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Abstract 

 

As wind turbines increased in size and power, control specifications became more challenging 
and regulation mechanisms more sophisticated. More and more reliable and powerful model control 
strategies are needed not only to keep the turbine within its safe operating region but also to 
improve efficiency and quality of power conversion. This paper mainly focuses on the mechatronic 
modeling and control of a 5MW Variable-Speed Variable-Pitch Wind Turbine (VS-VP WT) for the 
above-rated power operating condition. The principal parts of the wind turbine are modeled by 
using the Bond-Graph approach and the control strategy is realized by combining a torque control 
with a blade pitch control strategy by means of bicausality of the bond graph. The robustness of the 
proposed model control is verified and the simulation of the complete model is conducted for 
variable wind speed operation conditions. 
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INTRODUCTION 

This “Thesis of Works” summarizes the research activities of the author for almost the past 
two and half years.  The topics covered in this report are two-fold:  

The first one deals with a mechatronic modeling of the dynamic behavior of the popular Wind 
Turbine Systems. The Beni Mellal University of Science and Technology’s Industrial Engineering 
Lab harbored this subject’s works. It gave rise to two publications which make the main content of 
this report. 

The second one, conducted in the Mohammadia School of Engineers’ Intelligent Systems’ 
Lab, features the new trend in modeling the so-called Smart City Infrastructure by means of the 
wireless communication Vehicular Ad-hoc Networks (VANETs). This research produced three 
publications which constitute the second part of this report. 

The following lines provide the reader with an overview of both topics. 

Wind turbines are electric power generation systems that involve dynamic behaviors that are 
difficult to control. These behaviors are mainly related to poorly controlled couplings between 
certain subsystems. A state of the art on the existing modeling practices highlights a lack of 
consideration of energetic interactions between the subsystems, making it hard to analyze and 
control these phenomena and leading to point solutions. This contribution introduces a mechatronic 
approach to multiphysical and multilevel representation applied to wind power systems, that is to 
say, considering the wind system as a multi-domain mechatronics system including various areas of 
physics such as Aerodynamics, Mechanics, Electromechanics, Power Electronics and Electrical 
Sub-systems. This approach offers an energetic, global and structural vision to master the dynamics 
of this complex system. A reflection on the existing tools of representation led to the choice of the 
Bond Graph as a fundamental tool for: modeling the various elements, the analyzing the models 
properties and the design of inverse model control laws using the Bicausality. The proposed 
model’s reliability and the control robustness were validated by simulations.  

The Smart City concept may be considered as a complex urban environment managing and 
controlling several complex systems including infrastructure, human behavior, technology, social, 
political structures, communication tools and the economy. A Smart City provides an intelligent 
way to manage components such as transport, health, energy, homes, buildings and the 
environment. The data collected by these components are usually generated by wireless networks 
data collectors. The wireless communication Vehicular Ad-hoc Networks (VANETs) within the 
Smart City are an essential tool that benefits the network in the Smart City by providing 
opportunistic communication to the different intelligent systems without the need of pre-installed 
infrastructures. 

Chapter 1 is an introduction to the Wind Systems. It goes through the most popular existing 
technologies in the field. Chapter 2 exposes the fundamental tool used here: The Bond Graph 
Approach. Chapter 3 and 4 constitute two different applications of this BGA to Wind Energy 
Conversion Systems. 
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Chapter 5 deals entirely with the crucial function carried out by the VANETs in dealing with 
this futuristic concept of Smart City. 
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Chapter 1. Background and Literature Review 

1.1 . Introduction 

Since the beginnings of wind turbine development (~1980) until today, where wind energy is 
seen as a mature technology and has become an important participant in the power generation 
branch, various wind turbine concepts and designs have been developed. The marketable wind 
turbine concepts can be distinguished by different electrical design and control and can be classified 
by their speed range (variable speed, fixed speed) and power controllability (stall, pitch control) [1]. 
In the following, a general overview of wind turbine components and topology is given. Then the 
characteristics of different wind turbine concepts are presented. Finally the wind turbine concepts 
are assessed with respect to their controllability. 

This chapter aims presenting a review on the wind turbines’ state of the art technologies. 

1.2 . Definition of a Wind Turbine 

A wind turbine is a machine for converting the kinetic energy in the wind into mechanical 
energy. If the mechanical energy is used directly by machinery, such as a pump or grinding stones, 
the machine is called a windmill. If the mechanical energy is then converted to electricity, the 
machine is called a wind generator. Utility-scale turbines range in size from 100 kilowatts to several 
megawatts [2]. 

1.3 . Aerodynamic Lift and Aerodynamic Drag Wind Turbines 

There are two different types of wind energy conversion devices: those which depend mainly 
on aerodynamic lift and those which use mainly aerodynamic drag. High speed turbines rely on lift 
forces to move the blades. To generate electricity from a wind turbine, it is usually desirable that the 
driving shaft of the generator operates at considerable speed (1500 revolutions per minute). This, 
together with the higher aerodynamic efficiency of lift devices, means that turbines which rely on 
aerodynamic drag are not commonly used [3]. 

1.4 . Horizontal-axis and Vertical-axis Wind Turbines 

Wind turbines can further be classified into horizontal-axis or vertical-axis. The earliest 
windmills in antiquity rotated around a vertical axis and they were driven by drag. Modern vertical-
axis turbines use vertical symmetrical airfoils and the driving force is produced by the lift 
developed by the blade in the moving air stream. The only vertical-axis turbine which has been 
manufactured commercially at any volume is the Darrieus machine, named after the French 
engineer Georges Darrieus who patented the design in 1931. The conventional Darrieus turbine has 
curved blades connected at the top and at the bottom and rotates like an “egg whisk” [4], as 
illustrated in Figure 1. 
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Vertical-axis wind turbines have the advantages that no tower is needed. They operate 
independently of the wind direction (a yawning mechanism is not needed) and heavy gearboxes and 
generators can be installed at ground level. But they suffer many shortcomings: they are not self-
starting, the torque fluctuates with each revolution as the blades move into and away from the wind, 
and speed regulation (or control) in high winds can be difficult. Vertical-axis turbines were 
developed and commercially produced in the 1970s until the end of the 1980s. But since then the 
research and production of vertical-axis wind turbines has practically stopped worldwide [5]. 

Nowadays, horizontal axis wind turbines (Figure 1.2.) dominate the majority of the wind 
industry. Horizontal axis means the rotating axis of the wind turbine is horizontal, or parallel with 

Figure 1.2. Horizontal-axis and vertical-axis wind turbines 
configurations 

Figure 1.1. Vertical-axis wind turbine 
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the ground. In big wind applications, horizontal axis wind turbines are almost all you will ever see. 
However, in small wind and residential wind applications, vertical axis turbines have their place. 
The advantage of horizontal wind is its ability to produce more electricity from a given amount of 
wind. So, if you are trying to produce as much wind as possible at all times, horizontal axis is likely 
the choice for you. The main shortcoming of horizontal axis however is its tremendous weight:  it is 
generally heavier and its output power goes sharply down turbulent winds. 

1.5 . 3.Wind Turbine Components  

The entire system of a grid connected wind turbine includes several components, which 
contribute with their specific function in the energy conversion process from wind energy into 
electrical energy. Figure 1.3 illustrates the main components of a modern wind turbine, which are - 
to a greater or lesser extent - common for all wind turbine concepts. 

The figure illustrates from left to right the aerodynamic and mechanical part of the wind 
turbine (aerodynamic rotor and gearbox), the electrical system (generator, power electronic 
interface and transformer) and finally its connection to the grid. An interaction with the control 
system is indicated as well. The turbine’s different components can be listed under four main 
groups [6]: 

1. Mechanical and aerodynamic components: 
• Rotor effective wind 
• Turbine rotor 
• Blade pitching mechanism 
• Drive train (flexible shaft, bearings) 
• Emergency breaks 
• Gear 

Figure 1.3. Wind turbine components 
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• Tower 
2. Electrical components 

• Generator types 
• Squirrel cage induction generator 
• Wound rotor induction generator  
• Doubly-fed induction generator  
• Permanent magnet synchronous generator  Electrical excited 
synchronous generator 
• Power electronic interface 
• Soft starter 
• Capacitor bank  
• Static compensator Frequency converter   
• Protection system 
• Transformer 
• Cable 

3. Control system 
• Converter controller 
• Blade angle controller 
• Overall controller  

The fourth main group -called “grid components”- contains components, which do not 
directly belong to the wind turbine itself; however, when the impact of wind turbines with the 
power system is investigated the grid components play a major role. 

4. Grid components – interacting with grid connected wind turbines 
• Conventional power plants (synchronous generators) 
• Frequency and voltage controller 
• Consumer load 
• Transformer 
• Cable 

1.6 . Wind Turbine Systems 

Wind turbines can operate with either fixed speed (actually within a speed range about 1 %) 
or variable speed. For fixed-speed wind turbines, the generator (induction generator) is directly 
connected to the grid. Since the speed is almost fixed to the grid frequency, and most certainly not 
controllable, it is not possible to store the turbulence of the wind in form of rotational energy. 
Therefore, for a fixed-speed system the turbulence of the wind will result in power variations, and 
thus affect the power quality of the grid [7]. For a variable-speed wind turbine the generator is 
controlled by power electronic equipment, which makes it possible to control the rotor speed. In this 
way the power fluctuations caused by wind variations can be more or less absorbed by changing the 
rotor speed [8] and thus power variations originating from the wind conversion and the drive train 
can be reduced. Hence, the power quality impact caused by the wind turbine can be improved 
compared to a fixed-speed turbine [9]. 
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The rotational speed of a wind turbine is fairly low and must therefore be adjusted to the 
electrical frequency. This can be done in two ways: with a gearbox or with the number of pole pairs 
of the generator. The number of pole pairs sets the mechanical speed of the generator with respect 
to the electrical frequency and the gearbox adjusts the rotor speed of the turbine to the mechanical 
speed of the generator. In this section the following wind turbine systems will be presented: 

1. Fixed-speed wind turbine with an induction generator. 
2. Variable-speed wind turbine equipped with a cage-bar induction generator 

or synchronous generator. 
3. Variable-speed wind turbine equipped with multiple-pole synchronous 

generator or multiple-pole permanent-magnet synchronous generator. 
4. Variable-speed wind turbine equipped with a doubly-fedinduction 

generator. 

There are also other existing wind turbine concepts; a description of some of these systems 
can be found in [10]. 

1.6.1. Fixed-Speed Wind Turbine 

For the fixed-speed wind turbine, the induction generator is directly connected to the electrical 
grid according to Figure 1.4. The rotor speed of the fixed-speed wind turbine is generally 
determined by a gearbox and the pole-pair number of the generator. 

The fixed-speed wind turbine system has often two fixed speeds. This is accomplished using 
two generators with different ratings and pole pairs; or it can be a generator with two windings 
having different ratings and pole pairs. This leads to increased aerodynamic capture as well as 
reduced magnetizing losses at low wind speeds. This system (one or two-speed) was the 
“conventional” concept used by many Danish manufacturers in the 1980s and 1990s [10]. 

1.6.2. Variable-Speed Wind Turbine with a synchronous/induction generator. 

The system presented in Figure 1.5 consists of a wind turbine equipped with a converter 
connected to the stator of the generator. The generator could either be a cage-bar induction 
generator or a synchronous generator. The gearbox is designed so that the maximum rotor speed 
corresponds to rated speed of the generator. Synchronous generators or permanent-magnet 
synchronous generators can be designed with multiple poles which implies that there is no need for 

Figure 1.4. Fixed-speed wind turbine with an induction generator. 
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a gearbox (see Figure 1.6). Since this “full-power” converter/generator system is commonly used 
for other applications, one advantage with this system is its well-developed and robust control [11]. 
A synchronous generator with multiple poles as a wind turbine generator is successfully 
manufactured by Enercon [12]. 

 

1.6.3. Variable-Speed Wind Turbine with Doubly-Fed Induction Generator 

This system (Figure 1.7) consists of a wind turbine with doubly-fed induction generator. This 
means that the stator is directly connected to the grid while the rotor winding is connected via slip 
rings to a converter. This system has recently become very popular as generators for variable-speed 
wind turbines [10]. This is mainly due to the fact that the power electronic converter only has to 
handle a fraction (20–30%) of the total power [10]. Therefore, the losses in the power electronic 
converter can be reduced, compared to a system where the converter has to handle the total power. 
In addition, the cost of the converter becomes lower. 

Figure 1.6. Variable-speed direct-driven (gearless) wind turbine with a synchronous generator (SG). 

Figure 1.5. Variable-speed wind turbine with a synchronous/induction generator. 
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There exists a variant of the DFIG method that uses controllable external rotor resistances 
(compare to slip power recovery). Some of the drawbacks of this method are that energy is 
unnecessarily dissipated in the external rotor resistances and that it is not possible to control the 
reactive power. 

Manufacturers, that produce wind turbines with the doubly-fed induction machine as 
generator are, for example, DeWind, GE Wind Energy, Nordex, and Vestas [13]. 

1.7 .  Power Control 

The power in the wind is equal to: 

P = 1
2
ρAv3       (1.1) 

Where ρ is the air density (kg/m3), A the area (m2) and v the wind speed (m/s), and 

P: the power of the wind (watts or J/s). 

From equation (1.1), the power available from the wind is a function of the cube of the wind 
speed. That means that doubling the wind speed gives eight times the power output from the 
turbine. Therefore, turbines have to be designed to support higher wind loads than those from which 
they can generate electricity, to prevent them from damage. 

Wind turbines reach the highest efficiency at a wind speed between 10 and 15 m/s. Above this 
wind speed, the power output of the rotor must be controlled to reduce driving forces on the rotor 
blades as well as the load on the whole wind turbine structure [14]. High winds occur only for short 
periods and hence have little influence in terms of energy production;  but, if not controlled, they 
would dominate the design and cost of the drive train and the generator [15]. Accordingly, all wind 
turbines are designed with a type of power control. There are different ways to control aerodynamic 
forces on the turbine rotor and therefore limit the power in high winds in order to avoid damage to 
the wind turbine [16]. 

Three options for the power output control are currently used: 

 

 

Figure 1.7. Variable-speed wind turbine with a doubly-fed induction generator (DFIG). 
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1.7.1. Stall Control 

Stall control is the simplest, cheapest and most robust control method [16]. It has long been 
the preferred control method for small and medium sized Danish commercial turbines [15] and it is 
also known as passive control, since there are no moving parts to adjust: it is the inherent 
aerodynamic properties of the blade which determine power output. The twist and thickness of the 
rotor blade vary along its length in a way that turbulence occurs behind the blade whenever the 
wind speed becomes too high. This turbulence means that less of the energy in the air is transferred, 
minimizing power output in higher speeds. In other words, the design of the blades aerodynamic 
causes the rotor to stall (lose power) when the wind speed exceeds a certain level. Thus, the 
aerodynamic power of the blades is limited. 

The main setback of this control method is its low efficiency at low wind speeds, and no 
assisted start-up [16]. Besides, this type of control requires the use of a constant speed turbine 
which has lower energy efficiency than the variable speed turbine. 

1.7.2. Pitch Control 

The blades of pitch controlled wind turbines can be turned out or into the wind as the power 
output becomes too high or too low, respectively. The rotor blades’ angle can be actively adjusted 
by the control system in order to shed the unwanted power. Pitch control is relatively fast and can 
be used to limit the rotor speed by regulating input aerodynamic power flow [17]. 

The main advantages of this type of control are good power control (power kept close to the 
rated power in high winds), assisted start-up and emergency stop. Besides, stall controlled turbines 
have to be shut down beyond a certain speed, whereas pitch controlled turbines can adjust the 
blades’ angle to reduce the aerodynamic forces. 

A disadvantage that may be put forward is the complexity arising from the pitching 
mechanism of the blades [16]. 

In Figure 1.8, the change of the Cp(λ,β) curve as the pitch angle is adjusted is shown. In low 
and medium wind speeds, the pitch angle is controlled to allow the wind turbine to operate at its 
optimum condition. In high wind speeds, the pitch angle is increased in order to shed some of the 
aerodynamic power and maintain the rotor speed within a controllable limit. As pitch angle 
increases, the wind turbine operates at lower efficiency [17]. 
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Nowadays, large wind turbines are increasingly being operated with pitch control systems 
[15]. 

1.7.3. Active Stall Control 

As the name indicates, active stall control is a combination of the two techniques explained 
above. At low and medium wind speeds, the blades are pitched similar to a pitch-controlled turbine. 
When the wind turbine reaches rated capacity, the turbine will pitch in the opposite direction in 
order to make the blades go into a deeper stall [14]. 

1.8 . Conclusion 

This introductory chapter presented a general overview about the marketable wind turbine 
concepts and emphasizes their various features. Four types of wind turbine concepts prevail in the 
market nowadays. The most conventional wind turbine concept is the fixed speed stall controlled 
wind turbine with induction generator, the so-called Danish concept. The variable speed pitch 
controlled wind turbine concept with doubly-fed induction generator and partial-scale frequency 
converter has increased its market penetration enormously, being the most popular generator 
concept in wind turbines today. The main trend in wind turbine technology is recently the variable 
speed option using pitch control and power electronic interface. This development is due to 
increased grid requirements for wind turbines in systems with high amount of wind power. In the 
subsequent chapters, an overview of the modeling tools of wind turbine systems is presented, with 
the focus being stressed on the so-called the Bond Graph Approach.  

Figure 1.8. Cp vs. Tip-Speed Ratio and Pitch angle for a typical wind 
turbine with pitch control. 
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Chapter 2. Mechatronic Systems Modeling Tools Overview 

2.1 . Introduction  

Modeling goals: The physical modeling of mechatronic systems is predominantly 
characterized by the multidisciplinary (multi-domain) character of the different component systems. 
Naturally, the goal is a complete abstract model, representing overall system behavior a domain-
independent model. In this and following sections, this will be accomplished by transferring and 
simplifying fundamental physical model equations (differential equations, algebraic equations) into 
linear time-invariant (LTI) models in a frequency-domain representation (transfer functions). Using 
such models, a series of significant analyses of system behavior can be efficiently worked through 
using established (commercial) computational tools. However, to deal with more complex high-
fidelity models, further modeling must be undertaken.  

Modeling approaches: Starting from the view of a system using lumped system elements and 
generally valid statements of energy conservation, there are fundamentally two modeling 
approaches which emerge (Figure 2.1):  

• energy-based modeling employing scalar energy functions (LAGRANGE 
formalism, HAMILTON’s equations)  

• multi-port modeling employing component-based system models with power-
conserving network rules (KIRCHHOFF networks, bond graphs).  

In both modeling approaches, the aspects of back-effect arising from mutual power exchanges 
between interacting system components is taken into account in different ways. In the case of 

Figure 2.1. Paradigms and commercial computational tools for multi-domain modeling of 
mechatronic systems using lumped system elements 
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unidirectional KIRCHHOFF networks, modeling can be simplified using signal-coupled networks 
(e.g. control system signal-oriented diagrams). The port-HAMILTONIAN formulation an 
interesting, relatively new approach combines properties of energy-based and multi-port modeling 
and enables a specific type of mathematical model which is particularly useful for nonlinear 
controller design. 

Among those modeling tools, the Bond Graph (BG) [1-5] Approach is, by far, the most 
suitable for multi-domain mechatronic systems such as Wind Turbines. Therefore, the following 
section deals entirely with a relatively detailed introduction to this BG Tool.  

2.2 . Introduction to the Bond Graph Approach  

Bond graphs are a domain-independent graphical description of dynamic behavior of physical 
systems. This means that systems from different domains (cf. electrical, mechanical, hydraulic, 
acoustical, thermodymanic, material) are described in the same way. The basis is that bond graphs 
are based on energy and energy exchange. Analogies between domains are more than just equations 
being analogous: the used physical concepts are analogous. Bond-graph modeling is a powerful tool 
for modeling engineering systems, especially when different physical domains are involved. 
Furthermore, bond-graph submodels can be re-used elegantly, because bond-graph models are non-
causal. The submodels can be seen as objects; bond-graph modeling is a form of object-oriented 
physical systems modeling. Bond graphs are labeled and directed graphs, in which the vertices 
represent submodels and the edges represent an ideal energy connection between power ports. The 
vertices are idealized descriptions of physical phenomena: it are concepts, denoting the relevant (i.e. 
dominant and interesting) aspects of the dynamic behavior of the system. It can be bond graphs 
itself, thus allowing hierarchical models, or it can be a set of equations in the variables of the ports 
(two at each port). The edges are called bonds. They denote point-to-point connections between 
submodel ports. When preparing for simulation, the bonds are embodied as two-signal connections 
with opposite directions. Furthermore, a bond has a power direction and a computational causality 
direction. Proper assigning the power direction resolves the sign-placing problem when connecting 
submodels structures. The internals of the submodels give preferences to the computational 
direction of the bonds to be connected. The eventually assigned computational causality dictates 
which port variable will be computed as a result (output) and consequently, the other port variable 
will be the cause (input). Therefore, it is necessary to rewrite equations if another computational 
form is specified then is needed. Since bond graphs can be mixed with block-diagram parts, bond-
graph submodels can have power ports, signal inputs and signal outputs as their interfacing 
elements. Furthermore, aspects like the physical domain of a bond (energy flow) can be used to 
support the modelling process. The concept of bond graphs was originated by Paynter (1961). The 
idea was further developed by Karnopp and Rosenberg in their textbooks (1968, 1975, 1983, 1990), 
such that it could be used in practice (Thoma, 1975; Van Dixhoorn, 1982). By means of the 
formulation by Breedveld (1984, 1985) of a framework based on thermodynamics, bond-graph 
model description evolved to a systems theory. In the next section, we will introduce the bond graph 
method by some examples, where we start from a given network composed of ideal physical 
models. Transformation to a bond graph leads to a domain independent model. In section 3, we will 
introduce the foundations of bond graphs, and present the basic bond graph elements in section 4. 
We will discuss a systematic method for deriving bond graphs from engineering systems in section 
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5. How to enhance bond–graph models to generate the model equations and for analysis is 
presented in section 6, and is called Causal Analysis. The equations generation and block diagram 
expansion of causal bond graphs is treated in sections 7 and 8. Section 9 discusses simulation 
issues. In section 10 we review this chapter, and also include some hints for further reading. 

2.3 . Foundations of bond graphs  

Analogies between different systems were shown in the previous section: Different systems 
can be represented by the same set of differential equations. These analogies have a physical 
foundation: the underlying physical concepts are analogous, and consequently, the resulting 
differential equations are analogous. The physical concepts are based on energy and energy 
exchange. Behavior with respect to energy is domain independent. It is the same in all engineering 
disciplines, as can be concluded when comparing the RLC circuit with the damped mass spring 
system. This leads to identical bond graphs.  

2.3.1. Starting points 

Before discussing the specific properties of bond graphs and the elementary physical 
concepts, we first recall the assumptions general for network like descriptions of physical systems, 
like electrical networks, mechanical or hydraulic diagrams: · The conservation law of energy is 
applicable. · It is possible to use a lumped approach This implies that it is possible to separate 
system properties from each other and to denote them distinctly, while the connections between 
these submodels are ideal. Separate system properties mean physical concepts and the ideal 
connections represent the energy flow, i.e. the bonds between the submodels. This idealness 
property of the connections means that in these connections no energy can be generated or 
dissipated. This is called power continuity. This structure of connections is a conceptual structure, 
which does not necessary have a size. This concept is called reticulation (Paynter, 1961) or tearing 
(Kron, 1963). The system’s submodels are concepts, idealised descriptions of physical phenomena, 
which are recognised as the dominating behaviour in components (i.e. real–life, tangible system 
parts). This implies that a model of a concrete part is not necessary only one concept, but can 
consist of a set of interconnected concepts.  

2.3.2. Bonds and Ports  

The contact point of a submodel where an ideal connection will be connected to is called a 
power port or port for short. The connection between two submodels is called a power bond or 
bond; it is drawn as a single line (Figure 2.2). This bond denotes an ideal energy flow between the 
two connected submodels. The energy entering the bond on one side immediately leaves the bond at 
the other side (power continuity). 

Figure 2.2. The energy flow between 2 submodels represented by a bond 
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The energy flow along a bond has the physical dimension of power, being the product of two 
variables. In each physical domain, there is such a combination of variables, for which a physical 
interpretation is useful. In electrical networks, the two variables are voltage and current. In 
mechanical systems, the variable pairs are force and velocity for translation and torque and angular 
velocity for rotation. In hydraulics, it is pressure and volume flow. For thermodynamic systems, 
temperature and entropy flow are used. These pairs of variables are called power variables. In order 
to understand the connection as established by a bond, this bond can be interpreted in two different 
ways, namely:  

1. As an interaction of energy. The connected subsystems form a load to each other by their 
energy exchange. A power bond embodies a connection where a physical quantity is exchanged.  

2. As a bilateral signal flow. The connection is interpreted as two signals, an effort and flow, 
flowing in opposite direction, thus determining the computational direction of the bond variables. 
With respect to one of the connected submodels, the effort is the input and the flow the output, 
while for the other submodel input and output are of course established by the flow and effort 
respectively.  

These two ways of conceiving a bond is essential in bond graph modelling. Modelling is 
started by indicating the physical structure of the system. The bonds are first interpreted as 
interactions of energy, then the bonds are endowed with the computational direction, interpreting 
the bonds as bilateral signal flows. During modelling, it need not be decided yet what the 
computational direction of the bond variables is. Not that, determining the computational direction 
during modelling restricts submodel reuse. It is however necessary to derive the mathematical 
model (set of differential equations) from the graph. The process of determining the computational 
direction of the bond variables is called causal analysis. The result is indicated in the graph by the 
so-called causal stroke, indicating the direction of the effort, and is called the causality of the bond 
(Figure 2.3).  

 The nature of the constitutive equations lay demands on the causality of the connected bonds. 
Bond graph elements are drawn as letter combinations (mnemonic codes) indicating the type of 
element. The bond graph elements are the following:  

Figure 2.3 Determine the signal direction of the effort and flow (We do not use the power direction at the 
bonds, so it is not shown here). 



17  

 

• C storage element for a q-type variable, e.g. capacitor (stores charge), spring (stores 
displacement).  

• I storage element for a p-type variable, e.g. inductor (stores flux linkage), mass (stores 
momentum).  

• R resistor dissipating free energy, e.g. electric resistor, mechanical friction.  
• Se and Sf sources, e.g. electric mains (voltage source), gravity (force source), pump (flow 

source).  
• TF transformer, e.g. an electric transformer, toothed wheels, lever.  
• GY gyrator, e.g. electromotor, centrifugal pump.  
• 0– and 1–junctions, for ideal connecting two or more submodels.  

2.3.3. Storage elements 

Storage elements store all kinds of free energy. As indicated above, there are two types of 
storage elements: C–elements and I–elements. The q–type and p–type variables are conserved 
quantities and are the result of an accumulation (or integration) process. They are the state variables 
of the system. In C–elements, like a capacitor or spring, the conserved quantity, q, is stored by 
accumulating the net flow, f, to the storage element. This results in the differential equation which 
is called a balance equation, and forms a part of the constitutive equations of the storage element. In 
the other part of the constitutive equations, the state variable, q, is related to the effort e = e(q) This 
relation depends on the specific shape of the particular storage element. In Figure 2.4, examples of 
C–elements are given together with the equivalent block diagram. The equations for a linear 
capacitor and linear spring are: 

q̇ = i,              u = 1
C

q       (2.1) 

ẋ = v,              F = kx = 1
C

x      (2.2) 

For a capacitor, C is the capacitance and for a spring, K [N/m] is the stiffness and C [m/N] the 
compliance. For all other domains, a C–element can be defined. 
 The effort variable is equal when two C–storage elements connected in parallel with a resistor in 
between are in equilibrium. Therefore, the domain–independent property of an effort is 
determination of equilibrium. 

Figure 2.4. Examples of C elements 
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In I–elements, like a inductor or mass, the conserved quantity, p, is stored by accumulating 
the net effort, e, to the storage element. The resulting differential equation is: 

ṗ = e        (2.3) 

In Figure 2.5, examples of I–elements are given together with the equivalent block diagram. 
The equations for a linear inductor and linear mass are: 

λ̇ = i,              i = 1
L
λ          (2.4) 

ṗ = F,              v = 1
m

p            (2.5) 

For an inductor, L [H] is the inductance and for a mass, m [kg] is the mass. For all other 
domains, a I– element can be defined. The flow variable is equal when two I–storage elements 
connected in parallel with a resistor in between, are in equilibrium. Therefore, at I–elements, the 
domain–independent property of the flow is determination of equilibrium. For example, when two 
bodies, moving freely in space each having a different momentum, are being coupled (collide and 
stick together), the momentum will divide among the masses such that the velocity of both masses 
is the same (this is the conservation law of momentum). 

Note that when at the two types of storage elements, the role of effort and flow are 
exchanged: the C– element and the I–element are each other’s dual form. The block diagrams in 
Figure 2.4 and 2.5, show the computational direction of the signals involved. They are indeed the 
expansion of the corresponding causal bond graph. The equations are given in computational form, 
consistent with the causal bond graph and the block diagram.  

2.3.4. Resistors  

Resistors, R–elements, dissipate free energy. Examples are dampers, frictions and electric 
resistors (Figure 2.6). In real-life mechanical components, friction is always present. Energy from 
an arbitrary domain flows irreversibly to the thermal domain (and heat is produced). This means 

Figure 2.5. Examples of I elements 
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that the energy flow towards the resistor is always positive. The constitutive equation is an algebraic 
relation between the effort and flow, and lies principally in the first or third quadrant. 

e = r(f)       (2.6) 

An electrical resistor is mostly linear (at constant temperature), namely Ohm’s law. The 
electrical resistance value is in [W]. u = Ri Mechanical friction mostly is non-–linear. The 
resistance function is a combination of dry friction and viscous friction. Dry friction is a constant 
friction force and viscous friction is the linear term. Sometimes, also stiktion is involved, a tearing–
loose force only applicable when starting a movement. All these forms of friction can be modelled 
with the R–element. The viscous friction has as formula (R in [Ns/m]: 

If the resistance value can be controlled by an external signal, the resistor is a modulated 
resistor, with mnemonic MR. An example is a hydraulic tap: the position of the tap is controlled 
from the outside, and it determines the value of the resistance parameter. If the thermal domain is 
modelled explicitly, the production of thermal energy should explicitly be indicated. Since the 
dissipator irreversibly produces thermal energy, the thermal port is drawn as a kind of source of 
thermal energy. The R becomes an RS. 

2.3.5. Sources 

 Sources represent the interaction of a system with its environment. Examples are external 
forces, voltage and current sources, ideal motors, etc. (Figure 2.7). Depending on the type of the 
imposed variable, these elements are drawn as Se or Sf, source elements are used to give a variable 
a fixed value, for example, in case of a point in a mechanical system with a fixed position, a Sf with 
value 0 is used (fixed position means velocity zero). When a system part needs to be excited, often a 
known signal form is needed, which can be modeled by a modulated source driven by some signal 
form. An example is shown in Figure 2.8. 

 

 

Figure 2.6. Examples of resistors 
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2.3.6. Transformers and Gyrators 

 An ideal transformer is represented by TF and is power continuous (i.e. no power is stored or 
dissipated). The transformation can within the same domain (toothed wheel, lever) or between 
different domains (electromotor, winch), see Figure 2.9. The equations are: 

e1 = ne2       (2.7) 

f2 = nf1       (2.8) 

Efforts are transduced to efforts and flows to flows. The parameter n is the transformer ratio. 
Due to the power continuity, only one dimensionless parameter, n, is needed to describe both the 
effort transduction and the flow transduction. The parameter n is unambiguously defined as follows: 
e1 and f1 belong to the bond pointing towards the TF. This way of defining the transformation ratio 
is standard in leading publications (Karnopp and Rosenberg, 1990; Thoma, 1989; Breedveld, 1985; 
Cellier, 1991). If n is not constant, the transformer is a modulated transformer, a MTF. The 
transformer ratio now becomes an input signal to the MTF. 

Efforts are transduced to efforts and flows to flows. The parameter n is the transformer ratio. 
Due to the power continuity, only one dimensionless parameter, n, is needed to describe both the 
effort transduction and the flow transduction. The parameter n is unambiguously defined as follows: 
e1 and f1 belong to the bond pointing towards the TF. This way of defining the transformation ratio 
is standard in leading publications (Karnopp and Rosenberg, 1990; Thoma, 1989; Breedveld, 1985; 
Cellier, 1991). If n is not constant, the transformer is a modulated transformer, a MTF. The 
transformer ratio now becomes an input signal to the MTF. 

Figure 2.7. Examples of sources 

Figure 2.8. Example of a modulated voltage source 
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An ideal gyrator is represented by GY, and is also power continuous (i.e. no power is stored 
or is dissipated. Examples are an electromotor, a pump and a turbine. Real–life realisations of 
gyrators are mostly transducers representing a domain–transformation (Figure 2.10). The equations 
are: 

e1 = nf2       (2.9) 

e2 = nf1                (2.10) 

The parameter r is the gyrator ratio, and due to the power continuity, only one parameter to 
describe both equations. No further definition is needed since the equations are symmetric (it does 
not matter which bond points inwards, only that one bond points towards and the other points form 
the gyrator). r has a physical dimension, since r is a relation between effort and flow (it has the 
same dimension as the paramer of the R element). If r is not constant, the gyrator is a modulated 
gyrator, a MGY. 

Figure 2.10. Examples of gyrator 

Figure 2.9. Examples of transformers 
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2.3.7. Junctions 

 Junctions couple two or more elements in a power continuous way: there is no energy storage 
or dissipation in a junction. Examples are a series connection or a parallel connection in an 
electrical network, a fixed coupling between parts of a mechanical system. Junctions are port–
symmetric: the ports can be exchanged in the constitutive equations. Following these properties, it 
can be proven that there exist only two pairs of junctions: the 1–junction and the 0–junction. The 0–
junction represents a node at which all efforts of the connecting bonds are equal (Figure 2.11). An 
example is a parallel connection in an electrical circuit. Due to the power continuity, the sum of the 
flows of the connecting bonds is zero, considering the sign. The power direction (i.e. direction of 
the half arrow) determines the sign of the flows: all inward pointing bonds get a plus and all 
outward pointing bonds get a minus. This summation is the Kirchhoff current law in electrical 
networks: all currents connecting to one node sum to zero, considering their signs: all inward 
currents are positive and all outward currents are negative. We can depict the 0–junction as the 
representation of an effort variable, and often the 0–junction will be interpreted as such. The 0–
junction is more than the (generalized) Kirchhoff current law, namely also the equality of the efforts 
(like electrical voltages being equal at a parallel connection). 

The 1–junction (Figure 2.12) is the dual form of the 0–junction (roles of effort and flow are 
exchanged). The 1-junction represents a node at which all flows of the connecting bonds are equal. 
An example is a series connection in an electrical circuit. The efforts sum to zero, as a consequence 

of the power continuity. Again, the power direction (i.e. direction of the half arrow) determines the 
sign of the efforts: all inward pointing bonds get a plus and all outward pointing bonds get a minus. 
This summation is the Kirchhoff voltage law in electrical networks: the sum of all voltage 
differences along one closed loop (a mesh) is zero. In the mechanical domain, the 1–junction 
represents a force balance (also called the principle of d’Alembert), and is a generalisation of 

Figure 2.11. Example of a 0-junction 

Figure 2.12. Example of a 1-junction 
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Newton’s third law, action = – reaction). Just as with the 0–junction, the 1–junction is more than 
these summations, namely the equality of the flows. Therefore, we can depict the 1–junction as the  

2.4 . Systematic procedure to derive a bond–graph model 

 To generate a bond–graph model starting from an ideal–physical model, a systematic method 
exist, which we will present here as a procedure. This procedure consists roughly of the 
identification of the domains and basic elements, the generation of the connection structure (called 
the junction structure), the placement of the elements, and possibly simplifying the graph. The 
procedure is different for the mechanical domain compared to the other domains. These differences 
are indicated between parenthesis. The reason is that elements need to be connected to difference 
variables or across variables. The efforts in the non–mechanical domains and the velocities (flows) 
in the mechanical domains are the across variables we need. Step 1 and 2 concern the identification 
of the domains and elements.  

• Steps 1 Determine which physical domains exist in the system and identify all basic elements 
like C, I, R, Se, Sf, TF and GY. Give every element a unique name to distinguish them from 
each other.  

• Steps 2 Indicate in the ideal–physical model per domain a reference effort (reference velocity 
with positive direction for the mechanical domains). Note that only the references in the 
mechanical domains have a direction. 

• Steps 3 through 6 describe the generation of the connection structure (called the junction 
structure). 3 Identify all other efforts (mechanical domains: velocities) and give them unique 
names.  

• Steps 4 Draw these efforts (mechanical: velocities), and not the references, graphically by 0–
junctions (mechanical: 1–junctions). Keep if possible, the same layout as the IPM.  

• Steps 5 Identify all effort differences (mechanical: velocity (= flow) differences) needed to 
connect the ports of all elements enumerated in step 1 to the junction structure. 

• Steps 6  Give these differences a unique name, preferably showing the difference nature. The 
difference between e1 and e2 can be indicated by e12. Construct the effort differences using a 
1–junction (mechanical: flow differences with a 0– junction) according to Figure 2.13, and 
draw them as such in the graph. 

The junction structure is now ready and the elements can be connected.  

• Steps 7 Connect the port of all elements found at step 1 with the 0–junctions of the 
corresponding efforts or effort differences (mechanical: 1–junctions of the corresponding 
flows or flow differences).  

Figure 2.13. Construction of effort differences (velocity differences) 
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• Steps 8 Simplify the resulting graph by applying the following simplification rules (Figure 
2.14):  

o A junction between two bonds can be left out, if the bonds have a ‘through’ power direction 
(one bond incoming, the other outgoing). 

o A bond between two the same junctions can be left out, and the junctions can join into one 
junction. 

o Two separately constructed identical effort or flow differences can join into one effort or 
flow difference.  

 

2.5 . Conclusion 

 In this chapter, we have introduced bond graphs to model physical systems in a domain 
independent way. Only macroscopic systems are treated, thus quantum effects do not play a 
significant role. Domain indepence has its basics in the fact that physical concepts are analogous for 
the different physical domains. 6 different elementary concepts exist: storage of energy, dissipation, 
transduction to other domains, distribution, transport, input or output of energy. Another starting 

Figure 2.14. Simplification rules for the junction structure. (a, b) Elimination of a junction between 
bonds. (c, d) Contraction of two the same junctions. (e, f) Two separately constructed identical 

differences fuse to one difference. 
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point is that it is possible to write models as directed graphs: parts are interconnected by bonds, 
along which exchange of energy occurs. A bond represents the energy flow between the two 
connected submodels. This energy flow can be described as the product of 2 variables (effort and 
flow), letting a bond be conceived as a bilateral signal connection. During modelling, the first 
interpretation is used, while during analysis and equations generation the second interpretation is 
used. Furthermore, we presented a method to systematically build a bond graph starting from an 
ideal physical model. Causal analysis gives, besides the computational direction of the signals at the 
bonds, also information about the correctness of the model. We presented methods to derive the 
causality of a bond graph. In addition, procedures to generate equations and block diagrams out of a 
causal bond graph are presented. This chapter is only an introduction to bond graphs. Sometimes, 
procedures are just presented, without a deep motivation and possible alternatives. It was also not 
the incentive to elaborate on physical systems modelling. We did not discuss multiple connections 
(arrays of bonds written as one multibond) and multiport elements (to describe transducers), neither 
different causal analysis algorithms. Those different causality algorithms give slightly different sets 
of DAEs especially when applied to certain classes of models (for instance multibody systems with 
kinematic loops).  
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Chapter 3. Mechatronic Modeling and Control of a Nonlinear 

Variable-Speed Variable-Pitch Wind Turbine Using the Bond 

Graph Approach 

3.1 . Introduction 

Wind turbines can be classified into four categories [1], namely: Fixed-Speed Fixed-
Pitch (FSFP), Fixed-Speed Variable-Pitch (FSVP), Variable-Speed Fixed-Pitch (VSFP) and 
Variable-Speed Variable-Pitch (VSVP). Compared to Variable-Speed (VS), Fixed-Speed 
(FS) are easy to construct and operate, but VS have the advantages of improved energy 
capture, reduction in transient load and better power conditioning [2]. Advanced control plays 
an important role in the performance of large wind turbines. This allows better use of 
resources of the turbine, increasing the lifetime of mechanical and electrical components, and 
earning higher returns. The controllers presented in this chapter are designed for VSVP wind 
turbines operating at high wind speeds. The primary objectives of the controllers can be 
arranged in the following topics: Maximization of energy capture taking into account the safe 
operation restrictions such as rated power, rated speed and cut-out wind speed on the one 
hand, and preventing the WECS from excessive dynamic mechanical loads on the other hand. 
This general goal encompasses transient loads alleviation, high frequency loads mitigation 
and resonance avoidance, finally keeping the rotor power at design limits when the wind 
speed is above its rated value. Two control inputs are available: the generator torque and the 
blade pitch angle. Wind turbine controllers’ objectives depend on the operation area [3, 4]. 
VSVP wind turbine operation can be divided into four operating regions (Figure. 1): 

• Region I: Below cut-in wind speed. 

• Region II: Between cut-in wind speed and rated wind speed. 

• Region III: Between rated wind speed and cut-out wind speed. 

• Region IV: Upper than cut-out wind speed. 

In region I, wind turbines do not run because power available in the wind is low 
compared to losses in the turbine system. Region II is an operational mode where it is 
desirable that the turbine captures as much power as possible from the wind. This is due to 
the fact that wind energy extraction rates are low and the structural loads are relatively small. 

Figure 3.1. Operating regions of the wind turbine 
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The generator torque provides the control input to vary the rotor speed, while the blade pitch 
is held constant. Region III is encountered when the wind speeds are high enough: then the 
turbine must limit the fraction of the captured wind power such that safe electrical and 
mechanical loads are not exceeded. If wind speeds exceed the region III (region IV), the 
system will undergo a forced stop of the machine, protecting it from excessively high 
aerodynamic loads. In practice, the passage from region II to region III is somewhat unusual. 
In fact, the electromagnetic torque in region II controls the rotor speed, and in region III it is 
the power that should be controlled by the blade pitch control. 

Many works have proposed controllers to work around an operating point using control 
of the generator torque to keep the turbine at a condition of maximum power point tracking, 
e.g., [5]. Some previously published works suggested pitch control methods to limit the rotor 
speed at high wind speeds, e.g., [6]. In [7] a combination of proportional integral (PI) and 
SMC is used to adjust the turbine rotor speed for extracting maximum power without 
estimating the wind speed. In [8] a PI-based torque control is used to control the Wind 
Turbine, where optimal gains are achieved by particle swarm optimization and fuzzy logic 
theory, [9] discussed the multivariable control strategy by combining the nonlinear state 
feedback control for region II with linear control for region III. Finally, the results are 
compared with the existing control strategies such as PID and LQG. Wind Turbine control 
using adaptive radial basic Neuron Network used for both pitch and torque controllers is 
addressed in [10]. Active disturbance rejection based pitch control for variable speed Wind 
Turbine is presented in [11]. Relatively few works suggest control strategies based on varying 
operating conditions for wind turbines and their dynamics and using a unified approach in 
modeling and control of the wind turbine. The principal aim of this chapter is to show same 
benefits of the Bond Graph in modeling and control of the wind turbine. In this framework, a 
wind turbine mechatronic model is developed. The main components of the system are 
modeled using the Bond-Graph Approach (BGA). The control law is derived by combining a 
torque control strategy with a pitch control using the inverse model of the Bond Graph. A 
compression with a PID controller is carried out to validate the proposed control model. The 
implementation of the complete model and its control system has been conducted by means 
of the 20-Sim simulation program. 

This chapter is organized as follows. Section 2 discusses the modeling of the Wind 
Turbine using the BGA. Problem formulation and control objectives are discussed in Section 
3. The proposed controllers or all the regions are discussed in Section 4. Section 5 discusses 
the validation of the results using the 20-Sim simulator. Finally in Section 6 a conclusion is 
drawn from the obtained results, which show that the proposed bond graph model control is 
working fine for controlling the WT at below- and above- rated wind speeds. 

3.2 . System modeling of the wind turbine by using the Bond graph 

Approach (BGA) 

The wind turbine studied in this work is a 5-MW horizontal axis variable speed variable 
pitch wind turbine. The specifications of this turbine are described in [12] and some of its 
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parameters are shown in Appendix A. The mechatronic model of the wind energy conversion 
systems (WECS) can be stated, and the main components of a WECS will be presented using 
the bond graph approach (BGA). Our primary objective is to show some of the benefits of the 
BGA in contributing to a model of wind turbine and presenting a nonlinear model of a wind 
turbine in a unified framework, containing aerodynamic system, drive train, tower, generator 
and pitching system. 

A mechatronics model, of the entire WECS, can be structured as several interconnected 
subsystem models as shown in Figure 3.2. 

The aerodynamic subsystem describes the transformation of the wind speed field into 
forces on the blades that generate the rotational motion. The mechanical subsystem can be 
divided into two functional blocks, i.e., the drive-train and the support structure. The drive-
train transfers the aerodynamic torque on the blades to the generator shaft. It encompasses the 
rotor, the transmission and the mechanical parts of the generator. The structure is made up of 
the tower. The electrical subsystem describes the conversion of mechanical power at the 
generator shaft into electricity. Finally, the actuator subsystem models the pitch servo 
behavior. In order to analyze the system in the same reference frame, the BGA [Chapter 02, 
13, 14] is used. 

3.2.1. Aerodynamics Bond Graph Model 

The wind turbine rotor transforms the absorbed kinetic energy of the air into 
mechanical power. The power in the wind is proportional to the cube of the wind speed and 
can be described as [17]: 

32

2
1 vRPwind ρπ=           (3.1) 

where ⍴ is air density, R is rotor radius of the wind turbine blade, and v is wind speed. 
A wind turbine can only extract part of the power from the wind. The ratio of the power 
Cp(β,λ) extracted from the wind is a nonlinear function of the blade pitch angle β and the tip-
Speed Ratio λ. Therefore, the mechanical power of the wind turbine extracted from the wind 
can be expressed as [17]: 

Figure 3.2. Subsystem-level block diagram of a WECS 
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1 32 λβρπ pmech CvRP =       (3.2) 

with: 

v
R rω

λ =                        (3.3) 

where ωr is the turbine rotor’s speed. From (2.3) we can find the aerodynamic torque 
and the thrust force acting on the tower: 

),(
2
1 32 λβρπ qa CvRT =          (3.4) 

),(
2
1 22 λβρπ TT CvRF =          (3.5) 

where Cq(β,λ) is the torque coefficient given as:  
λ

λβ
λβ

),(
),( pC

Cq = and CT(β,λ) is the 

thrust force coefficient. A generic equation is used to model Cp(β,λ) and CT(β,λ). These 
equations are based on the modeling turbine characteristics of [18]. The power coefficient 
used in the calculation of the torque is given in (3.6). A plot of the Cp(β,λ) curve is shown in 
Figure 3.3; the plot is made with different pitch angle and tip-speed ratio. Similar formulas 
can be found regarding the thrust force coefficient CT(β,λ). In our calculations only a simple 
relation is used: 
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where  c1=0.5179,  c2=116,  c3=0.4,  c4=5,  c5=21 and  c6=0.0068. 

In the aerodynamics part, we need to find a way to convert the wind into torque and 

Figure 3.3. Curve of Cp 
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thrust force, i.e. to transform a flow into efforts. This is done by means of a modulated 
gyrator MGY. We use the torque and thrust force equations given in (3.4) and (3.5). In this 
case the transformation is dependent on three varying parameters: the wind speed v, the pitch 
angle β, and the rotor rotational speed ωr. Figure 3.4 shows the Bond Graph model of the 
aerodynamics part. 

 

3.2.2. Mechanical subsystem model 

The mechanical subsystem includes all mechanical components of the wind turbine 
system. It can be divided into two flexible structures: the drive train and the tower. In this 
system, the rotor of the turbine, the transmission elements (gearbox) and the rotor generator 
make up the drive train. This can be modeled as a multi-body system (MBS) with multiple 
degrees of freedom. Figure 3.5 shows a sketch of a two-mass drive train model. A more 
detailed bond graph model is presented in [19]. The Bond Graph representation of the drive 
train is shown in Figure 3.6. The model consists of two 1-junctions and two 0-junctions. The 
rightmost 1-junction connected to the rotor inertia Jr and rotor external damping Dr describes 
the rotor rotational speed ωr. Since there are dynamics in between the rotor inertia and the 
generator inertia, they do not have the same speed. This is the reason for the 0-junction in the 
main and high speed. The 1-junction connected to the R-element (Dms, Dhs) and the C-

Figure 3.4. Bond graph model of the aerodynamics part 

Figure 3.5. Sketch of a two-mass drive train 
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element (kms, Khs) describe respectively the damping and stiffness in the main and high-speed 
shafts. The gearbox is modeled by a simple TF-element where (Ng) is the gearbox ratio. The 
generator inertia (Jg) and external damping (Dg) are respectively modeled by the I-element 
and the R-element.  

For the tower model, it is assumed that the tower moves only in horizontal direction 
(Figure 3.7) and does not influence the mechanical system. It only affects its input, i.e. the 
wind speed. The Bond Graph model of the tower is sketched in Figure 3.8, where mt is the 
tower mass, Ft is the thrust force acting on the tower, Dt is the tower damping and Kt is the 
tower stiffness. 

Figure 3.6. Bond graph model of a two-mass drive train 

Figure 3.7. Sketch of wind turbine structure 
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3.2.3. Generator Model 

The induction generators are largely the most popular electric machines in WECS 
industry to convert mechanical power to electric power. In our system, a simple first-order 
generator model is used for the wind turbine and, accordingly, the generator torque Tem can 
be described as: 

)(1
refemem TTT −=

•

τ           
(3.8) 

3.2.4. Pitching Subsystem 

In WECS, one of the operational problems is the variability and discontinuity of wind. 
In most cases, wind speed can fluctuate rapidly. Hence, the quality of produced energy 
becomes an important problem. Several control techniques have been designed to improve 
the quality of power generated from wind turbines. Pitch control is the most efficient and 
popular power control method, especially for variable-speed wind turbines. It is a useful 
method for power regulation above the  rated  wind  speed  by  changing  the  pitch  angle  of  
the  rotor  blades.  The actuator   that drives the blades around their longitudinal axes was 
extensively modified to make it suitable for controls testing. The original hydraulically 
actuated pitch system was replaced by a high-speed electromechanical pitch system.  The 
electromechanical system consists of a servo drive electronics box that drives a permanent 
magnet servo motor. This motor is connected to a gearbox that in turn drives the blade 
through a pinion and a bull gear system (Figure 3.9). There are many possibilities to model 
the electric motor with different levels of complexity and accuracy. The detailed method 

depends on the motor type. In our model, we use a DC motor for controlling the pitch angle. 
Figure 3.9 shows also the equivalent circuit of motor in which the armature coil is 
represented by resistor R and inductor L in series.  

The torque generated by a DC motor can be explained as: 

Figure 3.8. Bond graph model of tower motion 

Figure 3.9. Sketch of the pitching system 



33  

 

        IKT T=                                (3.9), 

where I is the current through conductor and KT is the torque constant. The back emfVb 
is directly proportional to angular velocity ω of rotation. Thus the back emf is given as: 

              ωvb KV =                    (3.10) 

Where Kv is constant back emf. 

If we assume there are no losses in the magnetic field, then, for conservative 
transformation KT = Kv = K which satisfies Tω = VbI. Therefore, we can draw the bond graph 
model of the pitching system as shown in Figure 3.10, where the coil resistance -featuring the 
rotor losses, is represented by an R-element R and the motor inductance by an I-element L. 
The electromechanical transformation is modeled as a gyrator K. The  mechanical  part  
includes  all mechanical  components  of  the  pitching system:  the  rotor  of  the  electric  
motor is represented by I-element Jind, the bearing damping of the rotor is represented by R-
element find, and the transmission elements  (gearbox) are represented by TF-element N. The 
dynamic behaviors presented in the blades are represented by R-element Dblade and C-element 
Kblade. The rotor blade inertia is represented by I-element Jblade. 

From the Figure 10, we can observe an causality problem in the rightmost 1-jonction, 
this problem can be reserved by coming down the I-element (Jind) and R-element (find) next to 
the elements Jblade and Dblade. The simplified bond graph is shown in Figure 3.11.  

3.2.5. Complete System 

Figure 3.10. Bond graph of the pitching system 

Figure 3.11. Simplified bond graph model of pitching system 
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The individual subsystems presented in the previous sections are combined in a global 
system as shown in Fig 3.12. The inputs of the aerodynamic subsystem are connected by the 
wind sources, the hub speed and the pitch angle, the latter representing the primitive of the 
rotation speed at the pitching subsystem’s output. The output torque of the aerodynamic 
subsystem symbolizes the mechanical subsystem’s input applied on the turbine rotor. 
Mechanical subsystem’s output is the mechanical power, which represents the electrical 
subsystem’s input. Pitching subsystem’s output is the pitch angle, and its input is the control 
law. 

 

3.3 . Selection of the Operating Point 

Selection of the operating point is critical to preserving aerodynamic stability in the 
wind turbine system. The rotational speed ωref operating point and the blade-pitch βref 
operating point were selected for each wind speed using the following algorithms. 

A wind turbine normally works in different operating modes along the wind speed 
range. It can be divided into four regions shown in Figure. 1. The wind speeds; considered as 
the limits of this division, include cut-in wind speed vcut-in, rated wind speed vrated and cut-out 
wind speed vcut-out[20]. The values of the 5MW wind turbine studied in this paper are 
presented in appendix A. The control objectives in these regions are substantially different. 

Being below cut-in wind speed vcut-in (region I), the wind turbine power generation is 
very low and hence not economical. Thus,  the control unit shown in Figure. 2 issues the stop 

Figure 3.12. Complete System 
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command and the brakes will stop the wind turbine. In this region, the pitch angle is usually 
set at 90°[20]. 

In region II, which is called the partial-load region, the wind speed is higher than vcut-

inbut lower than vrated; the objective is to capture as much energy as possible. In this case, the 
power coefficient Cp should be set to maximum power coefficient Cpmax. This occurs when 
both the tip-speed ratio λ and the pitch angle β are maintained as close as possible to their 
optimum values λop and βop, since Cpmax = Cp(λop,βop). In  Figure. 3, the maximum Cp value 
over the entire surface occurs at a pitch angle of 2° and a tip-speed ratio of 9; the rotational 
speed operating point ωop for each wind speed in this region is: 

v
R
op

op

λ
ω =                (3.11) 

When the generator speed does not exceed the rated generator speed, the reference 
speed is: 

opref ωω =                   (3.12) 

Moreover, when the generator speed exceeds the rated generator speed, the reference 
speed is: 

ratedref ωω =             (3.13) 

Therefore, the rotational speed is varied in proportion to the wind speed by properly 
controlling the generator torque.  Figure. 3.13 shows the structure of this generator torque 
control method in wind turbines using the inverse bond graph method. 

In region III, which is called the full-load region, the wind speed is higher than vrated 
but lower than the vcut-out. The main control purpose in this region is to keep the generator 
power Pg around the nominal generator power Pn, by keeping the generator speed ωg around 
its rated value ωg-rated. This is achieved through tuning the pitch angle of the blades. 
Accordingly, the control unit must send the suitable pitch angle reference βref to set the pitch 
angle of the blades [20].  

In this region, the optimum tip-speed λop and the maximum power coefficient Cpmax are 
respectively: 

v
R rated

op
ωλ =                 (3.14) 

Figure 3.13. Structure of the proposed torque controller 
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Where Pn is the rated turbine power. By using Figure. 3, we can calculate the value of 
βop, since: 

opref ββ =        (3.16) 

Figure. 3.14 shows the structure of the pitch controller in wind turbines using the 
inverse bond graph method. 

The optimal values of λ, Cp, pitch angle β and the reference speed ωref for each wind 
speed (Figure. 3.15) for regions II and III can be calculated by using the algorithm presented 
here. 

In region IV, where the wind speed is very high (higher than Vcut-out), in order to 
protect the wind turbine from fatigue damages and mechanical stresses, the wind turbine must 
be shut down. Thus, like the procedure in region I, the control unit issues the stop command 
and the brakes will stop the wind turbine. In this case, the pitch angle is usually set at 90°. 

The focus of this paper is on full-load region and partial-load region (regions II and III) 
to design an optimal generator torque and pitch controllers. 

 

 

 

Figure 3.14. Structure of the proposed pitch controller 

Figure 3.15. Reference parameters 
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3.4 . Torque Control Model 

In order to control the rotational speed of the electric machine and obtain the best 
efficiency and quality power at a wide range of operation, many electric machines equipped 
with power converters have been proved in industrial applications [21]. For this study, the 
electric machine is modeled by a first order transfer function, therefore, the electromagnetic 
torque developed at any instant is: 

refmeem T
s

T −+
=

1
1

τ
     (3.17) 

Where Tem is the electromagnetic torque, Tref  is the reference torque, and τ is the time 
constant. 

The maximum power extraction techniques allow to determine the speed of the turbine 
that achieves maximum power generated. For the 1-junction placed between bonds 13, 14, 15 
and 16 of the bond graph presented in Figure. 6, we can write: 

15141613 eeee +=+       (3.18) 

where  e13 = Tmg: which is the mechanical torque from the gearbox, e16 = -Tem, , e14 = 
Jg(dωg/dt), where Jg  is the inertia of the generator and ωg is the generator angular velocity 
and e15 = Dgωg, where Dg  is the generator external damping. 

Since we can write: 

emggmg
g

g TDT
dt

d
J +−= ω

ω
     (3.19) 

It can be seen that the mechanical speed is influenced by the action of two torques: the 
mechanical torque from the gearbox and the electromagnetic torque from the electric 
machine. The torque control structure presented in this paper adjusts the electromagnetic 
torque to set the wind turbine speed at its rated speed. In order to control the electromagnetic 
torque, it is necessary to generate the reference electromagnetic torque. To this aim, a specific 
algorithm is designed, based on the bicausal bond graph [22] and the performance of the 
system is compared with a conventional PID controller to validate it. 

The inverse model corresponds to a re-organization of the equations where the input 
and output roles are exchanged: inputs become outputs and vice versa [23]. The inverse 
model is created by imposing both effort and flow information from the sensor and receiving 
both at the source. This procedure, where both information can be imposed on a bond, cannot 
be done through normal causality. This is why, the notion of bicausality[24, 25] is introduced. 
Bicausality notation splits the causality assignment for the two factors of power, namely 
effort and flow. By separating the causal strokes, it allows imposing two complementary 
information at one end of a bond. 
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In the inverse model, the source element (Se or Sf) is replaced by a source sensor 
(SeSf) element [23, 24] and the sensor element (De or Df) is replaced by a sensor source 
(DeDf) element. The difference between the source sensor and the sensor source lies in the 
causality of the element: the source sensor element receives information of both power 
variables, whereas the signal source element supplies both. The rule for bicausal 0 (1)-
junction is that only one bond can bring effort (flow) information and other bonds can bring 
the flow (effort) information. This means that at a bicausal junction, there must be one bond 
bringing in both effort and flow information while there must be another bond taking out both 
effort and flow information. Thus, at every junction, only two bonds must be bicausalled (not 
more, not less). 

To obtain the inverse model, bicausality is propagated from the original sensor to the 
original source. In the process, some internal bonds in the model are assigned bicausality 
such that it is propagated to the receiving source sensor. 

The structure of the control in an open loop is designed with the inverse bond graph. 
The decoupling actions are defined (inverse matrix and disturbance compensation). The open 
loop structure is then extended to a closed loop control by fixing the dynamics of errors. 

In our model, the input variable is the electromagnetic torque Tem and the output 
variable is the rotor speed ωr of the turbine. The analysis of the direct bond graph model of 
Figure. 6 indicates that there is a power line and a causal path between the input variable Tem 
and the output variable ωr. Therefore, the model is structurally invertible compared to the pair 
of variables Tem and ωr. The objective of the controller established here is to calculate the 
electromechanical torque required to set the turbine rotor speed to a reference. For this 
calculation, it is appropriate to inverse the bond graph model of Figure. 6 relatively to the pair 
of variables Tem and ωr.  

The inverse bond graph model of the system is given in Figure. 16; the sensor (Df) and 
source (Sf) have been replaced with source sensor (SeSf) element and sensor source (DeDf) 
element. Note that fixed sources (those which are not control inputs) are retained as they are, 
e.g., Se: Ta at bond number 1. The SeSf element in bond number 0 imposes both effort and 
flow information, thereby forcing differential causality in the I-element at bond number 2. 
Likewise, three more storage elements are forced to assume differential causality. The DeDf 
element at bond number 16 receives both flow and effort information.  

Figure 3.16. Inverse Bond Graph for calculation of the controls laws. 
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From Figure16, we can write the following from the constitutive relations of the 
leftmost 1-junction (i.e. 1-junction placed between bonds 0, 1, 2, 3 and 4): 
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where:  

 

f0 = ωr,  e0 = 0,  e1 = Ta,  e2 = Jr(dωr/dt) and  e3=Drωr. Therefore: 
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To establish the closed loop control law, the dynamics of the error are set in (22) as: 

01 =+ εε k             (3.22) 

Where k1 represents the controller to be used and ɛ=ωref- ωr, is the error. Expression 
(21) becomes (23) as: 
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Finally, 
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For the neighboring 0-junction in Figure 15, we can write: 
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From the 1-jonction between bonds 5, 6 and 7 we have: 
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with: 
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Therefore: 
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Proceeding in the same way, from the TF-element we can write:  
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From the 0-junction placed between bonds 9, 10 and 13, we have: 
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where: 
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For the rightmost 1-junction, we can write: 
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where:  

e16 = -Tem,  e14=Jg(dωg/dt),  e15=Dgωg. 

 

Finally: 
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To generate the reference electromechanical torque the generator model must be 
inversed as:  

ememrefem TTT +=−
τ      (3.34) 
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The controller block diagram derived from these equations is shown in Figure 17. It is 
important to notice that the structure of the control law contains a feed-forward control with a 
derivative action. Figure 17 shows that the proposed gain is a PI controller; the estimate 
values are considered in the control law. 

In the block diagram model, the desired output is the input. The output of the block 
diagram model is the reference electromagnetic torque. The block diagram contains four 
derivative (d./dt) blocks. It was simulated for the numerical parameters given in Appendix A.  

3.5 . Pitch Controller 

For the above rated wind speed the generator power is fixed to its rated value that is, 
maximum value of the control input. In this condition, a linear pitch control is introduced. 
The blade pitch angle is adjusted to maintain the generated power constant in its rated value. 
The form of the blades and, more generally, the turbine characteristics play a key role in this 
power control.

 

The non-linear model of the turbine makes complex to design an analytical model of 
this controller. Moreover, very large differences (due to elasticity) may appear a turbine to 
another. That is why it is more practical to use an experimental characteristic of the blade 
pitch angle measured for a different wind speed. The inverse control characteristic can give 
directly for different wind speed the corresponding blade pitch angle; this is achieved by 
using the algorithm given in section 3 and the controller should provide suitable motors 
voltage in its output. This is obtained by using the inverse bond graph model of the pitching 
system. 

The analysis of the bond graph model of Figure 11 indicates that there is a power line 
and a causal path between the input variable V and the output variable β. Therefore, the 
model is structurally invertible. 

The inverse bond graph model of the pitching system is given in Figure 18, as 
previously mentioned, the sensor (Df) and source (Sf) have been replaced with source sensor 

Figure 3.15. Torque control law block diagram 
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(SeSf) elements. The SeSf element in bond number 10 imposes both effort and flow 
information; the DeDf element at bond number 1 receives both flow and effort information.  

As previously defined in the torque controller, we can derive the equations from the 
inverse bond graph of the Figure 3.18. 

From Figure 3.18, we can write the following from the constitutive relations of the 
rightmost 1-junction (i.e. 1-junction placed between bonds 6, 7, 8, 9, and 10): 
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Where 

f10 = dβ/dt,   e10 = 0,   e9 = Kbladeβ,  e8 = Deqv(dβ/dt) and  
 e7 = Jeqv(d2β/dt2).  

 

Therefore: 
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To establish the closed loop control law of the pitch angle the dynamics of the error are 
set as (the controlled variable is a generalized displacement): 
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Where k2 and k3 represent the controllers to be used. Expression (36) becomes (38) : 
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Figure 3.16. Inverse bond graph for calculation of the control law of the pitch system 



43  

 

From the TF-element and GY-element we can write:  
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Finally, for the leftmost 1-junction, we can write:           
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We can derive a block diagram model from the bicausalled bond graph model to 
control the pitch angle, which is shown in Figure 19. The proposed gains (k2 and k3) are PI 
controllers; the estimate values are considered in the control law. 

The Bond Graph representation of the complete system is shown in Figure 3.20. The 
inputs to the systems are pitch angle, reference parameters and wind speed. It can be seen that 
the wind turbine control system basically contains two control loops, one is the pitch control 
loop and the other is the torque control loop. These two control loops operate simultaneously, 
but only one of them is dominant depending on the operation region shown in Figure 1. 
When the wind speed is below rated speed, the torque control loop is used to regulate the 
turbine speed to capture maximal wind power. When the wind speed exceeds rated speed, the 
pitch control loop is used to provide adequate pitch angle to regulate power at its rated value. 

 

Figure 3.17. Pitch control law block diagram 
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3.6 . Simulation and Discussion 

In order to verify the effectiveness and the robustness of the proposed control law, a 
simulation is carried out by using different turbulent winds to drive the wind turbine, and a 
comparison between the proposed controller and the conventional PI controller is done by 
considering these wind profiles. The PI parameters are generated using Ziegler and Nichols 
methods [26]. 

Firstly, we consider the wind profile as shown in Figure 21, secondly, we use a 
turbulent wind with mean speed 12.5m/s and finally, the performance of the control system is 
tested during a turbulent wind with mean speed 18m/s. 

The wind speed profile as shown in Figure 21 changes in step of every 20sec starting 
from 6m/s to 16m/s. This shows that both the above and below rated wind speeds are 
included in the wind profile. For below rated wind speed, the torque control comes into 
action with constant pitch angle, and for above rated wind speed, the pitch control comes into 
action with rated power.  

Figure 22 shows the generator speed for the proposed method (inverse bond graph 
(IBG)) and PID controller for below and above rated wind speeds. Both controllers achieve 
the nominal value of the generator speed at 80sec. The corresponding wind speed is around 
11m/s which can be seen from Figure 21. As the wind speed approaches the rated speed, the 
WT generator speed reaches the nominal value, that is, 112.35rad/s.Figs. 23 and 24 show 
respectively the electrical power and the power coefficient comparison for IBG and PID 
controllers for the transition period. In region 2 IBG is able to extract more power than PID. 
Figure 25 shows the generator torque comparison in region 2 for IBM and PID. It can be 
observed that IBM produces more generated torque compared to PID in region II. As the 
generator speed remains constant from 80sec onwards it is obvious that IBM captures more 
power compared to PID. Figure 26 shows the pitch angle comparison for PID and IBG; pitch 
variation is found to be more for PID compared to IBG. Therefore, the pitch actuator needs 
more control action for PID.  Figure 27 shows the tower displacement comparison for PID 
and IBG. It can be observed that tower displacement in IBG is less than PID controller. 

In order to create the appropriate conditions of comparing the two methods, the wind 
speed profile shown in Figure 28 with 12m/s average wind speed is used. 

As is shown in Figure 29, the turbine rotor speed remains around its rated value 
112.35rad/s. Figure 3.30 shows the generator torque. In order to increase generator power, 
generator torque, generator speed or both must be increased. Figs. 3.29 and 3.30 show that 
the generator speed and torque in the proposed method are higher in comparison with the 
conventional PID. Wind turbine power, shown in Figure 3.31, reaches its rated value of 
5MW. Figs. 31 and 32 demonstrate that the proposed method is able to capture more 
electrical power in comparison with the other controller. From Figure 33, we find that the 
pitch system can track turbulent wind around cut-in speed. Therefore, according to the 
simulation results, the proposed method has a more effective performance in the generator 
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torque control and pitch control in comparison with the conventional PID method; the tower 
displacement in IBG is less than PID controller as shown in Figure 34. 

The control system performance is also tested during a turbulent wind with mean speed 
18m/s, as shown in Figure 35. Turbine rotor speed, generator torque, power, power 
coefficient, pitch angle and tower displacement are shown in Figs. 36 through 41 
respectively. We can see that even for highly turbulent wind, all key turbine variables behave 
excellently. 
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Figure 3.18. The Bond graph model and its control system of the wind turbine 

Figure 3.19. Wind speed profile 
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Figure 3.20. Generator power 

Figure 3.19. Power coefficient 

Figure 3.18. Generator torque 

Figure 3.21. Generator speed 
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Figure 3.23. Pitch angle 

Figure 3.22. Tower displacement 

Figure 3.26. Wind speed profile (12m/s) 
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Figure 3.27. Generator speed (12m/s) 

Figure 3.28. Generator torque (12 m/s) 

Figure 3.29. Generator power (12m/s) 

Figure 3.30. Power coefficient (12 m/s) 
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Figure 3.31. Pitch angle (12 m/s) 

 
Figure 3.32. Tower displacement (12 m/s) 

 
Figure 3.33. Wind speed profile (18 m/s) 

 
Figure 3.34. Generator speed (18 m/s) 
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Figure 3.35. Generator torque (18 m/s) 

 

 
Figure 3.36. Generator power (18 m/s) 

 
Figure 3.37. Power coefficient (18 m/s) 
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Figure 3.38. Pitch angle (18 m/s) 

 
Figure 3.39. Tower displacement (18 m/s) 

 
 
From the three simulations, it can be concluded that, for arbitrary turbulent wind profile, 

the proposed control can cope well with wind variation; all key variables can meet the 
requirements of the wind turbine system. At the end of this simulation, we find that compared 
with conventional PID strategies, IBG can provide more effective performance in the wind 
turbine power production. Controllers designed in this paper were tested by using the 20-sim 
program. 

3.7 . Conclusion  

In this chapter, a mechatronic model of a wind turbine generating system using the 
Bond Graph Approach is proposed to analyze and control power and speed of a variable speed 
variable pitch wind turbine. The proposed controllers used the bond graph model of a wind 
turbine in order to formulate the Inverse Bond Graph(IBG) model control. The control laws 
were intuitively obtained by considering this model. The work introduced an effective control 
strategy applied on a 5MW wind turbine, including both generator torque and pitch angle 
control at different regions of operation: maximum power (region II) and rated power (region 
III). The control strategy was designed for a wide range of wind conditions. The main aim is 
to capture the maximum power in region II and regulated power and generator speed at its 
rated values in region III, with reduced oscillation on the tower at values below rated speed. A 
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comparison with PID controller is done. From the simulation the IBG controller can achieve 
the maximum and quality power in all the regions of wind speed. The simulation results show 
that the introduced controller has more performance that is more favorable in all the regions 
of wind speed than the conventional PID controller. All turbine variables, including pitch 
angle, turbine rotor speed, and power output, behave excellently. 

It is suggested in future research work to test the proposed control law by considering a 
detailed model of the induction machine using the bond Graph Approach, and the control law 
will be synthetized from the Inverse Bond Graph model by considering the induction 
generator in its natural reference frame. 

 
 
 
Appendix A: The Considered Wind Turbine’s Parameters 

Parameters Values 
Rated turbine power Pn=5MW 
Rotor radius R=55m 
Air density ⍴=1.225 kg/m3 
Cut-in wind speed vcut-in=3m/s 
Cut-out wind speed vcut-out=25m/s 
Rated wind speed vrated=12m/s 
Rated generator speed ωrated=112rad/s 
Rated generator torque Trated=43KNm 
Drive train  
Rotor inertia Jr=5.9145.105Kg.m2 
Rotor bearing Dr=1000N.m.s/rad 
Main speed shaft 
stiffness 

Kms=8.7354.108N.m/rad 

Main speed shaft 
damping 

Dms=6.3478.105N.m.s/rad 

Gearbox ratio N=60:1 
High speed shaft stiffness Khs=108N.m/rad 
High speed shaft 
damping 

Dhs=1.33.103N.m.s/rad 

Generator inertia Jg=18.7kg.m2 
Generator friction 
coefficient 

Dg=0.1N.m.s/rad 

Pitch system  
Motor Resistance R=3.9Ω 
Motor inductance L=4.10-3H 
emf constant k=0.4 
Rotor inertia of the motor Jind=10-3Kg.m2 
Rotor bearing of the 
motor 

find=0.01N.m.s/rad 

Gearbox ratio N=0.016 
Blade inertia Jblade=800Kg.m2 
Blade dampind Dblade=2.3.105N.m.s/rad 
Blade stiffness Kblade=1.7.107N.m/rad 
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Chapter 4. Mechatronic Modelling of a 750 KW Fixed-Speed 

Wind Energy Conversion System Using the Bond Graph 

Approach 

4.1 . Introduction  

Wind turbine is a complex mechatronic system, in which different technical areas are 
involved (mechanics, aeronautics, electrical, among others). There  is  no  doubt  that  a 
mechatronic approach  is essential  in  the  field  of  wind  turbine  design. This approach 
implies that a mechanic, aerodynamic, electric subsystems and eventually their control 
subsystem should be designed as an integrated system. This integration is important for a 
more accurate evaluation of the extreme loads and the fatigue life, and this might reduce the 
failure rate in the design stage. However, the aerodynamic, mechanical and electrical models 
should be usable for detailed control system design, which will be necessary as the design 
goes deeper. Indeed, linear simplified models, (a simple aerodynamic, mechanical or elective 
models), are not sufficient to take into account the necessary coupling effects among the 
components.  

For  the  combined  analysis  of  the  aerodynamic, structural and  control  generating  
systems, or the  mechanical,  control  and aerodynamic  subsystems many works  either  use  a  
very  simple  mechanical  model with a detailed electrical model, or a  complicated 
mechanical  model  with  a  simple  control  system model [3,4]. Hence, the interactions and 
the dynamics coupling cannot be accurately predicted. In [5] four different models of wind 
turbines are introduced. On one hand, two static models – the “simple static model” and the 
“static mechatronic model”, represent two different instances of a simplified behavior. On the 
other hand, two dynamic models – the “mechanical model” and the “dynamic mechatronic 
model”, describe the dynamic behavior of a wind turbine in more details.  

In [6] a control-generator-structure coupled with analysis in wind turbines using a 
monolithic modeling and simulation is proposed.  The integrated system models were 
developed on Samcef for Wind Turbines (S4WT) through a nonlinear finite element method 
(FEM) formalism. Another contribution [7, 8] reviews recent research of technical issues on 
the development of wind farms. These contributions highlight the importance of having a 
mechatronic model of the wind turbine, but the models lack some detail. In order to analyze 
the system in the same reference frame, there are several methods and tools for the modeling 
and the simulation of physical systems and their controllers, with parameters directly related 
to physical components. Moreover, it is desired that these (sub-) models should be reusable. 
Common Block-Diagram- (CBD) or Equation-Based Simulation (EBS) packages do not 
easily support these features. The Energy-Based Approach (EBA) for modeling physical 
systems allows the construction of reusable and easily extendable models.  

In this chapter, a fixed speed wind turbine mechatronic model has been developed. The 
main components of the system are modeled in detail using the Bond-Graph Approach 
(BGA). The implementation of the complete model has been carried out by means of the 20-
Sim simulation program (a demo version is freely available on the Internet). Parameters of a 
750 kW-power wind turbine were taken from NACA 4415 profile [9]. Verification of results 
is reported. Conclusions of the conducted research investigation are drawn. 
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4.2 . Mechatronic Modelling of the Wind Energy Conversion 
Systems 

In the next sections, the mechatronic modelling of the main components of a WECS 
will be presented. Our first aim is to show the complete wind turbine in a unified framework. 
The WECS is organized into four main areas, namely the aerodynamic, mechanical, electrical, 
and pitch servo subsystems. The main components of a WECS are rotor, transmission system 
and power generator unit. The rotor comprises the blades where the aerodynamic conversion 
takes place, the hub that links the blades to the transmission and the pitch servos, which are 
located inside the hub that rotates the blades around their longitudinal axes. The transmission 
system transmits the mechanical power from the rotor to the electric machine. It comprises the 
low- and high-speed shafts, the gearbox and the brakes. The gearbox increases the rotor speed 
to values more suitable for driving the generator, typically from 20-50 rpm to 1000-1500 rpm. 
The electric generator is the device that converts mechanical power into electricity. Its electric 
terminals are connected to the utility network. In the case of variable-speed WECS, an 
electronic converter is used as interface between the AC grid and the stator or rotor windings. 

A mechatronic model, that takes into consideration the dynamic behavior of the entire 
WECS, can be structured as several interconnected subsystem models as shown in Figure 3.2. 
The aerodynamic subsystem describes the transformation of the three-dimensional wind speed 
field into forces on the blades that generate the rotational motion. The mechanical subsystem 
can be divided into two functional blocks, i.e., the drive-train and the support structure. The 
drive-train transfers the aerodynamic torque on the blades to the generator shaft. It 
encompasses the rotor, the transmission and the mechanical parts of the generator. The 
structure is made up of the tower and the blades. The electrical subsystem describes the 
conversion of mechanical power at the generator shaft into electricity. Finally, the actuator  

Subsystem-level block diagram of a WECS 
In order to analyze the system in the same reference frame, the Bond-Graph Approach 

(BGA) [10, 11] is used. 
4.2.1. Mechanical Subsystem 

A horizontal-axis wind turbine is a complex mechanical system that consists of 
interacting devices with some degree of flexibility. Like any flexible structures, such system 
exhibits many vibration modes. Some oscillatory movements inherent to these modes are 
illustrated in Fig. 4.1 [12]. The existence of these vibration modes demands a careful design 
of the wind turbine and controller. 
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For the WECS modeling, the most involved part is probably the mechanical subsystem. 

The complexity arises from the interaction of three flexible structures: the blade, drive train 
and the tower. Each of these structures is fixed to a reference frame that rotates with respect to 
the other. This leads to high-order nonlinear dynamic models. Moreover, most of the forces 
applied to the structures come from a three-dimensional wind field. 

The mechanical subsystem model (blade, tower, and gearbox), that takes into account 
the dynamic behavior of a horizontal-axis wind turbine, can be undertaken by various analysis 
methods [13, 14]. In this section, a bond graph model of the mechanical subsystem is 
proposed. It considers the blade and tower as a Rayleigh beam composed of a number of 
sections submitted to aerodynamic forces, and the gearbox as a multi-body dynamic system. 
Subsequently, the model can be used to develop pitch control algorithms, which should 
minimize the vibrations probability and also increase wind turbine lifetime by mastering the 
loads effects and the costs reduction without sacrificing the aerodynamic output. 

Bond graph model of the wind turbine blade 
In this section, we study the structural dynamic behavior of the wind blade. A blade 

bond graph model is developed. It consists of considering the blade as a three-dimensional 
beam composed of a number of sections Fig. 4.2(a). The sections vary according to NACA 
4415 airfoil sections. In [15, 16], only constant sections were used. Many studies on the 
behavior of the blade dynamic structure were conducted. In [17] a structural model of the 
wind turbine blade is proposed based upon the Rayleigh beam model. The blade - assumed as 
a twisted beam, is divided into three components, each of which is subject to the aerodynamic 
wind forces. Nevertheless the deformation of the axial extension and the pitching moment 
applied to the center of gravity are taken into consideration. These "gaps" are addressed in 
this work where they are integrated in our model. The dynamic model of the blade is shown in 

Figure 4.1. Mode shapes for horizontal-axis wind turbines 
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Fig. 4.2(b). For each element in the aerodynamic forces, we also add the deformation of the 
axial extension and the pitching moment blade. Therefore, the blade is modeled as a three-
dimensional beam. 

 

The stiffness of the beam element relates the generalized Newtonian forces to the 
generalized displacements at the ends of the element as given by (Eq12), (Eq13) and (Eq14). 
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Where �Kfyi� is the flexural stiffness around y, [Kfzi] is the flexural stiffness around z 
and [Kt] is the flexural stiffness around x, are given by (4.4), (4.5) and (4.6): 

 

Figure 4.2. Turbine Blade with space reticulation (a), Dynamic model of blade (b) 



60  

 

 

�Kfyi�

=
E(Izi−1 + Izi)

�li−1 + li
2�

3

⎣
⎢
⎢
⎡

12 6(li−1 + li/2)
6(li−1 + li/2) 4(li−1 + li/2)2

−12 6(li−1 + li/2)
−6(li−1 + li/2) 2(li−1 + li/2)2

−12 −6(li−1 + li/2)
6(li−1 + li/2) 2(li−1 + li/2)2

12 −6(li−1 + li/2)
−6(li−1 + li/2) 4(li−1 + li/2)2 ⎦

⎥
⎥
⎤
 (4.2) 

 

[Kfzi]

=
E�Iyi−1 + Iyi�

�li−1 + li
2�

3

⎣
⎢
⎢
⎡

12 −6(li−1 + li/2)
−6(li−1 + li/2) 4(li−1 + li/2)2

−12 −6(li−1 + li/2)
6(li−1 + li/2) 2(li−1 + li/2)2

−12 6(li−1 + li/2)
−6(li−1 + li/2) 2(li−1 + li/2)2

12 6(li−1 + li/2)
6(li−1 + li/2) 4(li−1 + li/2)2 ⎦

⎥
⎥
⎤
 (4.3) 

 [Kt] =
GJ
L � 1 −1

−1 1 � (4.4) 

   

 
Where E is the Young module of the material, G is the Coulomb module, Iy,z the 

second moments of area about the axis of deflection, J is the second polar moment and  L is 
the length of the finite element, The structural damping matrix is given by  [Ri] =
µ[Ki], where the µ factor represents the coefficient of structural damping. 

Fig. 4.3 shows the Bond Graph model of the blade. Fig. 4.3(a) represents the axial 
extension deformation of the blade, Fig. 4.3(b) the tangential extension deformation and Fig. 
4.3(c) the torsional deformation of blade. For Fig. 4.3(a) and Fig. 4.3(b), two motions are 
shown: rotation at the top and translation at the bottom of the figure. In Fig. 4.3(c) the model 
is represented by one rotation motion.  For each model, the displacements and rotations at the 
center of gravity of each element are represented by 1-junction. For each element 
aerodynamic forces are applied, meanings that the effort is imposed. The stiffness and the 
structural damping matrixes between the centers of gravity of adjacent elements are 
represented using C-field and R-field elements, respectively. 
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Boundary conditions of the model for the tangential extension deformation are 

represented by the Sf and Se sources. Connection between the blade and the hub must be rigid, 
i.e. Sf = 0, and the blade has only one degree of freedom, so Se = 0. Boundary conditions for 
the axial extension deformation are represented by the Se source. The blade has only one 
degree of freedom, then Se = 0. Connection between the blade and the hub as well as between 
the hub and the tower are assumed to be rigid. Therefore, the movement at the tower top is the 
same as the movement at the blades bottom. This relationship between the blade and the 
tower can be modeled by 1-junction. Boundary conditions for the torsional deformation are 
represented by the Sf source which represents the pitch actuator system’s velocity. Dynamic 
equations and natural frequencies of the blade can be directly obtained from the Bond Graph 
model. 

 
Three sources of effort, which represent the aerodynamic forces, need to be calculated 

in the input wind. This process will be treated in the aerodynamic subsystem section. Sub-
models, as shown in Fig. 4.4 can represent the model of the blade (Fig. 4.3). 

  

Figure 4.3. Structural bond graph of blade, axial extension (a), tangential extension (b), torsional 
extension (c) 
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To check the model validity, a simulation of the torque at the rotor blade is shown in 

Fig. 4.5. Parameters are available in Appendix A. A constant tangential aerodynamic force is 
applied at each element’s center of gravity (Se = 100 N). These forces are transformed into a 
blade rotor torque( T =  ∑ Firi3

i=1  ). This simulation shows that the torque in steady state is 
equal to 3510.25 N.m. Based upon the parameters in appendix A, we have T =  100 ∗ 3.9 +
100 ∗ 11.7 + 100 ∗ 19.5 = 3510 N. m. We find the same value of the torque. Therefore, the 
model works very well. The vibrations presented in the model are due to the dynamic 
behavior between the mesh stiffness and the momentum of inertias. 

 

 
 
Bond Graph Model of the Hub 
The hub model links the blades tangential model to the transmission, the blades axial 

model to the tower and the blades pitching moment to the pitch servos system. The latter is 
located inside the hub and rotates the blades around their longitudinal axes. The Bond Graph 
model of the hub is shown in Fig. 4.6. 

 

Figure 4.4. Three sections bond graph blade 

Figure 4.5. Torque simulation of the blade 
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Fig. 4.6(a) sketches the connection between the tangential model of the blades and the 

transmission. I-elements and R-elements represent the inertia and main bearing of the hub 
respectively. Fig. 4.6(b) shows the connection between the axial model of the blades and the 
tower. Fig. 4.6(c) deals with the connection between the pitching moment model and the pitch 
servos system. Sub-models, as shown in Fig. 4.7 can represent the model of the hub (Fig. 4.6). 

 

 
 
Bond Graph Model of the tower 
Dynamic behavior of a wind turbine tower is subjected to random wind loads - which 

produces large vibrations that could, on the long run, lead to fatigue and failure is examined 
[18]. Therefore, the control system should be designed in such a way to minimize the effects 
of external loads and eliminate vibrations of the flexible tower.  

Figure 4.6. Bond graph model of the hub 

Figure 4.7 Wind Turbine Tower Model. 
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The tower is modeled as a tubular Rayleigh beam with three different sections (Fig. 

4.8(b). However, it can be divided into more segments. The wind loads on the rotors are 
transferred to the tower as bending moments at the tower top. In the right-handed Cartesian 
coordinate system shown in Fig. 4.8(a), the z-axis is assumed to coincide with the elastic axis, 
as well as the cross section’s center of the thin-walled beam, the y-axis is in the direction of 
wind. The model is constructed on the assumption that every segment has uniform cross-
sectional properties (Fig. 4.8(b), with distributed parameters by the Bond Graph Approach. 
This model can be used to develop pitch control algorithms, which would minimize the 
probability of extremely high levels of tower vibrations. 

In order to evaluate the structures vibration properties, the wind turbine tower is 
modeled as an elastic tubular beam with a rigid rotor on the top and a fixed-base on the 
ground. The dynamic model of the tower is shown in Fig. 4.8(c). 

 
  
The stiffness of the beam element relates the generalized Newtonian forces to the 

generalized displacements at the ends of the element as given by (Eq18): 
 

Figure 4.8.  Rayleigh beam model of the tower (a), analyzing model of the tower (b), dynamic model of 
the tower (c) 
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Where E the Young module of the material, and Izi the second moment of area about 
the axis of deflection. The structural damping matrix is given by: [Ri] = µ[Ki] 

where the µ factor represents the structural damping coefficient. The Bond Graph model 
and sub-model of the tower is shown in Fig. 4.9. We assume tower movement only in 
horizontal direction. 

 
 
 

Figure 4.9. Bond graph model of the tower 
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Boundary conditions of the model are represented by the Sf source. The tower-base is 
fixed on the ground, i.e. Sf = 0. Connection between the tower-top and the hub for the axial 
deformation is ensured by the 1-junction. It is assumed that the tower movement will 
influence the wind speed of the aerodynamic subsystem input. 

Bond Graph Model of the Wind Turbine Gearbox. 
Gearbox is used in the WECSs to increase the angular velocity. It is the most important 

part of a wind turbine, where most of faults occur. In [17] it is reported that a wind turbine has 
around 20 years of life span, but normally the gearbox needs to be replaced every 5 years. For 
this reason, big manufacturing companies of wind turbines intend to use a direct drive wind 
turbine without a gearbox. 

Nowadays, most of the installed wind turbines are equipped with a gearbox. Actually, 
most of the 270 GW of wind turbine power is installed around the world with this 
configuration [19]. Based on this context, a model of the gearbox is presented in this paper. In 
terms of a Bond Graph Approach, The Bond Graph model of a gearbox has been addressed in 
several works [20; 21]. The gearbox can be considered as a simple model in which the 
conversion ratio Np/Ng, where Np is the teeth number of pinion and Ng the teeth number of 
gears) can be introduced directly in a transformer (TFelement of bond graph). However this 
model does not describe the dynamic behavior of the gearbox. Therefore, a more accurate 
model needs to be developed. This model will be used in a future work as a base, in order to 
formulate the law control to compensate any perturbation due to a gearbox default. 

Wind turbine’s gearbox consists of three stages. The first one is a planetary gear and the 
two others are parallel gears. The gearbox scheme is shown in Fig. 4.10. 

 

 
 
In [22] a detailed gearbox Bond Graph model is proposed. The planetary gear model is 

presented in detail but the parallel stage is modeled by a simple TF element. This resource is 
taken as a reference to develop the wind turbine gearbox model, to which we add a detailed 
model of parallel gear stage. Moreover, the dampers of all components of the system are also 
considered. 

For a planetary gear, several identical planet p gears are in mesh with the sun gear and 
the ring gear r, and the carrier c holds all of the planet gears. Planet gears rotate in two 
kinematic modes called revolution around the sun gear and autorotation around its own axis. 

Figure 4.10. Gearbox scheme 
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Power flow into the planetary gear will split or converge. A basic kinematic model of a single 
planetary gear is shown in Fig. 4.11.  

 
 
According to the kinematic relation of the components shown in Fig. 21, the translation 

velocities in contact point A and B can be described as follows: 
 

 VpA = −ωprp + ωcrr (4.7) 

 VrA = ωrrr (4.8) 

 VpB = ωprp + ωcrs (4.9) 

 VsB = ωsrs (4.10) 

 
 

Where, ωj and rj stand for the rotating velocity and the base circle radius (j = r, s, p) 
respectively. A is the meshing point of the ring gear and the planet gear, and B is the meshing 
point of the sun gear and the planet gear. Vpm is the velocity of planets in point m along 

Figure 4.11. Kinematic model of planetary gearbox 
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tangent direction, where m = A, B. Similarly, VrA  and VsB are the linear velocities of ring 
gear in A and sun gear in B. 

In a gear system’s modeling, the gear mesh interfaces are usually considered as spring-
damper systems [23, 24]. The spring stiffness (also called the mesh stiffness), is one of the 
major sources of gear vibration. The dynamic model of planetary gearbox is shown in Fig. 
4.12(a). Fig. 4.12(b) depicts the bond graph model of the gearbox. 

 
 

The planet gears represented by momentum of inertia Jpi are connected to each other 
through a common carrier. Therefore, they get the same rotational speed imposed by the 
carrier. 1-junction represents the rotation speed of the carrier (c), and I-elements Jc denote the 
rotary inertia of the carrier. These planets are bound to sun and ring gears by the mesh 
stiffness dumping Ksp, Bsp and  Krp, Brp respectively. Jr is the ring gear’s momentum of 

Figure 4.12. Physical model for dynamic meshing problem (a), bond graph model of 
planetary gearbox (b) 
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inertia. The connection between the ring and the hub is carried out by an elastic joint modeled 
through a spring-damper. In this joint, the vibration signal of the gear can be obtained. In the 
model,  Zi (i=p,s,r) represents the teeth number of each gear. 

 
The flow 1-junction represents the angular velocity of planets, carrier, ring and sun gear, 

respectively. They are related to each other through TF-elements. The zero junctions, between 
the transformers, represent the effort variable that the planet moves in tangential direction. 

 
The parallel gear stage of the wind turbine gearbox is composed of two stages (Fig. 

4.13(a). The dynamic model and the bond graph model are shown in Fig. 4.13(b). 
 
 

 
 
The complete bond graph model of a wind turbine gearbox and its sub-models are 

depicted in Fig. 4.14. 
 

Figure 4.13. Dynamic model of parallel gear (a), Bond graph model of parallel gear (b) 
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Fig. 4.15 represents a simulation of the gearbox behaviors. A constant torque is applied 

at the input of the gearbox (Se = 60 Nm). This output torque decreases with a ratio of 60. The 
same outcome is observed in the angular velocity curves. For a constant angular velocity at 
the gearbox output, the gearbox input is reduced with a ratio of 60. From the teeth number of 
each gear (Appendix A), we can calculate the gearbox ratio, which is equal to 60. This comes 
in line with the predictions of the gear’s bond graph model.  

 

Figure 4.14. Bond graph model and sub-model of a wind turbine gearbox 
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Figure 4.15. Gearbox simulation model 

The system undergoes the same vibrations patterns; which are due to the dynamics 
involved between the mesh stiffness and the momentum of inertias.  

 
The model of the mechanical subsystem of WECS is shown in Fig. 4.16, where all parts 

of the mechanical subsystems are related by the means of the hub. 
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4.2.2. Aerodynamic Subsystem 

The aerodynamic subsystem transforms the three-dimensional wind field into lumped 
forces acting on the rotor blades. As observed in the block diagram of Fig 1, the inputs to the 
aerodynamic subsystem are the wind speed V, the pitch angle β , the rotational and axial 
speeds of the rotor Ωr and the axial displacement of the blades caused by flapping and tower 
bending ẏb, respectively. Its outputs are the aerodynamic torque  Tr (tangential force Fr), the 
thrust force FT and the aerodynamic moment. 

Wind turbine aerodynamic models are used to relate wind inflow conditions to the loads 
applied to the turbine. The subsequent analysis develops the most common aerodynamics 
theory employed in the wind turbine design and analysis environment. It corresponds to the 
Blade Element Momentum theory (BEM). Extensive literature deals with the BEM theory 
explanation and presentation [25, 26]. 

The BEM Theory combines two methods of examining how a wind turbine operates. 
The first method uses a momentum balance on a rotating annular stream tube passing through 
a turbine. Axial Thrust  dFT and Tangential Force  dFr -in terms of flow parameters, are: 

 

Figure 4.16. The complete model of the mechanical subsystem of WECS 
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 dFT = 4a(1 − a)ρV2πrdr (4.11) 

 dFr = 4a′(1 − a)ρVΩrπr2dr (4.12) 

 

Where V represents the wind velocity, ρ the air density, a the axial induction factor, 
a′ the angular induction factor, Ωr the angular velocity of the blades, and r is the radius of an 
annular element, having a thickness dr. 

The second method is to examine the forces generated by the airfoil lift and drag 
coefficients at various sections along the blade. Axial Force, Tangential Force and 
Aerodynamic Moment - in terms of the lift, the drag and the pitching moment coefficients of 
the airfoil, are as follows: 

 

 dFT =
1
2
ρ

V2(1 − a)2

sin2ϕ
(CLcosϕ + CDsinϕ)cdr (4.13) 

 dFr =
1
2
ρ

V2(1 − a)2

sin2ϕ
(CLsinϕ − CDcosϕ)cdr (4.14) 

  
dMx =

1
2
ρ

V2(1 − a)2

sin2ϕ
[Cmc + yG(CLcosϕ + CDsinϕ) − (zG − za)(CLsinϕ

− CDcosϕ)]cdr 
(4.15) 

 ϕ = tan−1 �
V(1 − a)
Ωrr(1 + a′)

� (4.16) 

 

Where c is the chord length of the blade element, the wind inflow angle, ϕ is the angle 
between the local flow direction and the rotor plane (Eq4.19), parameters involved in these 
expressions are graphically represented in Fig. 4.17(a). (yG, zG) are the center of gravity 
coordinates,  za: the aerodynamic center’s coordinate, as shown in Fig. 4.17(b). 
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CL, CD and Cm are lift, drag and pitching moment dimensionless coefficients 
respectively as functions of the angle of attack (known also as leading angle) α. Lift, Drag and 
Pitching moment coefficients for a NACA 4415 airfoil are shown in Fig. 4.18. This graph 
indicates that for low values of incidence angle, the airfoil successfully produces a large 
amount of lift with little drag.  

 

 
                     Figure 4.18. Lift, Drag and pitching moment Coefficients for a NACA 

 
Equations (Eq4.25) and (Eq4.27) are used to calculate the axial induction: 
 

 
 

a = �1 +
4sin2ϕ

σ′(CLcosϕ + CDsinϕ)
�
−1

 (4.17) 

Figure 4.17. Velocities at rotor plane (a), Center of gravity coordinates and the aerodynamic 
center (b) 
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Equations (4.15) and (4.17) are used to calculate the tangential induction factor: 

 a′ = �−1 +
4sinϕcosϕ

σ′(CLsinϕ− CDcosϕ)
�
−1

 (4.18) 

Solution for a given blade cannot be found directly from the equations but an iterative 
method is required to calculate the axial induction factor, the tangential induction factor, 
angles of attack and thrust coefficients for each section along the span of the blade. It is 
composed of the following steps: 

 

Estimate the initial value of the axial induction factor ai and the tangential induction a′i 
relative to the ith blade element. 

An efficient technique (among others) is to assume that the inflow angle is 
small: sinϕi ≈ ϕi. The tangential induction a′i  and the drag coefficient CDi  are null. The lift 
coefficient is CLi = 2παi, where the angle of attack is αi = ϕi − βi, with βi the sum of the 
twist angle βi depending on the position of the center of gravity of the ith section and the pitch 
angle β which is an input control variable. 

After some rearranging, it yields to: 
 

 ai =
1
4
�2 + πλriσ′i −  �4 − 4πλriσ′i + πλri2 σ′i(8βi + πσ′i)� (4.19) 

With: λri = Ωrri
V

 is the local speed ratio and σ′i = ci
2πri

 is the local solidity, calculated 
using chord values ci depending on ri (Appendix A).  

Use the initial value of ai and a′i to calculate ϕi. 

 ϕi = tan−1 �
V(1 − ai)

Ωrri(1 + a′i)
� (4.20) 

Calculate incidence angle αi and then CLi and CDi using look-up tables (Fig 20) 

 αi = ϕi − βi (4.21) 

Calculate new values of ai and a′i using the following Equations : 

 ai = �1 +
4sin2ϕi

σ′i(CLicosϕi + CDisinϕi)
�
−1

 (4.22) 

 a′i = �−1 +
4sinϕicosϕi

σ′i(CLisinϕi − CDicosϕi)
�
−1

 (4.23) 
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In this process iterations are carried out until the values of induction factors and inflow 
angle converge to their final values, and then we can calculate the axial force and the 
tangential force for each section along the blade by: 

 FTi =
1
2
ρ

V2(1 − ai)2

sin2ϕi
(CLicosϕi + CDisinϕi)cili (4.24) 

 Fri =
1
2
ρ

V2(1 − ai)2

sin2ϕi
(CLisinϕi − CDicosϕi)cili (4.25) 

 
Mxi =

1
2
ρ

V2(1 − ai)2

sin2ϕi
[Cmici + yGi(CLicosϕi + CDisinϕi) − (zGi

− zai)(CLisinϕi − CDicosϕi)]cili 
(4.26) 

 
The fundamental aerodynamic theory used by the bond graph model is presented in this 

work. An MGY-element of bond graph is used to implement equations (Eq4.32) through 
(Eq4.39), with wind flow (MSf source) being transformed into aerodynamic forces (Se 
source), as shown in Fig. 4.19. 

 
 

Figure 4.19. Bond graph model of the aerodynamic subsystem 

 

Modulated inputs to MGY elements of Fig. 4.19 are the pitch angle β, the angular 
velocity Ωr, and the wind speed V and the axial displacement of the blades caused by flapping 
and tower bending. In order to simulate the blade model, equations (4.22) through (4.29) are 
integrated within each MGY element; which means that their traditionally constitutive 
relation is changed. 

The non-dimensional power coefficient Cp represents the fraction of available power in 
the wind that is extracted by the turbine. It can be rewritten as: 

 

  Cp = 4a(1 − a)2 (4.27) 

The theoretical maximum power coefficient from an idealized rotor Cpmax, known as 
Betz limit, can be found by setting the derivative of  Cp with respect to a equal to zero, which 
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leads to :  a=1/3 and  5 Cpmax = 0.596 which corresponds to the maximum possible 
efficiency for an idealized wind turbine of 59.6%. 

Fig. 4.20 shows the values of  Cp , the simulation program calculates  Cp as: 

  Cp =
Fr ∗ R ∗  Ωr
1
2 ρπR2V3

 (4.28) 

 

 
 

From the figure the maximum values of  Cp  is 0.42, having a tip speed of 7; the 
theoretical maximum value of  Cp  is 0.596, known as Betz limit, at around a tip speed of 8. In 
practical designs, the maximum achievable  Cp  is below 0.5. The difference to standard 
values is acceptable and it is better that the value shown in [15] (around 0.33). This simulation 
confirms that dynamical model of the blade + hub + main bearing adequately performs. 

4.2.3. Electrical Subsystem 

Energy is basically produced in mechanical form and consumed in electrical form. The 
Induction generators are largely the most popular electric machines in WECS industry to 
convert mechanical power to electric power through the medium of magnetics. Thus, a multi-
domain energy exchange in an induction machine takes always place. This increases the 
complexity of modeling an induction machine. Therefore, for an efficient control of the 
mechanical-magnetic-electric energy, the induction machine has to be accurately modeled 
[27]. 

 
Induction machines have been addressed in many publications. There are two general 

frameworks models: one using a Park reference frame [28] and the other using the natural 
reference frame (three sinusoidal waveforms) [29]. An induction machine bond graph model 
in the natural reference frame is sketched in Fig. 4.21. 

 

Figure 4.20. Curve of  𝐶𝐶𝑝𝑝 vs λ 
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 Induction machines have been addressed in many publications. There are two general 
frameworks models: one using a Park reference frame [28] and the other using the natural 
reference frame (three sinusoidal waveforms) [29]. An induction machine bond graph model  

 
 
in the natural reference frame is sketched in Fig. 4.21. 
 
 

The assumptions considered for the induction machine model are: 

• Magnetic hysteresis and magnetic saturation effects are neglected. 

• The stator windings are sine-wave-distributed throughout the air–gap. 

• The stator slots cause no appreciable variation of the rotor inductances with respect to 
the rotor position. 

Fig 4.21 model explicitly shows the three phases of stator and rotor. The phase ‘a’ stator 
input voltages is represented by a modulated effort source (MSe= Vsa). Coil resistance 
translating the losses of phase ‘a’ is represented by R-field, IS 

 �
ϕa,b,cs
ϕa,b,cr

� = �
LS LS
LMT LR

� �
ia,b,cs
ia,b,cr

� (4.29) 

Where, 

Figure 4.21. Bond graph model and sub-model of the induction machine 
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The IC-port field is used because the equation (4.35) contains sine and cosine relations, 
which are necessary to calculate the rotor position θm(Equation (4.12)). This means that the 
speed machine is integrated in order to calculate θm. 

At the shaft level, the developed electromagnetic torque (expression (4.36)) as a 
function of the stator, rotor currents and the angle between them is represented in the IC-port 
output. The electromagnetic torque Te is consumed at the 1-junction by the inertial 
moment Jind, frictional and mechanical torque T (which, in this case, will be provided by 
output gearbox stage). The information flow at this junction, which gives the rotor speed 
value, is transmitted to the Axis Rotor for calculating the instantaneous angle of the rotor 
windings. Equation (4.37) shows the mechanical part expression. 

 Te = (isa isb isc) ∗
d

dθm
(LM(θm))3×3 ∗ �

ira
irb
irc
� ∗ p (4.33) 

 Jind
d
dt
Ωm = Te − T (4.34) 

 
A simulation is conducted to check out the model’s behavior. In order to allow a direct 

electrical network connection, an RL element, used as a load, is connected in series between 
the generator and the three-phase power network. Appendix A contains the complete set of 
parameters. 

 
Stator currents curves and speed rotor are shown in Fig. 4.22. The goal is to show that 

the model works as expected. In the next section, it will be connected as a generator having a 
negative torque.  
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4.2.4. Pitching Subsystem 

In WECS, one of the operational problems is the variability and discontinuity of wind. 
In most cases, wind speed can fluctuate rapidly. Hence, quality of produced energy becomes 
an important problem. Several control techniques have been designed to improve the quality 
of power generated from wind turbines. Pitch control is the most efficient and popular power 
control method, especially for variable-speed wind turbines. It is a useful method for power 
control above the rated wind speed by changing the pitch angle of the rotor blades. The 
actuator that drives the blades around their longitudinal axes is a hydraulic or 
electromechanical device. Higher flexibility of these devices enabled the implementation of 
efficient and reliable model and control strategies for power or speed limitation. The pitch 
actuator is a nonlinear servo that generally rotates all the blades – or part of them. 

Many wind turbines are equipped with controlled electromechanical actuators to adjust 
the rotor blades. Taking the dynamic characteristics of the pitching system into consideration 
is crucial, for defining the control strategy and for designing the pitch drive components. 

The pitching system of a wind turbine can be divided into four subsystems (Fig. 4.23) 
[30]. The consideration  of  the  interaction  between these  systems  is  essential  in  order  to 
achieve  a  correct  load  calculation  for  the components of the total system [31]. 

 

Figure. 4.22. Stator currents forms and speed rotor simulation 
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Figure 4.23. Subsystems of the pitching system 

The bond graph of the pitching system is depicted in the Fig. 4.24, where the different 
functional parts of the pitching system are sketched. The  mechanical  subsystem  includes  all 
mechanical  components  of  the  pitching system:  the inertia of rotor  of  the  electric  motor 
is represented by I-element (Jrotor), the friction at the rotor by R-element (Brotor) the 
transmission  elements  (gearbox) is represented by TF-element (TF). The rotor blade inertia 
is represented by I-element (Jblade). 

 
 
The aerodynamics effort is represented by Se-element that represents the aerodynamic 

moment applied for each blade elements for which the angle of attack α is calculated by 
iteration.  The used airfoil provides the lift, drag and pitch moment coefficientsCL, CD, CM.. 
Besides, the pitching moment is determined using equations that were introduced in 
Aerodynamic Subsystem section. 

The electrical subsystem represents the electric motor’s behavior. There are many 
possibilities to model the electric motor with different levels of complexity and accuracy. The 
detailed method depends on the motor type. In our model, we use a DC motor for controlling 
the pitch angle. The bond graph model is depicted in the electrical part of Fig. 4.24, where the 
coil resistance - featuring the rotor losses, is represented by an R-element (Rind) and the 
motor inductance by an I-element (Lind).  Fig. 4.25 shows the bond graph sub-model.  

 
 

Figure 4.24. Bond graph model of the pitching system 
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4.2.5. Complete System 

The individual subsystems presented in previous sections are combined in a global 
system as shown in Fig. 4.26. The three inputs of the aerodynamic subsystem are connected 
by the wind sources, the hub speed and the pitch angle, the latter representing the primitive of 
the rotation speed at the pitching subsystem’s output. The three output forces of the 
aerodynamic subsystem symbolize the mechanical subsystem’s inputs applied on each blade 
element. Mechanical subsystem’s output is the mechanical power, which represents the 
electrical subsystem’s input. The power network connects the output of the electrical 
subsystem. In order to insure a power exchange, a load is connected between generator and 
power network. Pitching subsystem’s output is connected with the pitching moment model of 
the mechanical subsystem, and its input is the control law. The different control laws (i.e. 
pitch, speed and break control.) are not dealt with in this paper. A more detailed model will be 
presented in a subsequent paper. Actually, some considerations are required to allow the wind 
turbine to work without pitch control. The assumptions are: 

Wind flow never exceeds its nominal values. This allows the wind turbine to operate 
without pitch control. 

A load is connected between the generator and the power network, this yields a power 
exchange. 

 

Figure 4.25. Bond graph sub-model of the pitching system 
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4.3 . Simulation and discussion. 

Besides calculating various parameters of the wind turbine, two different simulations 
were carried out. A constant and variable wind profile is considered in  the  time  domain  in  
order  to  analyze the  interaction  between  the  different subsystems of the wind turbine. The 
constant wind simulation scenario is: a constant wind flow of 5 m/s is applied at the 
simulation start; then, at t=10s, a wind ramp is applied. This wind ramp increases from 5 m/s 
up to 13 m/s, for t=10s through t= 50 s. This value is maintained until the simulation ends (no 
control laws are used for the simulation). 

The following figures show the simulation scenario of the whole wind turbine 
conversion system for the constant and variable wind profiles. Fig 4.26 depicts the three 
aerodynamic forces applied in each one of the blade element’s center of gravity, from t=50 s 
to t=100 s. The tangential aerodynamic forces applied for each elements are: Ft1 =
1,45 KN; Ft2 = 1,5 KN; Ft3 = 1,2 KN. And each element’s center of gravity position is: r1 =
3.9 m; r2 = 11.7 m; r3 = 19.5 m. Actually, the rotor torque of the three blades must 
be: Tt =  3 ∗ ∑ Ftiri = 139,815 KNm3

i=1 , which is verified as shown in Fig. 4.27 where the 

Figure 4.25. Complete Wind turbine model 
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torque value from t=50 s to t=100 s is: Tt =  140.067 KNm. The system undergoes some 
oscillations in the beginning of the simulation due to the dynamic behaviors of the system in 
the transient phase. Fig 30 shows also the torque at high shaft, from t=50 s to t=100 s. The 
high shaft and low torque are respectively: Tt =  140.067 KNm, and Tg =  2.334 KNm. With 
these two values, it was proved that a relationship between the high and the low shafts 
confirms the gearbox’s reduction ratio of 60. 

A 490 V generator is used as an input of the electrical subsystem. Fig. 4.28 shows the 
three-phase stator currents. 

Wind turbine converts wind power into mechanical power, and into electrical power, 
and then distributed to the load or to the power network. Fig. 4.29 shows the aerodynamic, 
mechanical and electrical power in the wind turbine model. The power of the main shaft and 
the high speed shaft approximately match (740 kW); the generator’s active power (733 kW), 
is close to this value. This difference is due to the lost power in the generator. Fig. 4.30 also 
shows the conventional values for Cp and λ. Fig. 4.31 sketches the blades, tower deflections, 
and the gearbox vibration. The maximum deflection of the tower and the blades are 
respectively 0.2 m and 0.45 m. The latter (whose value is 0.45m) takes into accent the 
deflection of the tower, because it is assumed that the top of the tower and the bottom of the 
blade in the axial extension are rigidly connected. Therefore, the actual deflection blade is 
0.25 m. (namely 0.45 – 0.2). The vibration amplitude of the gearbox lies between ±0.004 m. 
These values are acceptable while the proposed wind profile is around its rated value. In the 
case of the high wind speed, a control system is needed to keep the structure system and the 
gearbox vibration around its rated values. 

The second simulation is carried out using a variable wind speed. Figs. 4.32 through 
4.37 show the simulation responses for the generator selected variables. The torque values, 
CP, λ and omega are taken to their average values. It is revealed that responses of each stage 
change with wind speed. In contrast to a constant wind input, currents and power responses 
also reflect their variability with wind profile. This allows the behavior verification of the 
proposed model.  

This contribution was based on real data for a 750 kW wind turbine. All parameters of 
the system are reported in appendix A.  
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Figure 4.26. Axial and tangential forces and Pitching moment 
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Figure 4.27. Responses for a constant wind 
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Figure 4.28. Stator currents of generator 

Figure 4.29. Power curves of model 

Figure 4.30. Curve 𝐶𝐶𝑃𝑃 and  λ 
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Figure 4.31. Gearbox vibration and Deflection blades and tower 
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Figure 4.32. Axial Force, Tangential Force and Pitching Moment 
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Figure 4.33 Responses for a variable wind 
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Figure 4.34. Stator currents of generator 

Figure 4.35. Power curves of model 

Figure 4.36. Curve 𝐶𝐶𝑃𝑃,and λ 
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Conclusion 
 
Due to interactions between aerodynamic, mechanical and electrical subsystems, a 

mechatronic model of a wind turbine generating system using the Bond Graph Approach is 
proposed to analyze the dynamic behavior of a wind turbine. The close connection between 
the dynamics  of  the  rotor  blade  and  the  pitch actuator requires  a  certain  complexity of 
the mechanical model. By means of the presented modeling method, a correct load calculation 

Figure 4.37. Gearbox vibration and Deflection blades and tower 
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of the different parts of the system can be carried out. We  are  not  looking  to validate a 
specific turbine system,  but  we aim  to  show  a suitable  way  to model  it.   

Some contributions have used the bong graph implementation, but they involve only 
one part of the wind turbine, e.g. the gearbox in [20] or blade in [16]. Others [32, 33] have 
modeled the principal part of the wind turbine but the models are not enough detailed.  This 
“gap” was seemingly filled in [19] but the axial extension deformation of the blade. The 
deflection of the tower, the vibration of the gearbox and the pitching system were not 
considered.  

This present work highlights the fact that all these parts are considered in one integrated 
model. This model describes, to a certain extent, the actual behavior of the turbine in that it 
takes into account the most important dynamics phenomena encountered in the system. We 
have tried to emphasize that the BGA provides a better understanding of what actually 
happens in the system.    

After simulation for both constant and variable wind speed consideration, good results 
have been obtained with the proposed model, but comparisons with real measurements are not 
available at this stage. Research works by other authors are under progress in this direction. 

The present model can be used to determine the loads of the wind turbine drive train 
during the simulation process, and to calculate the deflection of the blade and tower and then 
develop the law control algorithms, which would minimize the probability of blade tower 
vibrations. The model can also be used to provide information on the gearbox vibration, as 
well as an assisting tool in designing the components of the pitching system. Moreover, it is 
possible to use this model for the system dynamic behavior’s optimization. It was also 
efficiently used for testing new control strategies of wind turbines. 

Only a few publications involving all the stages of a wind turbine are available in the 
open literature. In this context, the model proposed here is an important starting point for the 
analysis of this complex system. 

Based on the results of this work, interesting future prospective research will include 
performing control design using bond graph and possibly constructing a complete wind 
turbine model. 
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Chapter 5. Role of VANETs in managing Smart Cities. 

5.1 . Introduction 

In recent years, large numbers of people moving towards urban environments has been 
detected, where it has been forecasted that cities inhabitant will represent 60% of the 
population in future years. This phenomena triggered new challenges for companies and 
systems that may address these challenges related to the increase and development of the 
Smart City. The concept The Smart City operates in, may be considered as a complex urban 
environment, managing and controlling several complex systems including infrastructure, 
human behavior, technology, social, political structures, communication tools and the 
economy. A Smart City provides an intelligent way to manage components such as transport, 
health, energy, homes, buildings and the environment. The data collected by these 
components are usually generated by wireless networks data collectors. The wireless 
communication Vehicular Ad-hoc Networks (VANETs) within the Smart City are an essential 
tool that benefits the network in the Smart City by providing opportunistic communication to 
the different intelligent systems without the need of pre-installed infrastructures. Vehicular 
Communications offered new research fields to establish and manage different applications 
used in Vehicular Communications, to provide network connectivity in environments where 
wired solutions are impossible. Among these promising and important applications in 
Vehicular ad hoc Networks, there are road safety, traffic control and entertainment for 
passengers’ applications. VANETs are capable of providing network connectivity inside and 
outside cities where wired connectivity is impossible or will cost a fortune and a big amount 
of resources to be established and maintained. 

The fact that VANETs afford connectivity in roads inside and outside cities, justifies the 
importance of road network connectivity and classifies it as an essential tool, especially the 
connectivity inside the cities that benefits the connected cities and in global the smart cities. 
VANETs fill a major gap of the existent networks implemented and applied in smart cities, it 
facilitates the communication between vehicles and infrastructures implemented in the City 
for different use cases, such as road safety, traffic control and may also transmit different data 
of different applications used in the Smart City. VANETs offer different type of 
communications where, it can act as a mobile node that forwards urgent data from source to 
destination, we may also employ them as data mules, where they can collect and deliver data 
with low delays from the information collectors in the city, In fact, this solution provides a 
mobile data infrastructure as a replacement for the fixed infrastructure, especially for those 
application that are not delay. In this paper, we illustrate the importance of VANETs within a 
smart city, and how the opportunistic established connections, may benefit the smart city 
infrastructure. On the other hand, we focus more on the communications that require an 
acknowledgement of the received data, and make sure that the packet has been correctly 
delivered to its destination. Recently, more researches propose to have global understanding 
not only of the physical places, but also of the network systems and flows, where many 
literatures hint to the global challenges regarding the contribution of the cities such as 
Intelligent, Wired, Digital or Smart City, in order to develop new ideas and set up applications 
as well as Smart Monitoring Systems capable of managing and maintaining the basic 
infrastructures of a Smart City basing their network connectivity on Vehicular Networks. 

in this Chapter, we elucidate the importance of VANETs in a Smart City infrastructure, 
where we propose VANETs as one of the basic networks to be implemented in a Smart City 



97  

 

for a Smart Monitoring System managing the Smart Cities basic infrastructure, by controlling 
the generated and collected data from the different sensors and servers implemented in 
multiple places within the Smart City, and we provide a small enhancement implemented to 
the AODV routing protocol, for data transmission that requires a reception acknowledgement, 
which enhances the Quality of Service (QoS) of the network performance, we establish some 
simulations to evaluate the enhancement performed, then present an example of a Smart 
Application that can be deployed in a Smart City, and how minimizing the data generated 
from this application may facilitate and rapidly enhance the performance of such application. 

5.2 . State of the Art 

The rapid growth of population in cities demands an implementation of multiple types 
of communication tools and technologies in order to satisfy the global needs of the city 
inhabitants; due to the huge amount of data circulating within the city, multiple 
communication technologies are implemented in order to minimize the network traffic, due to 
the increasing demand of services identified in the Smart City, but the implementation within 
the Smart City of a full connected infrastructure with all the other infrastructures and services 
cost a fortune and request continuous and costly maintenance, and  it is preferable to use 
flexible, mobile and opportunistic connections between vehicles and nodes(Servers, Sensors, 
data collectors ...etc.), this is where VANETs can be considered a powerful tool used for 
network connectivity within a Smart City, and how the VANETs have evolved from the 
collection of traffic congestion, road safety and emergency data concerning the road to the 
Internet of Autonomous Vehicles like other instantiations of the Internet of Things (IoT)  
where they are capable of acting as a regular network that is capable of forwarding data 
between two different entities and connecting them through The Internet of Vehicles, the 
Internet of Vehicles represent a part of the Internet that will possess his own storage, 
intelligence and learning capabilities to anticipate the Smart City needs and  intentions. 

The Art of Vehicular Communications employed within the Smart Cities, are still far 
from reaching the ideal desired results. Nevertheless; they act as a powerful communication 
tool when it concerns the handling of traffic congestion, road safety and emergency data; the 
next step would be to identify the Internet of Vehicles as a powerful communication tool, that 
deploy the mobility of its nodes  to a better and flexible communication that tolerate short 
delays. 

5.3 . Enhanced Communication 

5.3.1. Vehicular Networks Interaction: 

For the promising future Smart Cities, global communications between vehicles and the 
city are required to be constant, including infrastructure-to-infrastructure, car-to-car and 
infrastructure-to-car communications. Though the Infrastructure-to-Infrastructure require pre-
installed tools and continuous maintenance, in the other hand the car-to-car and car-to-
infrastructure may overlook the continuous maintenance of the path. Indeed, in the context of 
smart city one only needs to forward the message to the next nodes(vehicle, station...etc.), but 
we want to make sure that the information will reach its final destination. Therefore we need 
to find alternative routes to establish the connection in case unwanted disconnections occur in 
the Vehicular Network. 

The fact that the daily vehicles circulating in the city roads vary from private, public and 
semi-public transport systems, limit the benefits of vehicles networks and the full potential 
VANETs may accentuate in Smart Cities. Eventually if all the vehicles in the city were 
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involved, the quality of service would be optimal; but private vehicles may refuse to share 
their network connectivity due to the drivers preferences and privacy. So for a realistic 
alternative, we consider only the public and semi-public moving vehicles. Which means that 
just  part of the vehicules within the city will constitute our Vehicular Network for a Smart 
City which may represent between 10-30% of all the vehicles in the city roads, and may go 
sometimes up to 50%, each interacting vehicle in the Vehicular Network is required to have 
an on-board terminal, that integrates different wireless communication technologies(Wi-Fi, 
ZigBee, Bluetooth...etc.), to communicate with surrounding vehicles, stations, nodes, sensors 
or other infrastructures. 

The main interest is oriented towards improving the Quality of Service of the 
communications between source and destinations nodes that require an acknowledgement for 
the received data packets, with short delays and continuous transmissions. Our proposed 
approach, deploys an enhanced Ad-hoc On-demand Distance Vector( AODV) routing 
protocol. Our objective is rather than the focus of distributing the information or flood the 
data packets in the Vehicular Network, we try to enforce the connection we may require to 
establish between two nodes (source and destination), that may be represented as two 
vehicles, storage station and data collector, vehicle and storage station or even storage station 
and the control server where we need to transmit packets data from source to destination with 
an acknowledgement received data and go through vehicles as the forwarder nodes. The 
enhanced AODV routing protocol deploy a new method that specify the time limit of the 
route we established between the source and destination nodes in order to maximize the 
Packets Delivery Rate (PDR) and remove any obstacle that may cause packets loss during the 
exchange of information between the two nodes 

5.3.2. The AODV Routing Protocol  

Ad-hoc On-demand Distance Vector (AODV) is a reactive routing protocol which 
discovers a route to the destination when the route is needed; this routing protocol maintains 
the active routes discovered while they are not stale, which helps solving the network loop 
problem, where routing packets circulate indefinitely, for each new route requested the source 
node of the route request broadcast a packet defined as the Route Request Message (RREQ) 
with a Time To Live (TTL) in order to not keep the RREQ packet in the network for infinite 
time, the destination node responds to the RREQ message by sending a special packet defined 
as a Route Reply Message (RREP) to the source node, in case neighbors nodes do not have a 
route to the requested destination, the node acting as a forwarder, forwards the RREQ, upon 
reaching the destination node, a RREP is transmitted to the source node and a route is 
established between the source and destination nodes for data packets transmission. The 
routing information, the routing protocol AODV collects is limited, thus the node source 
calculates only the route to the destination node, and for each new node destination, a new 
route discovery process is necessary, such actions may carry a significant network overhead, 
and periodically each node broadcast Hello messages to neighbors’ nodes in order to 
determine their connectivity, and update the routing table with the routes to the neighbors’ 
nodes, by adding the not existing nodes and increasing the lifetime of the already existing 
nodes, once the lifetime of a node expire the route is deleted from the routing table. A broken 
link between two nodes affects only active paths using this link: AODV does not trigger any 
process action if the affected link is not used by any active path. Each time a node involved in 
active route moves out of its neighbor range, that node verifies if the conditions are met to 
trigger the broken link repair algorithm, in case the conditions are not met the node broadcasts 
a “Route Error” (RERR) packet in order to inform its precursor nodes about the broken link. 
This information is conveyed backwards to the source node. Each node that receives the route 



99  

 

error, updates its routing table. Then the node source re-initiates the route discovery process, 
if the route is still required . 

5.3.3. The Enhancement of AODV in VANETs within a Smart City 

The AODV routing protocol establishes a connection with the destination node once the 
route is found and starts transmitting the packets until there are no more packets in the source 
node, then he puts down the route, but there are cases where the link between source and 
destination nodes is broken due to the mobility, disconnection or other causes, so either the 
AODV try to reestablish the connection or find another route, which cause in cases when 
there are a lot of disconnections, a huge amount of packets loss, that requires the 
retransmission of the packets when there is a new connection between source and destination 
nodes. 

In this paper we approach the problem of the route disconnections, with an aim of 
completely removing the packets loss as the ideal objective, and interrupting the packets 
transmission whenever there are problems within the route due to a disconnection, to remove 
the problem of packets  loss and additional routing packets generated in order to reestablish 
the route or report the failure of the route due to a disconnection; in this paper we illustrate 
our first step towards achieving this goal, where we define to the route a timestamp Route 
Time To Live (RTTL), this RTTL represents the predicted Time between the hop and next 
hop nodes before they get out of range of each other's broadcast range, in order to reduce the 
failure problem and unnecessary and unwanted routing packets broadcast in the network. 

The RTTL time represent the time limit of each route between the hop node and next 
hop node and whenever the routing time through these two nodes reach the RTTL we put 
down this link between these two nodes and we rediscover the route to destination node, 
without the requirement of sending route error packets to source node which reduces the 
unwanted routing packets and also reduces the packets loss due to the routing protocol route 
rediscovery before the route failure occurs, which will minimize the normal huge packet 
queuing at the hop where the disconnection is predicted to appear, that causes us a great 
amount of packets loss within the network. 

In order to compute the RTTL for each two node link in the Enhanced AODV we 
defined to VANETs, multiple characteristics interfere during the computing time: 

Speed: each vehicle (node) within the vehicular network traverse the road with a 
variable speed depending on the road limit speed and the driver's preferences, this speed 
affect the connectivity with the next hop node depending on the direction of each node. 

Direction: each node has a trajectory that it will take, this trajectory may happen to be 
random or predicted or even a fixed trajectory (bus, trams, trains...etc.), the link between the 
two nodes may be in same direction, opposite direction or even distancing or regrouping with 
each other with a random angle, that is determined by the route each node (vehicle) is 
crossing. 

Mobility Pattern: vehicles (nodes) normally in roads may change the direction of their 
route depending on the driver which alters the distance and the RTTL between the two nodes 
randomly, and may cause an unpredicted disconnection between the two nodes. 

Road Environment: traffic lights, accidents, road maintenance works...etc; all these 
obstacles may alter the speed and direction as well as the mobility pattern of the vehicle 
(node) within the road, which also may cause an unpredicted disconnection due to lack of 
knowledge regarding the route environment. 
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Driver's Behavior: finally the major and most random characteristic that affects the link 
connection, is the driver's behavior that we are incapable of predicting and sometimes even 
for the nodes (vehicles) with fixed trajectory (bus, tram, train...etc.) their direction is altered, 
which causes the link disconnection between the two nodes (vehicles). 

In order to evaluate the enhancement implemented onto AODV routing protocol, we 
will perform our data transmission of the Smart Diagnosis Application presented in the next 
paragraph, over a casual Smart city map, and Agdal District Map from Rabat City. 

5.4 . Smart Diagnosis 

5.4.1. System Architecture.  

The Smart diagnosis Application paves the way to a new way of preventive 
maintenance where the vehicle/machine does not need to have built-in dedicated devices. 
Such system can be easily deployed in all kind of vehicles especially old models and those 
working on hostile areas. The platform consists of a set of sensors and data collectors 
connected to an intelligent device that can process and analyses, locally, the data received. 
The device is controlled and monitored by a server through a two ways communication 
system. The vibration/noise sensors are fixed on the equipments and parts to be monitored. 
The measurements are done automatically and continuously, and the data is sent to the 
onboard device for filtering and processing. The server, jointly with the onboard device, will 
give warning if the vibration/noise values exceed set limits. The technique is based the 
number of summits that exceeds the threshold within the desired frequency range in the 
spectrum. 

 
Figure 5.1. The Different Layers of the Smart Diagnosis Application 

As shown in Figure 5.1 the proposed system consists of the following layers: 
The sensing layer: it is a set of data collectors, mainly the vibration and noise sensors 

deployed around the targeted parts and equipments to be monitored within a vehicle or a 
machine. Various types and technologies of sensors may be used and hence one needs to care 
only about the range of the measurements and the way these values are sent to the device. The 
data collectors are connected to the device through wired or wireless local system in 
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client/server architecture. The information flow is controlled and synchronised by the device 
to get the right information at the right time. The information is sent continuously or on 
demand. 

The processing layer: It consists of an on-board device that is a combination of 
hardware and software. This part is the heart beat of the platform, in charge of the 
coordination and the preliminary processor of the received data. It is also the proxy and the 
tool of the server onboard. The hardware part is composed of electronic controller with 
processing and buffering capabilities and junctions that can support all kind of sensors 
regarding the sensing technology used and the sensors communication protocols. The device 
needs to be connected to the server. For this purpose it has communication components such 
as GPRS,Wi-Fi and 3G to allow a long range communication through the Internet. The 
software part is in charge of processing and analysing the received data. This task uses the 
knowledge available locally. Further processing and intelligence is provided by the server. 

The user interface layer: It consists of a set of applications that allow interacting locally 
with the system. Indeed the system can send messages and alerts to the user of the 
vehicle/machine. It can even operate and control the machine such as stopping the engine or 
reducing the speed if it was programmed to do so. This interface also could be used to set and 
configure the system. This layer maybe composed of monitors and speaker for the outputs and 
buttons and keyboards for inputs. 

Server: The server, is the intelligence center of the system, performs further processing 
and analysis on the results, provides the knowledge to the device such as parameters and 
limits set, also updates the local database embedded in the device. We keep all the 
information called the knowledge base on the server. The knowledge base includes historical 
information regarding the monitored part and other technical information provided by the 
manufacturer such as the profile of the vibrations and the noises in normal conditions. These 
profiles are used by the server to compare it to those received from the data collectors to 
detect any gap between them. The server may request specific data from the platform 
regarding the monitored part, saves new results obtained from the analysis of the targeted part 
as historical information for future monitoring. 

5.4.2. Smart diagnosis implementation. 

The system performs remote diagnosis and track the targeted part within the vehicle, 
preventing incoming failures or defects to the targeted part. The smart diagnosis are based on 
the vibration data collected from the targeted parts, processed and analyzed in the middleware 
before presenting the results or requesting additional information from the server. The main 
function of the system is the surveillance and analysis in order to identify all kind of fatigue at 
their early stage. The main objective of the Smart Diagnosis Application is the reduce of the 
huge volume of the vibration data and minimizing the informative data without altering the 
results of the diagnosis performed on the monitored gear to “One Single Value” that 
represents the state of the targeted gear. This value is obtained by counting the number of 
summits exceeding the threshold within the desired frequency range from the Fast Fourier 
Transformation vibration signal; this value represent the profile of the gear and simplifies the 
data transmission between the platform and the server. 

5.5 . Simulation 

In this paragraph we evaluate the PDR (Packet Delivery Ratio) as well as the QoS 
(Quality of Service) of the network during the transmission of the data packets from the 
different sources (the data collectors installed within the Smart City streets, or the data 
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storages installed in the most known junctions within the District) to their one and only final 
destination, the Control Server. 

5.5.1. Configuration of the Data Storages and the Vehicles 

The Data Storages are installed on Agdal streets using Multi-interface nodes at fixed 
positions to ensure communications with both vehicles and the other sensors and nodes (Data 
Collectors). 

To ensure high connectivity of the stations, we install them nearby a group of blocks 
and at famous junctions known for their traffic congestion and covers a range of 150m for the 
interface communicating with vehicles, as for the interface connecting with sensors and nodes 
that collect informative data we used a range of 200m. The control server act in our 
simulation as the end line of the data transmission where the transmission range is set at 
150m. As for the vehicles, we divide them into two groups, where the Blue and White Taxis 
implement one interface that interact with other vehicles or the interface of the server or the 
interface of the stations that communicate with the vehicles, while the Buses, Trucks and 
Trams use two interfaces to interact with the stations and the server, where they use an 
interface identical to Blue and White Taxis, they use also another interface where they are 
capable of communicating and storing data received from each sensors, data nodes installed at 
bus, tram stop or blocks and keep it in their data base until they are closer to the server and 
transmit the data, in the simulation we are performing we are interested only on the first 
interface, that communicate like the Blue and White Taxis, we set the transmission range to 
100m, taking into consideration the transmission range disturbances due to buildings. 

 
Figure 5.2. Part of Agdal District Taken by OpenMapStreet, Illustrating The Locations of some Data Storages 

and The Control Server 
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5.5.2. Maps Configuration 

To evaluate the utility of VANETs in Smart Cities, we use two different maps, the first 
one represent an urban scenario of the Full Agdal district from Rabat city, to show how the 
VANETs are capable of acting as a transportation system between the stations and the server, 
Fig.2 above shows some of the stations location in the map as well as the server. The 
Simulation recreates the full Agdal district in Rabat city, the length of the streets varies from 
50m to 300m with multiple junctions that connect from 2 streets to 7 streets with higher 
traffic congestion at junctions with 5 to 7 streets connections, and at junctions where the tram 
passes, due to the priority is always given to trams. 

 

 
Figure 5.3. Intelligent Map of a Smart City with 4 Data Storages and a Control Server Installed 

 
While the second map illustrate a casual number of blocks and streets we may encounter 

in a normal Smart City, as shown in Fig.3 we pre-install four data storages and the control 
server, the length of the streets differ from 100m to 200m as shown in the Fig.2. 

5.5.3. Simulation Configuration: 

The Simulation scenario for Agdal District map generates 1000 vehicle that includes a 
ratio of taxis, buses and public trucks, as well as trams, the Simulation scenario is using Agdal 
district map taken from OpenStreetMap, as for the second Simulation scenario we generate a 
300 vehicles distributed between public, semi-public and private transportation systems,  both 
scenarios are configured in the Simulation of Urban MObility(SUMO), this simulator 
generates a realistic scenario of vehicles mobility that can be used in the Network Simulator 
2(NS2), where we set the Initial Energy used by the vehicles to 0 unless the vehicle represent 
public or semi-public transport system, or a private transport system that allows the 
forwarding of data packets, we keep altering the ratio and the number of vehicles influencing 
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the VANET networks within the Smart City where we change the ratio of the number of 
nodes(vehicles) interacting in the network between (10%, 20%, 50%, 100%) , the Initial 
Energy is set to 100 Joules, to make the vehicle capable of receiving and transmitting data. 

For both maps The data storages stations will broadcast 512 bytes messages every 0.5 
second (2 messages each second), whenever they find route to the server using the public and 
semi-public and some private transportation tools depending on the ratio of the vehicles 
interacting in the VANET Network as forwarders for their messages while they are roaming 
the city according to the customers' requests or due to their trajectory, the simulation will 
continue for a period of 82 seconds taken between 9A.M and 11A.M during the period of time 
where Agdal roads are active with vehicles, but with no huge traffic congestions for the first 
map, while in second map we simulate for a duration of 60 seconds during a upper traffic 
compared to the first one. 

In the Simulation scenarios presented we use the AODV routing protocol and an 
Enhancement of the latter routing protocol as described above in this paper, the main 
objective of both simulations is to evaluate if the Vehicles Networks may act as strong 
network connectivity tool that is capable of transmitting data within the city between stations 
placed in the city streets and the control server within  the Smart City as well as the 
improvement of our approach to the AODV routing protocol to improve the PDR as well as 
the QoS. 

 
Table 1: SIMULATION SETTINGS 

Parameter Value 
Packet Size 512 bytes 
Simulation Time 82 seconds 
Agdal District Map 3500*3500 m2 
Map 2 640*440 m2 
Number of Nodes in 
Agdal Map 1011 

Number of Nodes in 
Map 2 305 

Maximum Average 
Speed 20-50 (km/h) 

Mobility Model CarAgentMod 
(SUMO) 

Vehicles Transmission 
Range 100m 

Data Storages 
Transmission Range 200m 

Routing Protocol AODV 

5.5.4. Results & Analysis 

As shown from Table.2 and Table.3, the utility of VANET Networks within the Smart 
City is not negligible and can be implemented as a basic network within the Smart City, from 
the same figures we can see the improvement the proposed approach present to AODV 
routing protocol regarding the PDR and QoS, where our enhanced  routing protocol in the 
same scenario as the normal routing protocol transmit lesser packets but with a higher ratio of 
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the received data packets due to the RTTL indicator that represent a major factor in the 
results. 

Tableau 2: Results of Agdal District Map 

Nodes 
Ratio 

PDR (%) Throughtput 
[kbps] 

EED (ms) 

AODV RTTL-
AODV 

AODV RTTL-
AODV 

AODV RTTL-
AODV 

100% 
80,59% 
S: 1602 
R: 1291 

87,36% 
S: 1512 
R: 1321 

65,69 70,28 135,95 104,04 

50% 
78,95% 
S: 1592 
R: 1257 

86,1% 
S: 1510 
R: 1300 

63,67 68,71 263,87 206,14 

20% 
64,19% 
S: 1578 
R: 1013 

70,65% 
S: 1489 
R: 1052 

59,12 62,52 312,41 451,21 

10% 
62,59% 
S: 1524 
R: 954 

66,59% 
S: 1485 
R: 989 

46,4 55,12 792,24 851,52 

Tableau 3: Results of Map 2 

Nodes 
Ratio 

PDR (%) Throughtput 
[kbps] 

EED (ms) 

AODV RTTL-
AODV 

AOD
V 

RTTL-
AOD
V 

AODV RTTL-
AODV 

100% 
82,66% 
S: 623 
R: 515 

90,04% 
S: 623 
R: 561 

27,87 30,53 75,19 86,61 

50% 
81,03% 
S: 643 
R: 521 

85,62% 
S: 640 
R: 548 

27,7 29,2 263,87 116,36 

20% 
65,07% 
S: 647 
R: 421 

71,29% 
S: 620 
R: 442 

22,44 24,64 704,56 624,04 

10% 
47,42% 
S: 639 
R: 303 

55,82% 
S: 541 
R: 302 

16,81 18,45 1210,8 728,03 

 
As shown from both Table.2 and Table.3 the RTTL-AODV outperforms the standard 

AODV routing protocol, where as seen from the results obtained in both Tables there is a 
reduce of the data packets send and an increase of the received data packets due to the Route 
being put down whenever the RTTL reach the zero to avoid a link failure before it occurs, but 
the results are still non-satisfactory where we are trying to achieve a result as close as possible 
to the optimal solution where PDR should be close to 100% (Transmission/ Reception) in any 
VANET Network scenario within a Smart City, where all send data packets need to reach 
their destination with the same characteristics the AODV routing protocol but with a better 
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improvement to the RTTL that determines the route time to live before the route may 
encounter disconnections or other problems that disturb the transmission of data packets. 

5.6 . Conclusion 

In this Chapter, we displayed how Vehicular Networks in Smart Cities offer a very 
satisfactory and alternative network. The simulation results confirm how the vehicular 
networks are capable of acting as a connectivity tool between the stations and the back-end 
server. The goal of this work, is considered to be achieved, since the transmission delays 
between the stations and the back-end server are negligible when we are interested on 
informative data transmission that do not require delays  and require instantaneous update of 
information for Smart Applications like the already presented Smart Diagnosis Application, 
we used the AODV routing protocol that satisfies this charge, and we presented the 
enhancement we performed on the AODV routing protocol where we identified a new metric 
known by the RTTL that time out the route before its failure, to avoid a huge drop-out of data 
packets. The simulation results confirm how the idea we presented as an enhancement is 
applicable and may still be reinforced, by adding more metrics and characteristics to improve 
the performance of the network. 
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CONCLUSION 
 
In this « Thesis of Works », the author has reported the summary of his research 

activities in two different fields within two entities. 
The first one was about developing a new multidomain and multilevel approach for 

designing and controlling a Wind Energy Conversion System.   It encompasses various 
physics areas such as Aerodynamics, Mechanics, Vibrations, Strength of Materials, Power 
Electronics, Electrical Circuits and Control Theory. The Bond Graph Approach has been 
proved to be an excellent tool in dealing with this complex problem. The outcomes were two 
publications which make up the main contribution in this present report.   

The author intends to explore the experimental side of this exciting topic if the 
conditions of having a full functioning facility within our Lab or eventually with another 
partner entity are met.  Alternatively, there is a trend also to examine this BGA applicability 
to the new trend within the automotive industry in the field of the Internal Combustion 
Engines (ICE)’s Diesel Common Rail Injection Systems. 

The second topic deals with the increasingly crucial role played by the so-called 
VANETs (=wireless communication Vehicular Ad-hoc Networks) in managing the Smart 
City. It has been put forward how Vehicular Networks in Smart Cities offer a very 
satisfactory and alternative network. The simulation results confirm how the vehicular 
networks are capable of acting as a connectivity tool between the stations and the back-end 
server. 
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