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NEW DESIGN AND COMPARATIVE STUDY VIA TWO TECHNIQUES 
FOR WIND ENERGY CONVERSION SYSTEM 
 
Introduction. With the advancements in the variable speed direct drive design and control of wind energy systems, the efficiency and 
energy capture of these systems is also increasing. As such, numerous linear controllers have also been developed, in literature, for 
MPPT which use the linear characteristics of the wind turbine system. The major limitation in all of those linear controllers is that 
they use the linearized model and they cannot deal with the nonlinear dynamics of a system. However, real systems exhibit nonlinear 
dynamics and a nonlinear controller is required to handle such nonlinearities in real-world systems. The novelty of the proposed 
work consists in the development of a robust nonlinear controller to ensure maximum power point tracking by handling 
nonlinearities of a system and making it robust against changing environmental conditions. Purpose. In the beginning, sliding mode 
control has been considered as one of the most powerful control techniques, this is due to the simplicity of its implementation and 
robustness compared to uncertainties of the system and external disturbances. Unfortunately, this type of controller suffers from a 
major disadvantage, that is, the phenomenon of chattering. Methods. So in this paper and in order to eliminate this phenomenon, a 
novel non-linear control algorithm based on a synergetic controller is proposed. The objective of this control is to maximize the 
power extraction of a variable speed wind energy conversion system compared to sliding mode control by eliminating the 
phenomenon of chattering and have a good power quality by fixing the power coefficient at its maximum value and the Tip Speed 
Ratio maintained at its optimum value. Results. The performance of the proposed nonlinear controllers has been validated in 
MATLAB/Simulink environment. The simulation results show the effectiveness of the proposed scheme, suppression of the chattering 
phenomenon and robustness of the proposed controller compared to the sliding mode control law. References 33, table 1, figures 17. 
Key words: synergetic controller, sliding mode controller, maximum power point tracking, macro-variable, wind energy 
conversion system. 
 
Вступ. З досягненнями у проектуванні та керуванні вітряними енергосистемами з регульованою швидкістю, зростають 
також ефективність та захоплення енергії цих систем. Так, в літературі також розроблено численні лінійні контролери 
для відстеження точки максимальної потужності, які використовують лінійні характеристики системи з вітряними 
турбінами. Основним обмеженням у всіх цих лінійних контролерах є те, що вони використовують лінеаризовану модель і не 
можуть мати справу з нелінійною динамікою системи. Однак реальні системи демонструють нелінійну динаміку, і для 
обробки таких нелінійностей у реальних системах необхідний нелінійний контролер. Новизна запропонованої роботи 
полягає у розробці надійного нелінійного контролера для забезпечення відстеження точки максимальної потужності 
шляхом обробки нелінійності системи та забезпечення її стійкості до змін умов навколишнього середовища. Мета. 
Спочатку управління ковзним режимом вважалося одним з найпотужніших методів управління, що пов’язано з 
простотою його реалізації та надійністю порівняно з невизначеністю системи та зовнішніми збуреннями. На жаль, цей 
тип контролера страждає від головного недоліку, а саме явища вібрування. Методи. Тому у цій роботі з метою усунення 
цього явища пропонується новий нелінійний алгоритм управління, заснований на синергетичному контролері. Завдання 
цього контролю – максимізувати відбір потужності системи перетворення енергії вітру зі змінною швидкістю порівняно 
із регулюванням ковзного режиму, усуваючи явище вібрування, і мати хорошу якість енергії, фіксуючи коефіцієнт 
потужності на його максимальному значенні та підтримуючи кінцевий коефіцієнт швидкості на його оптимальному 
значенні. Результати. Ефективність запропонованих нелінійних контролерів перевірена в середовищі MATLAB/Simulink. 
Результати моделювання показують ефективність запропонованої схеми, придушення явища вібрування та стійкість 
запропонованого контролера порівняно із законом управління ковзного режиму. Бібл. 33, табл. 1, рис. 17. 
Ключові слова: синергетичний контролер, контролер ковзного режиму, відстеження точки максимальної потужності, 
макрозмінна, система перетворення енергії вітру. 
 

1. Introduction. Nowadays, most countries of the 
world are facing difficulties in using conventional sources 
for power generation due to exhaustion of fossil fuels and 
environmental issues like air pollution and greenhouse 
gases. For these reasons, energy producers are heading to 
the use of renewable energy sources (sun, wind, biomass, 
etc) to produce electricity. These new energies appear 
today as a solution to energy production problems in the 
world [1, 2]. As a renewable energy source, wind energy 
is one of the most promising renewable energy resources 
for generating electricity due to its cost competitiveness 
compared to other conventional types of energy resources.  

A wind energy conversion system (WECS) can be 
separated into three main conversion stages, including the 
transformation from the wind kinetic energy to the rotational 
mechanical energy in the wind turbine, the transformation 
from the turbine mechanical energy to the electrical energy 
by an electrical generator, and the connection between the 
electrical generator and the power grid by an electronic 

power converter [3]. The generated energy can be used either 
for standalone loads or fed into the power grid through an 
appropriate power electronic interface [4]. 

In WECS, several types of electric generators are 
used such as squired-cage induction generator, doubly fed 
induction generator [5]. Lately, with the advances of 
power electronic technology, permanent magnet 
synchronous generator based variable speed WECS are 
becoming more popular over other types of generators 
which are used in wind energy systems because of 
advantages such as its simple structure, ability of 
operation at low velocities, self-excitation capability 
leading to high power factor and high efficiency operation 
[6], moreover permanent magnet synchronous motor can 
be connected directly to the turbine without system of 
gearbox [7]. According to Betz’s law, only 59.3 % of total 
available wind energy can be converted into mechanical 
energy considering no mechanical losses in the system [8] 
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and in most cases about 20-60 % of the Betz’s limit can 
be obtained from wind turbines [9]. 

However, the conventional way to get the maximum 
power from wind is based on the optimum mathematical 
relationship. The turbine output power is a function of rotor 
speed if the wind speed is assumed to be constant. Thus 
controlling the rotor speed allows control over power 
production from the generator [10]. There are several other 
mathematical relationships suitable for maximum power 
tracking. In many cases electromagnetic torque vs. power 
relation is used to obtain the maximum power [11].  

Basically, the studied maximum power point 
tracking (MPPT) methods for WECSs include three 
strategies: 

1. Relying on wind speed measurement used by tip 
speed ratio (TSR) method; 

2. Relying on wind turbine power curve used by power 
signal feedback and optimal torque control methods; 

3. Relying on hill climb search of wind turbine power 
curve without any knowledge about this curve used by 
perturb and observe method [12]. 

Control design, in WECS is becoming a challenging 
task due to the nonlinear dynamics and uncertainties 
present in these systems [13]. The requirements of the 
control system include tracking a speed reference, 
generated by MPPT, by controlling the rotational speed in 
a variable speed wind turbine system [14, 15], while the 
most important part of the control design for nonlinear 
dynamical systems is to guarantee the stability.  

Conventional control methods are based on 
proportional-integral (PI) regulators, which were initially 
developed for linear systems, and their design is limited 
by the parameters tuning, which is delicate and requires 
adjustment in a changing environment due to random 
variations of the power source [16]. Different model 
based control systems, such as sliding mode, known for 
its simplicity, speed and robustness was widely adopted 
and has shown its effectiveness in many applications. 

Unfortunately, this type of controller suffers from a 
major disadvantage, that is, the phenomenon of 
chattering. The chattering phenomenon occurs due to 
implementation issues of the sliding mode control signal 
in digital devices operating with a finite sampling 
frequency, where the switching frequency of the control 
signal cannot be fully implemented [17]. 

In order to eliminate this phenomenon, a more recent 
technique (synergistic approach) is proposed in [18], the 
synergetic control method presents a suitable option to 
control nonlinear uncertain systems operating in disturbed 
environments. That’s why several studies have been 
conducted in this field. 

In this study, we adopted the tip speed ratio control 
strategy with a non-linear control algorithm based on a 
sliding mode theory and synergetic controller in order to 
maximize the power extraction of a variable speed of 
WECS. The main aspect of control design is definition of 
a macro-variable for synergetic control and sliding 
surface for sliding mode control. 

In [19, 20] synergetic control is proposed as a 
nonlinear control technique to track photovoltaic systems 
and it is shown using simulation that synergetic control 
eliminates chattering effect compared to sliding mode 

control. The synergetic controller which has received 
much attention for photovoltaic systems can also be 
designed for WECS. 

In our paper, the motivation is to use a nonlinear 
synergetic control of the wind speed turbine in order to 
operate at maximum power extraction. This new approach 
does not require the linearization of the model and 
explicitly uses a nonlinear model to design the control law. 

The aim of paper is to optimize the power produced 
by a wind energy system under varying conditions based 
on two maximum power point tracking techniques. 

The rest of the paper is organized as follows. The 
modeling of all parts of the wind speed turbine and 
problem formulation for MPPT to extract the maximum 
power are presented in Section 2. The synergetic and 
sliding mode control theory is summarized in Section 3, 
followed by the design of the synergetic controller and 
sliding mode. Simulation results and comparison with two 
well known controllers, sliding mode controller and 
synergetic controller, are presented in Section 4. 
Conclusion is given in Section 5. 

2. Wind turbine modeling. WECS includes various 
multidisciplinary subsystems which can be classified as 
aerodynamic, structural and electrical. The aerodynamic 
subsystem represents the aerodynamic model of the wind 
turbine. The structural subsystems include blades, tower 
and drive train models. The electrical subsystems include 
the generator, the back-to-back converter and the system 
control models. 

Model of wind turbine. The wind speed can be 
modelled as a deterministic sum of harmonics with 
frequency in range of 0.1–10 Hz as follows [21]: 
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where V0 is the average wind speed; An is the magnitude 
of nth kind of eigenswing, n is the eigenfrequency of nth 
kind of eigenswing excited in the turbine rotating.  

The aerodynamic (mechanical) power developed by a 
wind turbine is given by the following expression [22, 23]: 
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where  is the air density, kg/m3; R is the radius of the 
turbine blade, m; V is the wind speed, m/s; Cp(, ) is the 
power coefficient which is a function of both a factor  
known as the tip speed ratio (TSR) and blade pitch angle 
 (deg). 

TSR is defined as the ratio of the turbine’s blade-tip 
speed to the wind velocity, and can be expressed as: 

V
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where t is the rotor speed of a wind turbine, rad/s.  
Several numerical expressions exist for Cp(, ). 

Here the used relation is given by [24]: 
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The Cp curve is shown in Fig. 1, from which there is an 
optimum  at which the power coefficient Cp is maximal. 
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Cp 

 
Fig. 1. Power coefficient Cp(, ) versus tip-speed ratio for 

various values of  
 

The value of the power coefficient Cp is a function 
of  and , it reaches the maximum at the particular  
named opt. Hence, to maximize the extracted energy of 
wind turbine  should be maintained at opt with the 
optimal rotor speed of the turbine which is determined 
from (3) and given as 

R
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where ref  is the rotor speed reference, rad/s. 
For a constant  Fig. 2 illustrates that there is only 

one fixed value of TSR (opt = 9.14) for which Cp is 
maximum (Cpmax = 0.5). This special value opt is known 
as the optimal peak speed ratio, it can be expressed by: 
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Fig. 2. Power coefficient Cp versus  at fixed   

 
Gear box model. The role of gear box is to 

transform the mechanical speed of the turbine to the 
generating speed, and the aerodynamic torque to the gear 
box torque according to the following mathematical 
formulas [25]: 
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and the mechanical equation of the shaft, including both 
the turbine and the generator masses, is given by [24]: 




fTT
dt

d
J emg ,                        (8) 

where  is the mechanical generator speed; tur is the 
speed of the turbine; Tg is the torque applied on the shaft 
of turbine; Taer is the aerodynamic torque; Paer is the 
aerodynamic power; Tem is the electromagnetic torque; 
J is the total moment of inertia; f is the viscous friction 
coefficient; G is the gear box ratio. 

The system of equations (1)-(8) permit to us to 
construct the block diagram of the wind turbine as shown 
on Fig. 3 [32, 33]. 

 
Fig. 3. Wind turbine block diagram. 

 
3. MPPT control strategies. According to Fig. 1, 

for a particular value of tip speed ratio opt, Cp has a 
unique maximum value at which maximum power is 
captured from wind by the wind turbine. As a result, to 
achieve power efficiency maximization, the turbine tip 
speed ratio must be sustained at its optimum value in spite 
of wind variations. Also, for a given wind velocity, there 
is an optimal value for rotor velocity which maximizes 
the power supplied by the wind. That is equally saying, 
the turbine system realizes the MPPT function [26]. 
Consequently, the system can operate at the peak of the 
P() curve, and the maximum power is extracted 
continuously from the wind. That is illustrated in Fig. 4. 

 
Fig. 4. Turbine powers various speed characteristics for different 

wind speeds with indication of the MPPT curve 
 

So the MPPT technique consists of varying turbine 
speed constantly according to wind speed variations, so 
that the tip speed ratio is maintained in its optimum value, 
thus the power generation is optimum. In order to extract 
the maximum power from the wind, we adopted the speed 
turbine control strategy. It permits to carry the speed of 
the wind turbine into the desired value which corresponds 
to the maximum power point. The wind turbine speed 
control scheme is represented in Fig. 5, where C is the 
speed controller. 

 
Fig. 5. Speed generator feedback control 
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This control structure consists to adjust the torque 
appearing on the turbine shaft in order to fix the turbine speed 
at a reference that permits to track of the maximum wind 
power. In this study, we assume that the electromagnetic 
torque equals to its reference all the time [24]. 

refemem TT  .                              (9) 

Controller design based to sliding mode. Sliding 
mode control is one of the non-linear techniques. It is a 
particular operation mode of variable structure control 
systems. Its concept consists of moving the state 
trajectory of the system to a predetermined surface called 
sliding surface and maintaining it around this latter with 
an appropriate logic commutation [27]. The design of 
sliding mode controller is done in three steps [29, 30]: 

1. Selection of the sliding surface; 
2. Establishing the conditions of existence and 

convergence; 
3. Determination of the control law. 

The sliding surface is given by [31]: 
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where sm is the positive constant indicating the desired 
control bandwidth; r is the relative degree, equal to the 
number of times to derive the output to appear the 
command; e(x) is the error between the variable and its 
reference. 

For n = 1 the error as being the sliding surface: 
   refe ,                            (11) 

where ref is the desired speed. 
This surface derivative is: 

    refe .                            (12) 

Combining the previous equation with equation (8), 
we obtain: 
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J

e emgref
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The controller structure includes two parts, one part 
on the exact linearization and another said stabilizing 
[26-28], so: 

n
em

eq
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Substituting the expression of the control speed by 
their expressions given in (13), the equations below are 
defined as follow: 
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During the sliding mode and in permanent regime, 
we have: 

    0;0;0  n
emTee  . 

Where the equivalent control is: 

gref
eq
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Therefore, the correction factor is given by: 

  ekT n
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where k is a positive constant. 
The control expression: 

  ekTfJT grefem sgn .      (18) 

Controller design based to synergetic control. 
Synergetic control is a state space approach for the design 
of control for complex highly connected nonlinear 
systems [20]. It forces the system state variables to evolve 
on a designer chosen invariant manifold enabling for 
desired performance to be achieved despite uncertainties 
and disturbances without damaging chattering inherent to 
the sliding mode technique [20]. Synergetic synthesis 
begins with the definition of the macro-variable based on 
the equations of the state space. For the macro-variable, it 
can be expressed as follows: 

 =  (x, t).                                (19) 
The objective of the synergetic controller is to 

operate the controlled system on the manifold for which 
the macro-variable is null  = 0. 

The expected dynamic evolution of the macro-
variable is given as a function of: 

0,0  TT  .                       (20) 

where the derivative of the total macro-variable is noted 
by  , and T is a parameter design which designates the 

convergence rate from the closed loop system to the 
manifold that is to be specified by  = 0. 

Finally, the control law (evolution in time of the 
control output) is synthesized according to equation (14) 
and the dynamic model of the system. 

According to synergetic controller, we will select the 
first set of macro-variables as equation (20): 

 ref .                            (21) 

This derivative is: 

  ref .                            (22) 

Combining equations (8), (20), and (21), we get the 
electromagnetic torque as the following control law: 
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4. Simulation results. In this section we evaluate 
the performances and effectiveness of the control 
strategies by simulating the wind turbine under the 
turbulent wind speed profile of Fig. 6. 
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Fig. 6. Wind speed profile 

 

The system parameters that have been chosen for the 
wind turbine are given in the Table 1. 

 

Table 1 
Wind turbine parameters 

Parameters Values 
Density of air, kg/m3 1.22 
Radius of rotor, m 3 
Gear box ratio  1 
Turbine total inertia, kgm2 16 
Total viscous friction coefficient, Nm/s 0.06 
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The sliding surface and power coefficient are shown 
in Fig. 7-9 respectively. For sliding mode controller, good 
tracking capability was observed but it is perturbed by the 
high-frequency oscillations (the chattering) which can 
cause instability and damage to the system and there are 
no oscillations around the Cpmax for synergetic controller.  
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Fig. 7. Sliding surface 
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Fig. 8. Power coefficient using synergetic control 
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Fig. 9. Power coefficient using sliding mode 

 
Figures 10, 11 show that the TSR follows its 

reference very well corresponding to the maximum and 
optimal value TSR λopt = 9.14 for both controllers, but 
with sliding mode controller the appearance of high 
chattering effect is always present.  
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Fig. 10. Tip-speed ratio using synergetic control 
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Fig. 11. Tip-speed ratio using sliding mode 

 
According to Fig. 12, 13 the variation of the 

mechanical speed is adapted to the variation of the wind, 
which shows the direct influence of the wind on the speed 
of rotation of the shaft, we also note that the mechanical 
speed perfectly follows its reference value for the two 
controllers. But a zoom on these graphs shows that there 
is an error between the speed of rotation and its reference 
with the sliding mode controller. This confirms the 
effectiveness and good performance of the synergetic 
controller. 
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Fig. 12. Mechanical speed using synergetic control 
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Fig. 13. Mechanical speed using sliding mode 

 
Figures 14, 15 show the response of aerodynamic 

power. It is clear that the produced power follows well its 
optimal reference with good dynamics and track perfectly 
the reference for the two controllers, which means that the 
maximum power point can be achieved despite fast-
varying wind velocity. 

We can clearly see that in Fig. 16, 17 the macro-
variable function and sliding mode surface equals zero, 
which shows that the controller parameters are properly 
chosen. But as we can see, Fig 16 the high chattering 
effect on the sliding surface. 
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Fig. 14. Aerodynamic power using synergetic control 
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Fig. 15. Aerodynamic power using sliding mode 
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Fig. 16. Macro-variable function 
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Fig. 17. Sliding surface function 

 

From these results, we noticed that the MPPT 
controller based on synergetic is the most efficient 
technique compared to the sliding mode controller. It 
achieves maximum power with more stability, precision 
and better response time, and better trajectory tracking. 
However, the sliding mode method requires slow 
response time, with more oscillations and a chattering 
effect. For that, it can be stated that the synergetic control 
is a robust and efficient approach; it has better 
performance and a good dynamic response under variable 
wind speed conditions. 

5. Conclusions. 
In this paper, two maximum power point tracking 

strategies techniques are developed and compared to 

optimize the power produced by a wind energy system 
under varying conditions. According to the performance 
analysis of each method, it can be concluded that the 
maximum power point tracking controller based on 
synergetic control allows determining and tracking the 
maximum power point with more efficiency, fast response 
and high reliability compared to other controllers based 
on sliding mode. The main advantage of the synergetic 
controller, compared to the sliding mode, is the good 
reference tracking, the suppression of the chattering 
phenomenon and the reduction of the overshoot. The 
effectiveness and the robustness to external disturbances, 
noise and uncertainty parameters are shown in the 
simulation results. 
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