430E -AJR7000 from 

Parker). The PMSM is driven to supply the rotational speed and mechanical torque calculated by (3), (17) 

and function following: 

  
1

AERO EM

d
p p J F

dt





    ( 18 ) 

With the equivalent inertia of blades and hub 21.5kg mJ   , the viscous damping coefficient 

0.06Nm/radF  , and the electromagnetic power EMp , which is calculated by (19). 

 EM A A B B C Cp u i u i u i    ( 19 ) 

In which,  , ,A B Cu u u  and  , ,A B Ci i i  separately are the three-phase voltages and currents of the generator 

in this platform, another PMSM as the same type as the one used for emulator of wind and blades. 

Parameters of this PMSM are: the number of pole pairs is 5; the measured phase resistance is 1.46 ohms; 

the measured flux linkage of the magnets is 0.393 Wb; the self and mutual inductance in average are 

0.0051 H and 0.0005 H; and the inertia of rotor is 42.6×10-5 kg×m2.  

IV.2. Electrical conversion structure 

Following the output of generator of the studied system, a three-phase diode-bridge, whose type 

is SEMIKRON SKD 51/14, is used to transform the AC power into DC form. As presented in Figure 27, 

after this diode-bridge, one capacitor BUSC  of 1 mF and one inductor L  of 50 mH (with resistance 267.5 

milliohms) constitute the DC BUS keeping an acceptable balance between filtering and system dynamics. 

Driving by dSPACE DS1103 (sample time set as 100 μs), an insulated gate bipolar transistor (IGBT) 

module (SEMIKRON SKM100GB063D) and another driver (SEMIKRON SKHI22A) realize the MPPT 
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and PLC commands. The DC/DC boost converter, constituted by the used inductor and IGBT, operates 

with approximately 0-300V input for a constant 400V output voltage. One programmable electronic load 

(PEL, PL-6000-A Puissance+) and a 1.1 mF capacitor PELC  are used to emulate the power demand. For 

all operating points of the studied system, the PEL maintains the output voltage PELu  of boost converter at 

400 V [31, 32,33].  

Gathering information of all equipment, the schema of experimental platform is illustrated in 

Figure 27 and the photo of real system is presented in Figure 28. 

 

Figure 27: Schema of experimental platform. 

 

Figure 28: Test bench photo. 

Based on the experimental platform stated in the previous paragraph, the distributions of the 

harvested power AEROp  and the DC form electrical power BUSp  are separately revealed regarding as the 

function of DC voltage BUSu  and DC current BUSi , in Figure 29 and Figure 30. 
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Figure 29: Experimental evolution of aerodynamic power AEROp . 
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Figure 30: Experimental evolution of electrical power BUSp . 

According to these experimental results shown in Figure 29 and Figure 30, it can be noted that: 

first, resulting from losses of power from the input side of PMSM to the output side of three-phase diode 

bridge, operating MPPs of electrical power curves are not the same operating MPPs of aerodynamic 

power ones; then, for limited power demand, aerodynamic power curves supply operating points different 

from electrical power curves. So, for both MPPT and PLC operating conditions, aerodynamic power 

curves are useless even as indirect references. This preliminary conclusion is important to the control 

strategy and the MPPT and PLC algorithm application. Based on the characteristics of electrical power 

curves, the DC bus voltage BUSu  is chosen as the variable to realize the modification of system’s 

operating point. It is axiomatic that, for each wind speed, one value of BUSi  indicates two different 

working points within the operating range. So, comparing with BUSi , BUSu  is more suitable to be regarded 

as the reference variable, since each value of BUSu  indicates one unique operating state, at the beginning 

of research. 
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IV.3. Control loop 

In Chapter IV.2, the steady-state characteristics of experimental platform has been revealed and 

analyzed. The controlled variable also has been determined based on these steady-state characteristics. As 

stated in the previous paragraph, in order to simply the comparison of MPPT or PLC algorithms, we tried 

to decouple the effect of MPPT and PLC algorithms from control loop, by using a fixed and simple 

controller, hysteresis controller. For the control loop, the commanding goal is to drive the system 

following the reference of DC bus voltage, which can be calculated by MPPT algorithm or PLC 

algorithm. The hysteresis was chosen based on its advantage of high dynamic performance and low 

implementation difficulty [32, 78]. 

A set of step inputs experiments of DC bus voltage BUSu  has been implemented to investigate the 

dynamic of the system response. The operation conditions are: wind speed is 8 m/s, based on two initial 

DC voltages: 150 V and 200 V, the step input is 10 V. These selected two initial DC bus voltages indicate 

low power and high power operating point for 8 m/s wind velocity. The actual response of DC bus 

voltage has been presented in Figure 31 and Figure 32. 
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Figure 31: Experimental response of DC voltage at low power operating point. 
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Figure 32: Experimental response of DC voltage at high power operating point. 
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In both of these two figures, *
BUSu  is the reference of DC bus voltage. Beside the actual DC bus 

voltage response, the dynamic of three-phase voltages and currents are also analyzed (Figure 33 and 

Figure 34). In order to analyze the system’s electrical operating mode during the operating process of 

hysteresis controller, the enlarged experimental evolution of three-phase voltages and currents for both 

cases are presented in Figure 35 and Figure 36. 
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Figure 33: Response of three-phase voltages and currents at low power operating point. 
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Figure 34: Response of three-phase voltages and currents at high power operating point. 
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Figure 35: Enlarged response of three-phase voltages and currents at low power operating point. 
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Figure 36: Enlarged response of three-phase voltages and currents at high power operating point. 

Based on information from these figures, it can be said with certainty that the hysteresis controller 

suffices the requirement of rapid response, without the distortion of system operating mode, since wave 

forms of three-phase voltages and currents do not transform significantly. Since the hysteresis controller 

is simple and robust control method, it is suitable to be used to compare different MPPT or PLC 

algorithms. 

After studying the control loop itself, the cooperation between the hysteresis controller and the 

MPPT or PLC algorithms needs to be analyzed. Thus, for both of 150 V and 200 V initial voltages, one 

set of step input with different amplitudes were introduced to observe the electrical power’s response 

respect to the varying of DC voltage. 

This set of step input is {0.5 V, 2.5 V, 5 V, 7.5 V, and 10 V}. The experimental evolutions of the 

actual DC voltage are illustrated in Figure 37 and Figure 38. 
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Figure 37: Experimental evolution of DC voltage at low power condition. 
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Figure 38: Experimental evolution of DC voltage at high power condition. 

With this set of step input, the responses of electrical power BUSp  are presented in Figure 39 and 

Figure 40. According to those figure, it can be seen that the power response contains the high order 

dynamic characteristic, which can also be found in the dynamic responses of the three-phase currents and 

DC current shown in Figure 33, Figure 34, Figure 35 and Figure 36. Considering our proposed MPPT and 

PLC algorithms based on the principle of P&O, information about the dynamic process of power response 

should not be observed by those mentioned algorithms. Otherwise, experimental evolutions of BUSp  

presented in Figure 39 and Figure 40 are the measured raw data. It is clear that those signals contain the 

high frequency noise, which is not good for extracting the precise information about operating condition. 

Consequently, one low-pass filter has been added with the cut-off frequency 30 Hz to give prominence to 

the regulation time of power response. The experimental evolutions with this low-pass filter are displayed 

in Figure 41 and Figure 42. 
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Figure 39: Experimental evolution of electrical response at low power condition. 
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Figure 40: Experimental evolution of electrical response at high power condition. 
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Figure 41: Experimental evolution of electrical response at low power condition with low pass 

filter. 
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Figure 42: Experimental evolution of electrical response at high power condition with low pass 

filter. 

According to the results from Figure 39 to Figure 42, under the control effect of hysteresis 

controller, the DC bus power BUSp  responds the step input of the DC voltage BUSu  with high order 

dynamic characteristic. If the observation action operated continually (in fact, if it operated each 

calculation time of Matlab®/Simulink® model), all the MPPT and PLC algorithms using P&O principle 

would made the wrong determination of perturbing direction. Thus, one important parameter to applying 

all P&O-class MPPT and PLC algorithms, the observation time interval was chosen as 2 seconds to make 

sure that whatever the perturb step-size is big or small, the determination of next perturbation’s direction 

will just be calculated based on the information of steady- state operating points about the studied system. 

By contrast, the lookup table algorithms for MPPT and PLC condition used the rotational speed n 

(using the unit rpm) as the input variable instead of actual DC electrical power BUSp . Therefore, the 

response characteristic of rotational speed respect to the varying of the DC voltage also needs to be 

analyzed.  
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Figure 43: Experimental evolution of rotational speed at low power condition. 
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Figure 44: Experimental evolution of rotational speed at high power condition. 

The Figure 43 and Figure 44 can support the following conclusion: even the rotational speed 

response respect to the DC voltage varying also presents the complex and high order behavior, but this 

part of information will not confuse the determination of proposed lookup table algorithms. So, for used 

experimental platform, lookup table algorithm for MPPT and PLC condition can operate continually (as 

mentioned above, in fact, it operates with the Matlab®/Simulink® model calculating time step). 

IV.4. Conclusion 

In this Chapter, details of the used test bench are presented. Types and parameters of all devices, 

structure of whole system are displayed at first. The emulator of wind velocity and mechanism of blades 

modeled in Matlab®/Simulink® indicates one small scale wind generation system whose rated power is 

1000 W. Based on the distribution of operating points of system limits, the choice of the control variable 

whatever for MPPT or PLC. Thus, several experiments were planned to decide the parameter used to 

modify the operating point. According to these results, the DC bus voltage is more suitable to be the 

modifying parameter than the DC bus current. Also, the design of control loop has been presented after 

this determination to ensure when the output of MPPT or PLC method arrives, the actual operating 

condition can rapidly respond. Results of some experiments proved that using the hysteresis control law 

the DC bus voltage can rapidly respond reference from MPPT or PLC methods, without introducing 

alternative distortion of electrical variables. Then, with respect to each implemented MPPT method and 

PLC method, dynamic characteristics of system were revealed by experimental tests introducing sets of 

DC bus voltage step-input, to observe the response of the actual power and mechanical rotational speed. 

These results helped to determine parameters of each MPPT and PLC method, which will be described in 

the next chapter. 
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Chapter V. Experimental results and analysis 

In this Chapter, several groups of experimental test will be displayed.  

The first group of experiments is used to supply the necessity of the P&O-INR algorithms for 

MPPT operating condition. The results for this set of experiments prove that the P&O variable step-size 

calculated by classical Newton-Raphson method cannot work properly with the small scale wind 

generation system. And, they also supply our improvement about this algorithm. 

The second group of experiments contains three sets of comparison experiments for MPPT 

operating condition. They used three different wind velocity profiles: two designed profile and one 

recorded real wind speed data in Compiegne, France, on January 15, 2015, to give prominence to 

different characteristics of all proposed MPPT algorithms. 

The last group of experiments only used one limited power profile calculated randomly based on 

the recorded real wind velocity profile mentioned above. All four proposed PLC algorithms were 

compared and analyzed together. 
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V.1. Experimental verify of P&O-INR algorithm 

V.1.1. MPPT condition 

As stated in the previous paragraph, Chapter II.2.1, P&O variable step-size method calculated by 

classical Newton-Raphson method, which follows the iteration presented in (9), cannot respond properly. 

It demonstrated one kind of overly strong convergence capability about the perturb step-size. Aiming to 

verify the mentioned drawback and the improvement of P&O-INR method, one step jumping wind profile 

was chosen to highlight rapid change of real wind. It can be easy to see that each step vary of wind 

velocity is big enough to introduce a huge difference of electrical power between. This huge difference of 

electrical should results in a big step-size starting to move the operating point of system. However, as 

presented in Figure 46, the actual power at that time point cannot respond this significantly difference in 

electrical power. As a comparison, the power response of P&O-F method and the classical Newton-

Raphson P&O method with a “Kick It Out” trigger, which forces the MPPT output using the maximum 

value of step-size based on the amplitude of measured change of electrical power, are presented. At the 

same time, the P&O-INR method’s power response is also presented in Figure 46. And, the Figure 47 and 

Figure 48 show the evolution of voltage and actual step-size. 

In Figure 46, Figure 47 and Figure 48:  

*
BUSp  is the potential electrical power based on the wind speed profile;  

BUS Fp   marks experimental electrical power following P&O MPPT with fixed step-size (5Volts); 

BUS Vp   indicates experimental electrical power following P&O MPPT with variable step-size 

based on classical Newton-Raphson method, which is calculated by (9). 

1BUS Vp   is the power response of classical Newton-Raphson variable step-size P&O method with 

"Kick It Out" trigger. 

BUS Vartp   is the result of P&O-INR method. 
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Figure 45: Profile of wind velocity. 
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Figure 46: Power responses. 
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Figure 47: Evolution of DC voltage. 
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Figure 48: Experimental evolution of actual step-size. 

As stated in the previous paragraph, classical Newton-Raphson method (remarked with “-V”) 

failed to respond the rapid change of wind velocity. From the power response and the actual variable 

perturb step-size, it is clear that the classical way needs long time to start the movement of operating point 

which should occurs just after the vary of wind velocity.  

Otherwise, the P&O variable step-size method using the “Kick It Out” trigger (remarked with”-

V1”) also has its drawback. Since it used the amplitude as the threshold of this trigger, there exists a 

numerical parameter demand to be determined by the experiences of designers. This weakens the general 

applicability of the algorithm. Moreover, focusing at the power evolutions around MPP, this algorithm 

stabilized at a power value lower than the P&O-F and P&O-INR algorithms. 

All things considered, it can be safely said that the proposed P&O-INR MPPT algorithm 

sensitively respond to the change of wind speed supplying the effective convergence around MPP without 

setting any numerical parameters.  
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V.2. Maximum power point tracking 

In this section, two designed wind velocity profiles and one real wind velocity data measured in 

Compiegne, France, on January 15, 2015 are introduced to compare all proposed four MPPT algorithms. 

Not only the fundamental functions to being a MPPT algorithm, but also the global dynamic process and 

extracted energy are going to be analyzed. 

V.2.1. Experiment design 

• Case 1 Figure 49: a wind profile about 200 seconds is designed to highlight the MPPT 

capability converging to MPP after wind speed jumps to a new steady value. This case is used to validate 

the principle of each MPPT algorithm: when wind speed changes, the used MPPT algorithm can drive the 

system operating at right operating point or not. 

• Case 2 Figure 50: reveals the dynamic characteristics of each MPPT algorithm for rapid 

wind speed changes. 

• Case 3 Figure 51: a real wind speed profile is extracted from the recorded real wind speed 

data in Compiegne, France, on January 15, 2015. The wind speed profile highlights a strained condition 

with rapid changes. According to the power level of studied system, the cut-in speed value is fixed at 5 

m/s. 
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Figure 49: Step input profile of wind velocity. 
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Figure 50: Triangle input profile of wind speed. 
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Figure 51: Profile of wind speed based on measured data. 

For each experiment case, there are 16 tests were implemented: 

To P&O-F algorithm, experimental test with fixed step-size 2.5 V; fixed step-size 5 V and fixed 

step-size 10 V. 

To P&O-INR algorithm, experimental test with maximum limit of variable step-size 2.5 V; 

maximum limit of variable step-size 5 V and maximum limit of variable step-size 10 V. 

To P&O-FL algorithm, the way to realize the modification of its parameters is shown as follow. 

 

Figure 52: Structure used in Matlab®/Simulink® for normalization and anti-normalization. 
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Figure 52 shows that input variables, BUSp  and BUSu , are respectively normalized into 1e  and 

2e  by the gains pK  and uK  before the process of fuzzification. After the defuzzification of the output s , 

it is anti-normalized by sK  into the actual perturb step-size u . In this thesis, generally, it is acceptable 

that 1u sK K  . Consequently, the determination of values of  , ,p u sK K K  is the way to optimize the 

Fuzzy logic method used for MPPT application. And, the implemented combinations in all three 

experimental cases are cross combination of  1 2.5, 5, 10pK   and  1 2.5, 5, 10u sK K  . 

The last implemented MPPT algorithm is the proposed LT method. 

V.2.2. Evolution experimental and analysis 

The experimental results are presented in this order: for proposed three direct algorithms, they can 

be sorted by the fixed perturb step-size or maximum limit of variable step-size, so, the experimental 

results of three direct MPPT algorithms using the same value as the fixed or maximum limit of variable 

perturb step-size are presented together. At the end, the results of proposed lookup table algorithm are 

presented separately. 

In each group of results sorted by the value of perturb step-size, subscript ‘-f’ means P&O-F 

method; 

Subscript ‘-v’ means P&-INR method; 

Subscript ‘-lf-2.5’ means P&O-FL method with the gain 2.5pK  , remaining numbers are 

similar; 

Subscript ‘-lt’ means lookup table method; 

Subscript ‘-p’ means the theoretical reference value for optimal condition. 

As an important indicator of investigation, and in order to avoid the effect of huge noise, power 

evolutions are the results obtained with low-pass filter, whose cross-frequency is 30 Hz. 
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V.2.2.1. Case 1: step input of wind velocity 

Direct MPPT algorithms with 2.5 V fixed step-size or maximum limit of variable step-size: 
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Figure 53: Experimental evolution of electrical powers with step-size maximum 2.5 V. 
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Figure 54: Experimental evolution of DC voltages with step-size maximum 2.5 V. 
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Figure 55: Experimental evolution of actual step size with maximum 2.5 V. 
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Figure 56: Experimental evolution of rotational speed with step-size maximum 2.5 V. 

Direct MPPT algorithms with 5 V fixed step-size or maximum limit of variable step-size: 
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Figure 57: Experimental evolution of electrical powers with step-size maximum 5 V. 
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Figure 58: Experimental evolution of DC voltages with step-size maximum 5 V. 
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Figure 59: Experimental evolution of actual step size with maximum 5 V. 
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Figure 60: Experimental evolution of rotational speed with step-size maximum 5 V. 

Direct MPPT algorithms with 10 V fixed step-size or maximum limit of variable step-size: 
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Figure 61: Experimental evolution of electrical powers with step-size maximum 10 V. 



 

-101/153- 

0 50 100 150 200100

150

200

250

300

Time (s)
(V

)
 

 

uBUS-p uBUS-f uBUS-v uBUS-lf-2.5 uBUS-lf-5 uBUS-lf-10

 

Figure 62: Experimental evolution of DC voltages with step-size maximum 10 V. 
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Figure 63: Experimental evolution of actual step size with maximum 10 V. 
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Figure 64: Experimental evolution of rotational speed with step-size maximum 10 V. 
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The proposed LT algorithm: 

As discussed in Chapter II, the proposed lookup table algorithm works continually, there isn’t the 

experimental evolution of perturbation step-size presented. 
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Figure 65: Experimental evolution of electrical power for LT algorithm. 
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Figure 66: Experimental evolution of DC voltage for LT algorithm. 
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Figure 67: Experimental evolution of rotational speed for LT algorithm. 

In this project, it can be intuitive to investigate capabilities of different MPPT algorithms.  

First, it can be said that after wind speed jumps to a new steady value, all direct methods can 

arrive at the correct judgment about the direction of next perturbation.  
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Second, investigating the capability of rapid tracking and converging, when perturbation step-size 

is small as 2.5 V (Figure 53 to Figure 56), all direct methods cannot effectively get close to the maximum 

power point. Besides, when perturbation step-size is big enough such as 5 V and 10 V (Figure 57 to 

Figure 60 and Figure 61 to Figure 64), P&O-INR algorithm remarked with “-v” converges significantly 

around MPP; and for P&O-FL algorithms, the combination  1 10, 1 5p u sK K K    has the best 

balance between converging and tracking. 

Third, based on experimental evolutions for lookup table method (Figure 65 to Figure 67), it is 

obvious that its performance of tracking maximum power point is better than all direct methods. Because 

as mentioned in Chapter II.3 and the experimental results presented in Chapter IV.3, the rotational speed 

response respect to vary of BUSu  doesn’t mislead the determination of lookup table algorithm, there is no 

information needed to be avoided. Furthermore, from the experimental evolutions of lookup table 

algorithm and it also can be assured based on the power distribution presented in Figure 30 that the 

operating points around MPP almost indicate close amount of power. So, even the actual operating point 

didn’t stabilized exactly at the optimal one calculated by the data also from Figure 30, the actual output of 

electrical power BUSp  was still very close to the potential maximum power value. 

Besides evolution curves above, the value of energy obtained by system is one important 

indicator of investigation. Table 5 presents values of energy for all MPPT algorithms and the difference 

from the potential value in form of percentage value. 

Table 5 – Energy and difference from potential value for MPPT algorithms to Case 1 

 

Potential 

maximum 

power value 

P&O-F P&O-INR P&O-FL LT 

- 
Step-size 

Maximum of 

step-size 

1/Ku 

- 

2.5 5 10 

1/Kp 

2.5 5 10 2.5 5 10 2.5 5 10 2.5 5 10 2.5 5 10 

Energy  

(Wh) 
16.88 15.70 16.16 16.54 15.20 16.16 16.39 15.61 15.88 15.40 16.26 16.39 16.15 16.67 16.58 16.65 16.83 

Difference  

(%) 
- 6.99 4.27 2.01 9.95 4.27 2.90 7.52 5.92 8.77 3.67 2.90 4.32 1.24 1.78 1.36 0.30 
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Comparing values of extracted energy of each method and the difference between the actual 

energy and the potential energy value of each method, large value of perturbation step-size always 

products more energy than small step-size. Overall, differences from potential value are small. The worst 

case could still products 90.05% of potential energy. 

V.2.2.2. Case 2: triangle input of wind velocity 

This experimental test is introduced to validate the capability of dynamic characteristics of four 

proposed MPPT algorithms. 

Direct MPPT algorithms with 2.5 V fixed step-size or maximum limit of variable step-size: 
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Figure 68: Experimental evolution of electrical powers with step-size maximum 2.5 V. 
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Figure 69: Experimental evolution of DC voltages with step-size maximum 2.5 V. 
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Figure 70: Experimental evolution of actual step size with maximum 2.5 V. 
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Figure 71: Experimental evolution of rotational speed with step-size maximum 2.5 V. 

Direct MPPT algorithms with 5 V fixed step-size or maximum limit of variable step-size: 
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Figure 72: Experimental evolution of electrical powers with step-size maximum 5 V. 
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Figure 73: Experimental evolution of DC voltages with step-size maximum 5 V. 
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Figure 74: Experimental evolution of actual step size with maximum 5 V. 
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Figure 75: Experimental evolution of rotational speed with step-size maximum 5 V. 
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Direct MPPT algorithms with 10 V fixed step-size or maximum limit of variable step-size: 
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Figure 76: Experimental evolution of electrical powers with step-size maximum 10 V. 
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Figure 77: Experimental evolution of DC voltages with step-size maximum 10 V. 
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Figure 78: Experimental evolution of actual step size with maximum 10 V. 
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Figure 79: Experimental evolution of rotational speed with step-size maximum 10 V. 

The proposed LT algorithm: 
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Figure 80: Experimental evolution of electrical power for LT algorithm. 
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Figure 81: Experimental evolution of DC voltage for LT algorithm. 
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Figure 82: Experimental evolution of rotational speed for LT algorithm. 

According to the information from Figure 68 to Figure 82, it is obvious that under the condition 

of rapid wind speed changes, evolutionary behaviors of variables for all direct methods are similar. Thus, 

P&O-INR method performed worse than P&O-F method, since it requires information more than one past 

step. With the inevitable observe time step, using more past information means that this algorithm 

responds more slowly to the wind speed change. Foreseeably, the energy differences between direct 

methods and indirect method are more significant than in Case 1. 

Similar as Case 1, the energy extracted by each algorithm and the difference between their 

extracted energy and the potential reference are listed in Table 6. 

Table 6 – Energy and difference from potential value for MPPT algorithms to Case 2 

 

Potential 

maximum 

power value 

P&O-F P&O-INR P&O-FL LT 

- 
Step-size 

Maximum of 

step-size 

1/Ku 

- 

2.5 5 10 

1/Kp 

2.5 5 10 2.5 5 10 2.5 5 10 2.5 5 10 2.5 5 10 

Energy  

(Wh) 
2.13 1.86 1.88 1.95 1.85 1.90 1.80 1.89 1.89 1.87 1.93 1.90 1.88 2.02 2.02 1.96 2.09 

Difference  

(%) 
- 12.68  11.74  8.45  13.15  10.80  15.49  11.27  11.27  12.21  9.39  10.80  11.74  5.16  5.16  7.98  1.88 

According to the result in Table 6, the effect of rapid change of wind velocity can be recognized. 

Comparing with proposed lookup table algorithm, the efficiency of extracting power for three direct 

MPPT algorithms reduced significantly. This proved the description that P&O algorithm works worse in 

the wind turbine system with medium and large mechanical inertia when wind changes rapidly [35]. 
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V.2.2.3. Case 3: wind velocity profile based on recorded data 

Different from the Case 1 and 2, the wind velocity profile implemented in this case includes 

random and huge vary about wind velocity. Under this condition, all proposed MPPT algorithms work in 

the condition close to the real environment. 

Direct MPPT algorithms with 2.5 V fixed step-size or maximum limit of variable step-size: 
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Figure 83: Experimental evolution of electrical powers with step-size maximum 2.5 V. 
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Figure 84: Experimental evolution of DC voltages with step-size maximum 2.5 V. 
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Figure 85: Experimental evolution of actual step size with maximum 2.5 V. 



 

-111/153- 

0 100 200 300 400 500 600 700 800 900100

200

300

400

500

Time (s)
(rp

m
)

 

 

n-p n-f n-v n-lf-2.5 n-lf-5 n-lf-10

 

Figure 86: Experimental evolution of rotational speed with step-size maximum 2.5 V. 

Direct MPPT algorithms with 5 V fixed step-size or maximum limit of variable step-size: 
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Figure 87: Experimental evolution of electrical powers with step-size maximum 5 V. 

0 100 200 300 400 500 600 700 800 900100

150

200

250

300

Time (s)

(V
)

 

 

uBUS-p uBUS-f uBUS-v uBUS-lf-2.5 uBUS-lf-5 uBUS-lf-10

 

Figure 88: Experimental evolution of DC voltages with step-size maximum 5 V. 
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Figure 89: Experimental evolution of actual step size with maximum 5 V. 
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Figure 90: Experimental evolution of rotational speed with step-size maximum 5 V. 

Direct MPPT algorithms with 10 V fixed step-size or maximum limit of variable step-size: 
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Figure 91: Experimental evolution of electrical powers with step-size maximum 10 V. 
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Figure 92: Experimental evolution of DC voltages with step-size maximum 10 V. 
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Figure 93: Experimental evolution of actual step size with maximum 10 V. 
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Figure 94: Experimental evolution of rotational speed with step-size maximum 10 V. 
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The proposed LT algorithm: 
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Figure 95: Experimental evolution of electrical power for LT algorithm. 
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Figure 96: Experimental evolution of DC voltage for LT algorithm. 
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Figure 97: Experimental evolution of rotational speed for LT algorithm. 

Following the same logic, the extracted energy and the efficiency of MPPT algorithms are 

calculated and list follow. 

Summarizing these three cases, under complex wind speed variation, direct methods are 

disadvantageous: P&O is less performant 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, lookup table method extracts 

about 98.82% of potential energy. Even though evolutions of BUSu  and   didn’t match the curve optimal 

theoretical 100% as presented in Figure 66, Figure 67, Figure 81, Figure 82, Figure 96 and Figure 97, it is 

significantly better than the others. 
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Table 7 – Energy and difference from potential value for MPPT algorithms to Case 3 

 

Potential 

maximum 

power value 

P&O-F P&O-INR P&O-FL LT 

- 
Step-size 

Maximum of 

step-size 

1/Ku 

- 

2.5 5 10 

1/Kp 

2.5 5 10 2.5 5 10 2.5 5 10 2.5 5 10 2.5 5 10 

Energy  

(Wh) 
52.28 46.06 46.22 46.01 44.36 45.45 46.69 47.08 45.79 45.07 46.29 47.57 46.27 48.95 46.50 46.87 51.66 

Difference  

(%) 
- 11.88 11.59 11.99 15.14 13.05 10.68 9.93 12.41 13.78 11.45 9.00 11.49 6.36 11.04 10.35 1.18 

 

In addition, all implemented MPPT algorithms achieved the theoretical designed goals combining 

with the hysteresis control. For already designed profiles and real measurement data, indirect method 

performs great capabilities of tracking MPP and stabilizing around MPP. The performance of direct 

methods based on the principle of P&O is restricted by the sluggish mechanical inertia of the system and 

the existing of measurement noise, and whatever the ways of calculating the perturb step-size cannot 

solve this problem. 

V.2.3. Conclusion 

In all three cases, the indirect method extracted over 98% of potential theoretical energy with rapid 

wind speed tracking MPP and without oscillation of operating condition around MPP.  

The direct methods based on P&O algorithm and the lookup table indirect method were performed 

independently but based on the same converter controller to track the given reference. Variable step-size 

P&O method, based on the slope of the DC bus voltage change with respect to the electrical power 

change, achieves the goal that step-size converges when operating point gets close to MPP; the step-size 

modified by fuzzy logic can also find acceptable combination of normalizing gain to obtain the same 

achievement. Nevertheless, the variable step-size methods cannot improve considerably the results. 

Concerning the implementation of these MPPT, lookup table requires accurate knowledge of 

controlled system, which means that efforts of prior tests are indispensable to cover all the operating 

conditions; moreover, an expensive mechanical rotation speed sensor, even directly wind speed, is 

required. All of these requirements increase the cost and the complexity for implementing this method. 
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Contrariwise, commonly used electrical sensors are required to operate direct methods. P&O-F and P&O-

INR request only basic tests to determine the parameters of P&O. Nevertheless, the determination of 

parameters of the P&O-FL requires that the designers need to have more experience in the application 

and have to do more experiments to validate their parameters identification. 

V.3. Power limited control 

V.3.1. Experiment design 

With the experimental experiences obtained in the studies of MPPT topic, the basic functions of 

all proposed PLC algorithms can be easily judged to be successful. Hence, for PLC operating condition, 

the experimental test cases like Case 1 and 2 for MPPT topic had not been considered at the beginning for 

this stage of research.  

In order to compare all proposed PLC algorithm, the real wind velocity data implemented in the 

Case 3 for MPPT experimental test is used to calculate one random power limited profile ( limitp  presented 

in Figure 98). This calculation also is based on the physical minimum power of the experimental 

platform. Thus, the wind velocity profile displayed in Figure 51 and the limited power curve in Figure 98 

determine the operating condition for the following experiments. 
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Figure 98: Profile of calculated limited power curve. 

Similar as experiments for MPPT, several groups of tests are introduced. 

P&O-F method: step-size respectively equals 2.5 V, 5 V, 7 V, and 10 V. 

P&O-INR method: maximum value of step-size respectively equals 2.5 V, 5 V, 7 V, and 10 V. 

P&O-FL method: the way to realize the modification of its parameters is similar as MPTT 

condition, but there are a few differences from the MPPT condition (as presented in Figure 99). 



 

-117/153- 

 

Figure 99: Structure used in Matlab®/Simulink® for normalization and anti-normalization. 

The combination of parameters  1 21 1 1 sK K K  implemented in experimental test 

respectively equal: (4.5, 17.5, 7), (4.5, 17.5, 10), (5, 15, 7), (5, 15, 10), (5, 20, 7), (5, 20, 10), (10, 20, 7), 

and (10, 20, 10). 

Online update lookup table Method based on indirect principle based on information of system 

measured on February 3, 2016. And all experimental were finished in February 24, 2016. 

V.3.2. Evolution experimental and analysis 

The results of these experimental tests are presented in following figures. Since, for each 

proposed PLC algorithm, there are much different step-sizes applied. And not like the MPPT condition, 

there are some selection of perturb step-size had been ignored for P&O-FL algorithm. Following the 

order of experimental results for MPPT condition to sort experimental results for PLC by step-size or 

maximum limit of step-size is not logical and appropriate. So, the more suitable order is to list the 

experimental results for each PLC algorithm together, then compare their characteristics by mathematic 

indicators. As the key variable, the evolution of diffp  is used to analyze characteristics of all regulating 

methods. Focusing on this variable, the efficiency of tracking the demanded power value for each 

proposed PLC algorithm are easy to be revealed, analyzed and compared. 

V.3.2.1. P&O-F 
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Figure 100: Evolution of BUSp . 
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Figure 101: Evolution of BUSu . 
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Figure 102: Evolution of u . 
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Figure 103: Evolution of diffp . 

As illustrated above, it is easy to be found that P&O-F applications with different fixed step-sizes 

succeed to follow the limited power command profile, while the sluggish mechanic inertia results in 

significant transition process. Large step-size can reduced the transition time but also led more peaks of 

dynamic process of each perturbation. 
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V.3.2.2. P&O-INR 
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Figure 104: Evolution of BUSp . 
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Figure 105: Evolution of BUSu . 
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Figure 106: Evolution of u . 
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Figure 107: Evolution of diffp . 

Comparing results of P&O-INR and P&O-F, obviously, the dynamic process resulted by each 

perturbation had been suppressed, whatever analyzing the evolution of actual power BUSp  or the 

difference between limited value and actual value diffp .  

V.3.2.3. P&O-FL 
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Figure 108: Evolution of BUSp . 
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Figure 109: Evolution of BUSu . 
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Figure 110: Evolution of u . 
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Figure 111: Evolution of diffp . 

For the P&O-FL algorithm, the modification of parameter set of  1 21 1 sK K K  is similar the 

process of optimization. Briefly, even three parameters are isolated each other in physic sense, the 

coupling effect between them are still complex. So, the comparison research will be achieved based on 

mathematic indicators introduced after all results presented. 

V.3.2.4. Online update lookup table algorithm 
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Figure 112: Evolution of BUSp . 
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Figure 113: Evolution of BUSu . 
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Figure 114: Evolution of diffp . 

Based on the experimental results for online update lookup table algorithm, it can be said with 

certainty that the response of electrical power of this algorithm contains less dynamic behaviors 

introducing noises into the variable diffp . But, huge deviation of mean for some period of experiment 

existed. The cause is that this indirect method lies on the mathematic mode of studied system and almost 

follows the open loop control principle. So, in theory, it is sensitive about the parameter drift. But, the 

actual influences of parameter drift to the proposed online update lookup table still needs to be validated. 

One small experiment was implemented to explore and explain this defect. 

The experimental conditions of this test are as follow: limitp  is fixed at 250 W; wind velocity 

varies from 7 m/s (before 50 seconds) to 6.5 m/s (from 50 seconds to 90 seconds) then turns to 7 m/s, as 

presented in Figure 115. 
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Figure 115: Wind velocity profile. 

 

Figure 116: Profile of demanded power and evolution of actual electrical power. 

Based on Figure 115 and Figure 116, it is necessary to notice that the 7 m/s is the chosen value of 

wind speeds to establish the online update lookup table method. However, it is clear that the online update 

lookup table method still introduce an error of BUSp . Analyzing the theory of this method, when the 

parameters of system change, these parameter drifts result in the movement of relative curves of BUSu n  

for different wind velocities, such as presented in Figure 117 and Figure 118.  
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Figure 117: Parameter drift presented in BUSu n  space. 
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Figure 118: Zoom around cross points. 

Based on measurements of BUSu  and n for 6 m/s, separately at morning (a.m.) and afternoon 

(p.m.) of 17th of December 2015, in Figure 117, BUSu n  curves representing MPPT case and 150W 

PLC case are presented: the curve marked ‘MPPT’ is the function used to realize MPPT case and the 

curve marked ‘PLC’ is for 150W power demand which is suitable for 6 m/s wind speed. Figure 118 

presents a zoom to illustrate the following evidence: despite the fact that the distance between two 

BUSu n  curves of 6 m/s for both morning and afternoon is not significant, the cross points give big 

differences: the difference between the rotational speed n is near 10 rpm and the difference between the 

bus voltages BUSu  is around 5 V. Given the shape of the relationship between BUSp  and BUSu  around the 

MPP, the amount of this difference of BUSu  cannot introduce a huge impact of BUSp . But, considering the 

increment of same curve around power limited operating points, same amount of difference of BUSu  will 

result in significant difference of BUSp . In fact, these variations result from the change of temperature of 

system electrical equipment. Consequently, it seems that increasing amount of measurement of operating 

points can increase the precision of this online updating lookup table method. But, at the same time, more 

measurements mean that those measured data span more temperature range, since the temperature of the 

system is increasing when the system is running. Thus, there is one contradiction between the consistency 

of measured data with respect to temperature and the accuracy supplied by measured data for lookup table 

method. Furthermore, considering the effect resulting from these difference during the same day 

(presented in Figure 118), it is not feasible to find out one group of data based on which one given lookup 

table method can deal with all different environmental conditions. 
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V.3.3. Conclusion 

Integrating all information about experiment for PLC condition, analysis of comprehensive 

comparison is described as follow. Referencing statistical concepts, regarding diffp  as a rodman variable, 

the mathematic mean, which is defined as average value, and the variance indicating the expected value 

of the squared deviation from the mean, are calculated to compare dynamic and steady-state 

characteristics of different regulating methods. At first, to all methods based on the P&O theory, a 

sampling method is a sampling time equals 2 s, is applied to filter the peak of each perturbation step of all 

algorithm based on P&O principle (marked as “Mean sampling” and “Variance sampling”). Then, the 

overall comparison (marked as “Mean overall” and “Variance overall”) is presented in Table 8. 

Table 8 – Means and variances for all PLC methods 

Method Mean sampling 
Variance 

sampling 
Mean overall Variance overall 

P&O-F 2.5 V 0.1075 21.6158 0.1116 20.0722 

P&O-F 5 V 0.1285 17.4951 0.1318 19.4622 

P&O-F 7 V 0.1353 17.9021 0.1360 26.1909 

P&O-F 10 V 0.1383 14.9045 0.1347 39.5348 

P&O-INR 2.5 V 0.1869 26.6797 0.1947 25.9007 

P&O-INR 5 V 0.1788 24.0390 0.1866 25.0621 

P&O-INR 7 V 0.1296 21.4507 0.1326 26.0033 

P&O-INR10 V 0.1732 24.1157 0.1778 34.7039 

P&O-FL (4.5,17.5,7) 0.1921 21.6994 0.1979 23.5178 

P&O-FL (4.5,17.5,10) 0.2180 24.0726 0.2229 33.1278 

P&O-FL (5,15,7) 0.2009 23.0639 0.2117 26.4571 

P&O-FL(5,15,10) 0.1833 21.6108 0.1895 32.3361 

P&O-FL (5,20,7) 0.1781 22.4394 0.1860 24.6240 

P&O-FL(5,20,10) 0.1967 20.7878 0.2022 32.1932 

P&O-FL(10,20,7) 0.1613 19.0379 0.1662 22.0579 

P&O-FL(10,20,10) 0.1770 19.2552 0.1826 31.6463 

Online update LT 0.2080 14.3937 0.2032 14.4115 
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Summarizing all presented results, under complex condition of wind velocity and power demands 

variation, the indirect regulating method and the direct regulating method present the opposite 

performance. 

All three direct methods based on P&O theory perform less in the view of dynamic, resulting 

from the mechanical inertia which cannot be ignored; but, overall, their steady-state errors are less than 

the indirect method. Even for the P&O-FL method, if we find the suitable combination of parameters 

(such as (10, 20, 7) presented in Table 8), the value of mean of diffp  can be reduced to be lower than the 

LT method.  

Relatively, the online update LT method has the biggest deviation of mean among all algorithms, 

whose value should be as smaller as possible; but it almost maintains the smallest variance (near 14.4) 

with and without the sampling method. This is benefited from that the chosen parameters, the rotational 

speed and the bus voltage, maintain the proportional relationship between them without information 

misleading the PLC algorithm.  

Considering the priori work of implementing each regulating method, direct methods do not 

require the knowledge about the steady-state operating points of system, i.e. big data, and they demand 

commonly used electrical sensors. P&O-F and P&O-INR method request basic tests to determine the 

parameters of P&O. But the P&O-FL method ask rich experiences of application of designers and the 

determination of parameters of fuzzy logic need to be validated by many experiments. Contrariwise, the 

online update lookup table method requires accurate mathematic model of controlled system to cover all 

operating envelop. Furthermore, expensive mechanical sensors with high precision are required to 

measure the mechanical rotational speed or straight the wind velocity. All these demands increase the 

complexity and the cost of the application of this method. Combining the regulating effect, the time and 

resource devoted for the indirect method is too much. 
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Chapter VI. Conclusions and perspectives 

This thesis presented concepts of small scale wind energy system fitting the demand of urban 

electric system; made a model of this system including a PMSM, a DC\DC convertor and the emulator of 

wind speed and blades; described the principles of proposed MPPT and PLC algorithms and designed 

several sets of experiments to validate those algorithms and compare their characteristics for matching 

power control objectives. 

Four different methods of MPPT algorithm were presented and compared: P&O-F, P&O-INR, 

P&O-FL, and look-up table indirect method. Based on a test bench and three wind speed profiles, the 

obtained results showed that the indirect method gives the best performances in all three cases. However, 

the implementation implies requirements that increase the cost and the complexity. Regarding the direct 

methods, all algorithms achieved properly the fundamental theory of P&O, but for rapid variation of wind 

speed, the superiority of the variable step-size direct methods is not significant; this is due to the dynamic 

process of the perturbation that strongly weakens the effect of the MPPT algorithm. Solving this problem 

will be the subject of future studies. 

Three PLC methods based on direct principle (P&O-F, P&O-INR, P&O-FL) and one PLC 

method based on the indirect principle (online update lookup table) have been studied, designed and then 

implemented into an experimental platform highlighting the sluggish mechanical inertia. The 

experimental test conditions are based on a real wind velocity profile and a calculated power limited 
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profile. Based on the experimental results, and using means and variances of all evaluations of diffp  have 

been calculated and analyzed. Integrating all the results, the online update lookup table method based on 

priori identification of system characteristics performs with good dynamic response and low steady-state 

precision. However, this kind of PLC method is sensitive to the difference between actual system and the 

pre-identified mathematic model. Correspondingly, three direct methods based on P&O principle present 

better steady state characteristics, but the dynamic characteristics are limited by the sluggish mechanical 

inertia and the control loop’s capability.  

In summary, the lookup table theory is not appropriate to the integrated MPPT and PLC cases, 

since its strong sensitivity to the parameter drift of the system requires to be covered by lots of 

preparatory work and more information to identify the operating status during its operating period. To 

direct methods, the future research direction is to improve the dynamic characteristics of the control loop, 

to suppressing the effect from the sluggish mechanical inertia. This can significantly improve the 

performance of direct methods based on perturb and observe theory. And, as presented in Chapter IV, 

used voltage closed-loop control method at the DC bus is the hysteresis algorithm which is robust and 

simple. However, some advanced control algorithms for the closed-loop, i.e. the sliding mode control, are 

interesting to be planned in the future work, because theoretically they have the potentiality to supply 

better performance, even though they would increase the complexity of application of whole system. 

Combining different voltage closed-loop control methods, the application of MPPT and PLC control 

strategies could present attractive results. From the point of view of the small scale wind turbine 

integration work, there are several works can be planned to achieved in future. The energy conversion 

structure used in this thesis is composed of the diode bridge and one DC-DC boost convertor, since its 

simplicity of application and low energy loss. So, as the contrast objective, the active energy conversion 

structure using a controllable rectifier is worth to be included to realize MPPT and PLC researches under 

the constraint from our lab’s DC bus microgrid application environment. Being one part of the DC bus 

microgrid, after integration, the energy cost management research of whole microgrid including the 

studied wind turbine system naturally is going to be organized in the expected works. 
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