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This paper presented a system consists of wind turbine operating under the wind speed 
change, doubly fed induction generator (DFIG) connected directly to the constant grid by 
the stator and fed by a power converter on the rotor side. Vector control is used to 
independently control the flow of active and reactive power between the stator of the 
(DFIG) and the grid, which in this paper is realized, with conventional PI, fuzzy logic and 
fuzzy self-tuning PI controllers. The proposed controllers generate the references rotor 
voltages required to guarantee active and reactive power reach their desired reference 
values. Modeling and simulation of system using MATLAB and their behavior has been 
examined with simulations. The dynamics of the system is analyzed under varying wind 
speed, this analysis is focused on the active and reactive power control. The results 
obtained from PI controller, fuzzy and Fuzzy self tuned PI controllers are compared to 
validate the advantages of the proposed intelligent controllers based on fuzzy systems. 
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1. INTRODUCTION

Wind energy is clean and its sources are available free of
cost. Approximately, 10 million MW of wind energy is 
continuously available on the Earth [1]. This type of energy 
has grown greatly in wind generation in recent years in the 
world. Kinetic energy from moving air is converted into 
electricity by wind turbines. Several generic types of generator 
are possible candidates in wind turbines. Double-Fed 
Induction Generator (DFIG) is one of them. During recent 
years variable speed wind turbines with DFIG are the most 
applied wind turbine. The great interest for variable speed 
wind turbine is because of very good characteristics with 
modern semiconductor converters and digital control system. 
These later endow the DFIG with additional  advantages  such 
as stability and flexible control [2].Typical configuration of 
the wind turbine with DFIG consists of an induction wound 
rotor generator with stator winding connected directly to the 
three phase grid and rotor winding connected to the three 
phase grid by the use of back-to-back power semiconductor 
converter. The control system of DFIG consists of two control 
subsystems: control system of power converter connected to 
the rotor side (RSC) and control system of power converter 
connected to the electric grid side (GSC). The two converters 
are controlled with voltage PWM inverter. The rotor-side 
converter is used to control the behavior of the machine in both 
sub- and super-synchronous modes as well as tracking the 
maximum power output characteristic of the wind turbine. The 
vector control for this converter ensures the decoupling control 
of stator active and reactive power drawn from the grid [3]. 
Various types of regulators were used to this control. 

For reasons of simplicity, applicability, moderate cost, and 
adequacy of linear systems, the classical control techniques 
using the most simple regulator: the proportional-integral (PI, 
IP) or proportional-integral-derivative (PID) regulator are still 

the most generally utilized control structure in a large portion 
of the modern processes [4]. This controller type utilizes 
several tuning methods for obtaining appropriate control 
parameters. Among the several methods reported, Ziegler 
Nichols based tuning method is widely used because of its 
simple structure [5, 6]. However, it can be difficult to define 
the suitable PID gains when the plant to be controlled has a 
high level of complexity, such as, nonlinearities, time delay 
and structural uncertainties. All these factors could degrade the 
performance of a PID controller, which becomes 
unsatisfactory to guarantee the requirements in most of the 
practical systems [7, 8]. 

The artificial intelligence approaches have been very 
popular since the beginning of the 90s. Progressively, they 
have been utilized to solve any usual and complex control 
problems [9].  

Intelligent control systems (ICS) have the ability to work 
well when the operation point of the system is changing. Fuzzy 
logic systems, for example, are able to synthesize information 
from human experts. Also, artificial neural networks can 
implement complex non-linear control laws which are 
automatically derived from the desired input-to-output 
response mapping of the overall wind turbine system. 

 In contrast with traditional linear and nonlinear control 
theory, a fuzzy logic controller (FLC) is not based on a 
mathematical model [10, 11], is widely used to solve problems 
under uncertain and vague environments, with high 
nonlinearities, this type of control is framed on the basis of 
human logic [10].The use of (FLC) has become popular over 
the last decade and the development known microcontrollers 
have also helped in the popularization of this type of controller 
[11]. The (FLC) provides an algorithm, which converts the 
expert knowledge into an automatic control strategy.  Fuzzy 
logic is capable of handling approximate information in a 
systematic way and therefore it is suited for controlling non 
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linear systems and is used for modeling complex systems 
where an inexact model exists or systems where ambiguity or 
vagueness is common [12]. Fuzzy logic has been recently 
applied in process control, modeling, estimation, identification, 
diagnostics, stock market, prediction, agriculture, military 
science and so on [13, 14]. 

The proportional integral PI controller is the most dominant 
form of automatic controller in industrial use today, PI is not 
the best controller. It is only the most common controller. The 
coefficients of this controller are not always tuned for the 
nonlinear plant with unpredictable parameter variations. With 
this technique of control, it is necessary to automatically tune 
the controller parameters according to the nature of the process. 
For tuning a PI controller have certain limitations. These 
limitations can be taken care by tuning the PI controller using 
intelligent techniques such as, fuzzy logic [15-21], artificial 
neural network [22, 23], adaptive neuro-fuzzy inference 
system and genetic algorithms [24-26]. The conventional PI 
controller is combined with a (FLC) in order to achieve better 
system performance. The fuzzy-based self-tuned PI- Fuzzy 
controller is a powerful algorithm that can be used when the 
system is difficult to model, and since the conventional control 
technique does not provide the expected results even when 
expert knowledge’s are available. This paper proposes a 
method to combine conventional PI and fuzzy logic controllers, 
this proposal bears two major advantages: the strengths of both 
PI and fuzzy logic controllers are benefited. 
 
 
2. DFIG’S MODEL AND CONTROL 
 

Wind turbine captures the kinetic energy of the wind and 
converts it into mechanical energy pt then electricity pe. For the 
wind turbine based on DFIG the electric power ps delivery 
directly from DFIG stator to the electric grid. The active power 
transmitted to the grid is the algebraic sum of stator power Ps 
and rotor power Pr (Figure 1). In wind turbine the stator active 
and reactive power control of the DFIG is based on the theory 
of the induction machine vector control. The main duty of RSC 
is to control DFIG-produced active and reactive powers [27]. 
 

 
 

Figure 1. Wind turbine control system with DFIG 
 
2.1 Dynamic model of the DFIG 

 
Dynamic model of DFIG can be described by the 

differential equations system for stator and rotor windings and 
by the equation of rotor motion equations (1, 2 and 3): 
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where, Rs, Rr, Ls and Lr are the resistances and leakage 
inductances of the stator and rotor windings;  M is the mutual  
inductance;  vsd,  vsq,  vrd,  vrq ,  isd,  isq,  ird,  irq,  Φsd,  Φsq ,  Φrd 
and  Φrq are the d and q components of the space  vectors of 
stator and rotor voltages, currents, and fluxes; ωs and ωr are 
the angular frequencies of stator and rotor currents. 
where: ωs = ωr + pΩ 

Ω is the rotational speed of the rotor and p is the pair pole 
number. 

 

 
 

Figure 2. Orientation of the (d, q) frame 
 
The system dynamics, neglecting the friction loss, is given 

by:  
 

emg TT
dt
dJ −=
Ω  (3) 

 
where, J is the turbine and the generator moment of inertia, Ω 
is the mechanical speed Tg is the gearbox  torque and Tem is the 
electromagnetic torque. 

 
2.2 Control strategy of DFIG  
 

Vector control of active and reactive power is decoupled 
power control in stator of DFIG. In order to simplify the 
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control, for grid-connected DFIG system, the impact of stator 
resistance can be ignored [28-29]. The stator voltage vector is 
consequently in quadrature advance in comparison with the 
stator flux vector: 

 

(𝑣𝑣𝑠𝑠𝑠𝑠 = 0 and 𝑣𝑣𝑠𝑠𝑠𝑠 = 𝑣𝑣𝑠𝑠 = 𝜔𝜔𝑠𝑠𝜑𝜑𝑠𝑠𝑠𝑠) 

 

(∅𝑠𝑠𝑠𝑠 = ∅𝑠𝑠 and ∅𝑠𝑠𝑠𝑠 = 0) 

 
Hence, the active and reactive powers (Ps, Qs) between the 

stator and the grid can be written according to the rotor 
currents as: 
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Rotor voltages can be expressed by: 
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where, g is ωr/ ωs 

In the decoupled system, Ps, Qs, can be controlled by udr, uqr 
respectively with Rp and Rq blocks, shown in Figure 3. 

 

 
 

Figure 3. Active and reactive power control system of DFIG 
 
In this work, our objective is to evaluate system 

performance for the following types of controller: the 
conventional PI controller, fuzzy logic and self-tuning PI 
fuzzy controller. 

 
2.3 Fuzzy logic controllers (FLC) 

 
PID controller is a standard control structure for classical 

control theory. But the performance is greatly distorted and the 

efficiency is reduced due to nonlinearity in the process plant 
[30]. The fuzzy control is an intelligence control system to 
control complex system based on analogizing human ways of 
fuzzy thinking, which applies fuzzy sets, fuzzy linguistic 
variables and fuzzy logic inference knowledge. Fuzzy control 
with the advantage of good performances, robustness and so 
on need not require know mathematical model of object 
beforehand, On the other hand, fuzzy control provides a formal 
methodology for representing, manipulating, and 
implementing a human’s heuristic knowledge about how to 
control a system [31]. In the FLC, The reference value r(t) is 
compared with the actual value y(t) to obtain the error e(t) as 
shown in Figure 4. Also this error is compared with the 
previous error e(t-1) to get the change in error Δe(t).  

 

 
 

Figure 4. Block diagram of FLC controller 
 
There are two inputs for the fuzzy controller. The first input 

is the error E(t), the second input is the difference between 
successive errors ΔE(t) and is given by equation (6): 
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The output is the incremental change of the control signal 

U(t).U(t) is multiplied by the scale factor Gu to get the output 
signal u(t). In the system presented in this study, Mamdani 
type of FLC is used to produce the desired rotor reference 
voltages. Two independent FLCs are used to control active and 
reactive powers (Ps,Qs) in the stator of the DFIG. The fuzzy 
controller is composed of a fuzzifier, a rule inference, a rule 
base and a defuzzifier. The fuzzifier translates the error and 
change of error inputs from the real domain into a fuzzy 
domain. The rule base explains the knowledge to control the 
system. defuzzification is a mapping from a space of FLC 
actions defined over an output universe of discourse into a 
space of non fuzzy control actions. The 5 membership 
functions of error, variation of error and FLC output are shown 
in Figure 5. 

 

 
 

Figure 5. Membership functions for error, change of error 
and FLC output 
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The fuzzy sets have been defined as: NL, negative large; NS, 
negative small; ZE, zero; PS, positive small; and PL, positive 
large respectively. 

The typical behavior of a controlled system is shown in 
Figure 5. The response process can be divided into several 
regions (r1, r2.....r10) by the peak value times. The typical 
behavior of a controlled system is shown in Figure 6. 

For optimum control performance, control rules, 
membership functions and scaling factors are needed to be 
tuned properly. This is the fundamental problem in FLC 
design [32-33]. To overcome the difficulties in optimal control 
tuning, a standard phase plane technique has been used for 
designing robust rule base for PI-like fuzzy type control [34- 
35]. 

The signs of ΔU in the regions described in Figure 6 are 
listed in Table 1, which can be summarized as follows [36]: IF 
E is zero then ΔU takes the sign of ΔE, else ΔU takes the sign 
of E. 

 

 
 

Figure 6. Operating regions of the time responses of error 
and change of error 

 

Table 1. The signs of output (ΔU) in the FLC 
 

 r1 r2 r3 r4 r5 r6 r7 r8 r9 r10 
E + 0 - - 0 + + - + 0 
ΔE - - - + + + - 0 0 0 
ΔU + - - - + + + - + 0 

Consequently, we can obtain one control rules tables 
constituted of the 25 fuzzy rules that form the knowledge 
repository of the FLC which are used to decide the appropriate 
control action. These rules are presented in Table 2.  

 
Table 2. Fuzzy rules for 5 membership function 

 
E     

ΔE NL NS ZE PS PL 

NL NL NL NS NS ZE 

NS NL NS NS ZE PS 

ZE NS NS ZE PS PS 

PS NS ZE PS PS PL 

PL ZE PS PS PL PL 

 
2.4 Self-tuning PI fuzzy controllers 

 
With its advantages of simple structure, good stability, good 

robustness, reliability, convenient adjustment, PID control has 
become one of the main industrial control technologies. 
However, it has some limitations: when the control object is 
disturbed, the parameters of the controller cannot change 
automatically to adjust to the change of external environment 
[37]. The PI controller combined with fuzzy-logic is 
considered to be an effective solving technique to control the 
uncertain and nonlinear process.  

In order to adjust the parameters of a PI controller, the 
conventional PI controller is combined with a FLC. Self-
tuning PI fuzzy control provides a fuzzy logic supervised PI 
control scheme in which parameters of a PI controller are 
updated online as a function of the error and a variation of error, 
improving the behavior of a classical fixed PI controller. It 
combines the advantages of a FLC and a conventional PI 
controller, a self-tuning PI fuzzy control system structure is 
given in this paper, shown as Figure 7. 

 

 
 

Figure 7. Structure of a self-tuning PI fuzzy control 
 
The objective of the FLC is to predict the value of kp and ki 

at any point of time from the systems response. 
The membership function for E, ΔE, Δkp and Δki are 

expressed by triangle curve, as shown in Fig. 8. They are 
defined in the interval [-1, 1]. 

The fuzzy sets have been defined as: N, negative; ZE, zero; 
P, positive. The output of the FLC is the incremental change 
in the kp and ki parameters and the control signal is obtained 
by the following roles. 

The role of proportional coefficient kp is to accelerate the 
response speed of system, improve regulation accuracy of 
system. kp bigger system response fester, the regulation 
accuracy higher, but easy to overshoot; kp value is too small, 
will reduce accuracy and slow response speed. The role of 
integral coefficient ki is to eliminate steady-state error. ki large, 
the steady state error of the system eliminate faster, but ki is 
too large, in the early stages of response process will produce 
integral saturation phenomenon, which led to a large overshoot 
in response process; if ki is too small, will make the stable error 
of system difficult to eliminate[38]. 
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Figure 8. Membership function scheme of inputs and outputs 
of FLC 

 
We can calculate output control u using self tuning PI 

parameters kp, ki, on line, according to discrete differential 
formula of PI control algorithm. The control signal is obtained 
by equations (7 and 8): 
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The PI parameters after adjusted are: 
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where, Δki and Δki are calibration proportional and integral PI 
controller gains, whose elements are fuzzy values, these 
parameters can be updated on-line, according to the process; 
kp0 and ki0 are initial parameter values of PI controller 
obtained by a Ziegler-Nichols method. 

We can calculate the incremental change in the Δki and Δki 
parameters according to different error and variation of error 
(E, ΔE), the corresponding fuzzy rule is shown in Table 3. 

 
Table 3. Δkp and Δki fuzzy control rules 

 
E 
ΔE 

N EZ P 
ΔKp ΔKi ΔKp ΔKi ΔKp ΔKi 

N N P P N N P 
EZ P N EZ EZ N P 
P P N N P P N 

 
 
3. RESULTS AND DISCUSSION 

 
For testing the performance and the efficiency of control 

strategies proposed in this paper, PI, fuzzy logic and fuzzy 
self-tuning PI controllers, these controller have been 
implemented using Matlab and their behaviour has been 
examined with simulations. The simulated system comprises a 
1.5 MW DFIG connected to the 690V, 50Hz grid. The main aim 
of these controllers is to regulate the active and reactive power in the 
DFIG at variable wind speed. 

The wind speed varies as shown in Figure 9. When the wind 
speed is less than rated speed, the system is controlled to track 
its maximum power operating point. 

 

 
 

Figure 9. Wind speed 
 

 
 

Figure 10. Rotor speed in generator 
 

 
 
Figure 11. Response of active power and its zoom with three 

controls methods 
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The rotor speed and the stator active power response change 
corresponding to the wind speed variations, shown in Figure 
10 and Figure 11, respectively. Also, the reactive power 
response in stator of DFIG is shown in Figure 12. 

Firstly, the result of simulation shows that the decoupling 
between the active and reactive power is maintained. 
Moreover, the effect of coupling between the reactive and 
active power can be observed, some oscillations which can be 
seen especially in the active power (at t = 2  s and at t = 5 s) 
shown in Figure 10. These oscillations appear apparently on 
the stator active power if an important change is made on 
the r e active power. Also, it can be seen from Figure 10, the 
dynamic response of active power has a higher error in the case 
where the PI controller is used for control the system, the error 
between the active power and its reference appears with an 
important and sudden variation of the wind speed. This error 
decreases with the two other types of controllers.  

These results show the robustness of the proposed 
intelligent controllers compared with PI controller. On the 
other hand, it can be observed from Figure 10 and Figure 11 
which represented the active and reactive powers, by the fuzzy 
and Fuzzy self tuned based PI controllers the system can reach 
the set point with a large rise time and more steady state error 
as compared to the conventional controller. From the results, 
it is clear that, the self-tuning PI fuzzy logic controller is more 
effective than fuzzy logic and PI controllers (shorter settling 
time and small steady-state error). 

 

 
 

Figure 12. Response of reactive power and its zoom with 
three controls methods 

4. CONCLUSION 
 
The aim of this work is to compare the static and dynamic 

performances of three types of controllers respectively: 
(classical PI controller, fuzzy logic and fuzzy self-tuning PI 
controller). Vector-control is used to independently control the 
flow of active and reactive power between the stator of the 
DFIG and the grid. The modeling, the control and the 
simulation of an electromechanical conversion system based 
on the DFIG connected directly to the grid by the stator is 
presented. The comparison between these different control 
strategies was made with simulations. Simulation results on a 
DFIG system are provided to demonstrate the effectiveness of 
the proposed control strategies during variations of active and 
reactive power; so these results have been done under random 
wind fluctuations and variations of reactive power. The results 
indicates that the proposed intelligent controllers based on 
fuzzy logic show better robustness and have high control 
precision, compared with PI controller. Also, these results 
show that the system with conventional PI controller having 
fixed values of proportional and integral gains, it is not 
possible to perfectly track the stator active and reactive power 
references when the wind speed is change. On the other hand, 
it is concluded that dynamic response characteristics with the 
PI-type fuzzy logic controller, which adjusts on line the 
parameters of PI controller, this type has more advantages and 
the control performance is greatly improved by using this type 
of control. 
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