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ABSTRACT  
 
Environmental and sustainability concerns are developing the significance of distributed generation (DG) 

based on renewable energy sources. In this paper, dynamic responses investigation of grid connected wind 

turbine using permanent magnet synchronous generator (PMSG) under variable wind speeds and load 

circumstances is carried out. In order to control of turbine output power using Fuzzy Logic controller 

(FLC) in comparison with PI controller is proposed. Furthermore, the pitch angle based on FLC using 

wind speed and active power as inputs, can have faster responses, thereby leading to smoother power 

curves, enhancement of dynamic performance of wind turbine and prevention of mechanical damages to 

PMSG. Inverter adjusted the DC link voltage and active power is fed by d-axis and reactive power is fed by 

q-axis (using P-Q control mode). Simulation of wind power generation system (WPGS) is carried out in 

Matlab/Simulink, and the results verify the correctness and feasibility of control strategy. 
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1. INTRODUCTION 

 
Renewable energy systems are of significance as being modular, nature-friendly and domestic. 

Virtually, all regions of the world have renewable resources. By this point of view studies on 

renewable energies concentrate more attention. Solar energy and wind energy are the two 

renewable energy sources most common in use. Among those renewable energy sources, wind 

energy stands as a true alternative to conventional technologies for electricity generation. Wind 

energy also has the clean energy aspect which is especially important, considering the effects of 

global warming [1, 2]. Fixed speed and variable speed wind turbine generator systems are 

emerging in the wind power industry, although the former is rarely considered for new 

installations. One of the major drawbacks of fixed speed wind turbine generator system is that it 

cannot capture maximum power from the wind. A few types of variable speed wind turbine 

generator systems are commercially available today. A PMSG is recognized as a promising 

technology to use as a wind generator in both the direct-drive system and the system using a 

simple single-stage gearbox. One of the major advantages is the high power density of this type of 

machine [2, 3]. 

 

Another advantage of variable wind turbines is the capability of maximum power point tracking 

(MPPT) from wind energy sources [4]. Variable speed wind turbines operate in two primary 
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regions, below rated power and above rated power. When power production is below the rated 

power for the machine, the turbine operates at variable rotor speeds to capture the maximum 

amount of energy available in the wind [5, 6]. In above-rated power conditions, the primary 

objective is to maintain a constant power output. This is generally achieved by holding the 

generator torque constant and varying the blade pitch angle. MPPT controller somehow changes 

the rotor speed according to variation of wind speed that the tip speed ratio (TSR) is maintained 

in optimum value. 

 

One of the methods to reach the maximum power point (MPP) is pitch angle control (B). In high 

speeds wind the extra production of active power via wind turbine lead to increases consuming of 

reactive power in generator and in which case, it should utilizes the reactive power compensator 

for injecting reactive power that has extra cost too [7]. In the past, PIDs is used mostly in 

controllers design but, by introduction of fuzzy logic instead of PID, created a better performance 

and best preventative way to eliminate the profound mathematical understanding of system. In 

comparing PIDs and Fuzzy logic systems, fuzzy logic has more stability, faster and smoother 

response, smaller overshoot and does not need a fast processor, Also it's more powerful than other 

non-linear controllers [8, 9]. Some authors have already presented on variable wind turbine using 

PMSG technology, including dynamic and transient characteristics [10, 11]. Various control 

strategies can be adopted for the operation of the generator and grid side converter, as proposed in 

[11, 12]. 

 

In these papers [13-15], pitch angle based on FLC is presented. In [15] active power and in [13, 

14] both reactive power and rotational rotor speed are used as input signals and because in 

mentioned items wind speed's been ignored, the controller has not fast response and may cause 

mechanical damages to synchronous generator. Also, another problem in these articles that it is 

not practically connected to grid [14-18], but the grid connected mode in this paper is proposed to 

analyse the system performance. In recent years, many topologies based on power electronic 

devices with different level of complexity and cost is developed investigated in order to connect a 

PMSG to network. There are two modes for inverter operating: 1) Active and reactive control 

mode (P-Q control), 2) Voltage and frequency control mode (V-F control) [19, 20].  

 

Analysis performance of grid connected PMSG wind turbine in P-Q control mode under load 

circumstances and variable wind speeds and also, enhancement of dynamic performance in 

WPGS using pitch angle based on FLC is investigated. P-Q control strategy is derived from Park 

transformation and it’s simulated in Matlab software. The pitch angle is designed based on FLC 

by adding wind speed as an input signal to adjust the turbine output power in extra high speed.  

 

2. STURUCTURE OF GRID CONNECTED WPGS 

 
The diagram of a WPGS based on PMSG integrated to grid is illustrated in Figure 1. Turbine 

output is rectified by using uncontrolled rectifier. Then DC link voltage is adjusted by PI 

controller until it reaches a constant value and then, the constant voltage is inverted to AC voltage 

using sinusoidal PWM inverter. Inverter adjusted the DC link voltage and injected active power 

by d-axis and injected reactive power by q-axis using PQ control method. Furthermore, turbine 

output is regulated through pitch angle based on FLC in extra high wind speeds. By increasing 

pitch angle via fuzzy controller, the exceeding power of wind turbine is limited, reaching to the 

nominal value and reducing inverter output current. Therefore, by the reduction of injected output 

power of wind turbine, the injection of extra total active power to grid is decreased. 
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Figure 1. The block diagram of WPGS  

 

2.1. Variable Wind Turbine Modelling 

 
The amount of electricity that a turbine is able to produce depends on the speed of rotor and the 

speed of the wind that propels the rotor [21, 22]. Aerodynamic wind power is calculated in 

equation (1). 
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  Where P, ρ , A , Vw, Wm and R are power, air density, rotor swept area of the wind turbine , 

wind speed in m/sec, rotor speed in rad/sec and radius of turbine respectively. Also, Cp is the 

aerodynamic efficiency of rotor.  
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Furthermore, the Cp depends on TSR and blade pitch angle. Figure 2 shows the typical variation 

of Cp respect to the TSR or various values of the pitch angle (β) [23]. 
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Figure 2. Cp Vs λ for various pitch angles (β) 

 

2.2. PMSG Modelling 

 
A synchronous generator with reference to Park’s transformation is illustrated which d-axis is 

rotating along magnetic field direction. PMSG voltage equations are given by [24, 25]:  

ds
ds s ds q qs

d

di 1
V R i ωL i

dt L
 = − − +                                                                        (5) 

 

qs

qs s qs d ds m

q

di 1
V R i ωL i ω

dt L
 = − − − + φ                                                                      (6) 

Where Vds and Vqs are d and q axis machine voltages and Ids and Iqs are d and q axis machine 

currents, Rs: Stator Resistance, W: electrical angular frequency, Ld: d axis inductance, Lq: q axis 

inductance, mφ : amplitude of the flux linkage caused by permanent magnet. If rotor is 

cylindrical (Ld ≈ Lq = Ls), the electromagnetic torque equation written as following: 

 

e

3
T

2
= φ m q sp i                                                                                                      (7) 

Where, p is the number of pole pairs of the PMSG [26, 27]. 

 

2.3. Pitch Angle Based on FLC 

 
FLC is made of three parts which is demonstrated in Figure 3. First part is fuzzification which is 

the process of changing a real scalar value into a fuzzy set. Second part is fuzzy inference motor 

that combines IF-THEN statements based on fuzzy principle and third part is defuzzification 
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which is the process that changes a fuzzy set into a real value in output [28, 29].  

 
 

Figure 3. The Structure of FLC System 

 

Proposed FLC is consisting of two input signal and one output signal. The first input signal is 

based on deviation between active power from the rated value in P.U and it’s mentioned as error 

signal. Thus, positive value indicate turbine’s normal operation and negative value shows the 

extra power generation during above rated wind speed. In this case, controller should modify in 

pitch angle degree which is done by increase the nominal value. The pitch angle degree is 

regulated on zero in a normal condition, the whole wind energy can be converted to mechanical 

energy and when the pitch angle start to increase from zero value, the wind attach angle to blades 

is increase that lead to aerodynamic power reduction and consequently the output power is draw 

down. Besides, the second signal taken from anemometer which is located on top of nacelle. 

 

Controller’s response is so faster when wind speed is used as an input signal comparing to the 

time that inputs are rotor rotational speed, reactive power and active power in large turbines with 

high moment of inertia [13-15]. However, mechanical erosion in large and high speed turbines is 

diminished by adjusting the FLC. Designing of pitch angle based on FLC for wind turbine power 

adjustment in high wind speeds, is being proposed. By increasing pitch angle via fuzzy controller, 

the exceeding power of wind turbine is limited, reaching to the nominal value. Three Trapezoidal 

membership functions are considered in this paper. Also Min-Max method is used as a 

defuzzification reference mechanism for centroid. Given membership functions are shown in 

Figure 4. 

 

 
(a) 
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(c) 

 
Figure 4. The membership function of fuzzy logic: (a) Membership functions of active power 

(error signal), (b) Membership functions of wind speed, (c) Membership functions of output (β) 

 

Also, the rules are implemented to obtain require pitch angle are shown in Table 1. Where the 

linguistic variables are represented by VG(very great), SG (small great), OP (optimum), SL 

(small low) and VL (very low) for error signal and VL (very low),SL (small low), OP (optimum), 

SH (small high) and VH (very high) for wind speed signal and for output signal NL (negative 

large), NS (negative small), Z (zero),PS (positive small) and PL (positive large), respectively. 

Figure 5 Shows the three dimensional curve of inputs and output. 

 
Table 1. Fuzzy rules 

 

 

Pitch command 

 

Active power (Error) 

 

 

Wind 

speed 

 VG SG OP SL VL 

VL PL PS Z Z Z 

SL PL PS Z Z Z 

OP PL PS Z Z Z 

SH PL PS PS PS PS 

VH PL PL PL PL PL 
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Figure 5. The three dimensional curve in fuzzy logic 

 

3. INVERTER CONTROL STRATEGY (P-Q) 

 
A three phase DC-AC voltage source inverter (VSI) is used for grid connection via pulse width 

modulation (PWM) technic. By applying inverter via PWM technic produces high frequency 

harmonics which lead to filter and eliminate the harmonics. The VSI can play role as an ideal 

sinusoidal voltage source.  

 

Since wind power is fluctuates due to wind velocity, output voltage and frequency change 

continuously. A bridge rectifier provides AC to DC and then DC link voltage using PI controller 

to obtain constant value, then DC voltage will be inverted to get desired AC voltage [20]. 

 

3
P ( )

2
= +gd d gq qV I V I                                                                                                           (8) 

3
Q ( )

2
= −gq d gd qV I V I                                                                                                          (9) 

If synchronous frame is synchronized with grid voltage, voltage vector is V=Vgd+j0 which active 

and reactive power may be as following: 

 

3
P

2
= gd dV I                                                                                                                        (10) 

3
Q

2
=

gd q
 V I                                                                                                                          (11) 

Synchronous reference is calculate quantities of d-axis, q-axis and zero sequence in two axis 

rotational reference vector for three phase sinusoidal signal illustrated in Figure 6. The equations 

are given by (12), (13).  
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Figure 6. The synchronous reference machine 
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Inverter control model is illustrated in Figure 7. The target of grid side controller is to keep the 

DC link voltage in constant value, regardless of power amplitude. Inverter control strategy is 

consisting of two control loops. Internal control loop is control the grid current and external 

control loop is control the voltage. Internal control loop which is responsible for power quality 

such as low total harmonic distortion (THD) and improvement of power quality and external 

control loop is responsible for balancing the power.  

 

One of the most important characteristics of P-Q control loop is the capability of independent 

performance of grid. Another benefit of this mode is increasing operational reliability and power 

quality. The external loop capacitor voltage control is used to set reference current for d-axis in 

order to control active power .The q-axis reference current is allocated to inverter output reactive 

power [25]. If power factor is unit, therefore this current will be zero. The phase locked loop 

(PLL) blocks which measure the voltage phase angle θg is based on Park transformation and also 

synchronize the inverter to grid [30]. 
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Figure 7. The inverter control model 

 

4. SIMULATION RESULTS 

 
In this section, simulation results under different terms of operation using Matlab/Simulink are 

presented. System block diagram is shown in Figure 8.  

 

PMSG parameters: Stator resistance per phase: 2.5Ω, Inertia: 0.82e
-3

 kg-m
2
, Torque constant: 

12N-M/A, Pole pairs: 8, Output power: 90kW, Nominal speed: 12 m/s, Ld =La= 7.2 mH. Grid 

parameters: X/R: 7, F: 60 Hz, Vgrid: 220V and other parameters, DC link capacitor: 5100µF, DC 

link voltage: 1100V, Type of load: inductive, Load power: 90kW.  

 

 
 

Figure 8. The block diagram of grid connected WPGS in Matlab/Simulink 
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4.1. Case Study 

 
In this case, the evaluation of FLC with comparing to conventional PI controller in pitch angle of 

WPGS is carried out. The dynamic performance of WPGS under variations of wind speed and 

load circumstances is investigated. There is no power exchange between WPGS and grid in 

normal condition. 

 

During 0 < t < 1 s, the load power is 90kW and at t= 1 s, it has %25 step increase in load that is 

constant until t=2 s. Then, at t=3 s, it has step decrease 40% in load power, that is constant until 

t=4 s. Wind speed during 0< t <5 s is 12 m/s and at t= 5 s, it is reduced to 10 m/s. Then, during 5< 

t < 7, wind speed is 10 m/s and after that, at t=7 s, it is extremely increased to 19m/s. By 

designing FLC, when wind speed is more than nominal speed (12 m/s), turbine output power is 

increased by extremely increasing wind speed; however, with PI controller, the power is constant 

at a high level and in the presence of FLC, it is reduced to the nominal power and made smoother, 

thereby leading to the prevention of mechanical fatigue to generator.   

 

Figure 9 shows the variation of wind speed in proposed system. Inverter output voltage is 

invariant, which is shown in Figure 10. The variation of pitch angle in the presence of FLC is 

depicted in Figure 11. As can be seen, in normal situations, the pitch angle is set as zero. At wind 

speeds above the rated wind, the extracted wind power has to be limited by increasing the pitch 

angle (β). Figures 12 and 13 show the inverter output current with the PI controller and in the 

presence of FLC, respectively. It shows the effectiveness of fuzzy controller by increasing pitch 

angle. The exceeding power of wind turbine is limited and also, the inverter output current is 

reduced by FLC in comparison to PI controller. Figures 14 and 15 show the turbine output power 

with PI controller and in the presence of FLC according to variation of wind speed. By increasing 

the pitch angle via FLC, the exceeding power of wind turbine is limited, reaching to the nominal 

value. DC link voltage remains at a constant value (1100V), thereby proving the effectiveness of 

the established P-Q controller as illustrated in Figure 16. The reactive power produced by the 

WPGS is regulated at zero that, the power factor maintained unity as shown in Figure 17. The 

grid current with PI controller and FLC are shown in Figures 18 and 19, respectively. 

 

One of the most important aspects of using DG sources and connecting them to grid is keeping 

the THD at the minimum of its value. According to IEEE Std.1547.2003, it should be around 5%. 

In THD curve, it is around 5% to 7%, which is shown Figure 20. Grid voltage is depicted in 

Figure 21. It can be observed from Figure 15, that pitch angle based on FLC can limit the 

exceeding output power of wind turbine. Therefore, by the reduction of output power of wind 

turbine, the injection of extra total active power to grid is declined. The exchange active powers 

among grid and WPGS are illustrated in Figures 22 and 23.  

 
 

Figure 9. Variation of wind speed 
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Figure 10. Inverter output voltage 

 
 

Figure 11. Variation of pitch angle by FLC 

 

 
 

Figure 12. Inverter output current by PI controller 
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Figure 13. Inverter output current by FLC 

 

 
 

Figure 14. Turbine output power by PI controller 

 
 

Figure 15. Turbine output power by FLC 
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Figure 16. DC link voltage 

 
 

Figure 17. Reactive power 

 
 

Figure 18. Grid current by PI controller 
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Figure 19. Grid current by FLC 

 

 
 

Figure 20. THD (%) 

 
 

Figure 21. Grid voltage 
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Figure 22. Active powers by PI controller 

 
 

Figure 23. Active powers by FLC 

 

5. CONCLUSIONS 
 

In the proposed paper, the dynamic responses of grid connected wind turbine using PMSG under 

load circumstances and variation of wind speed was carried out. Control strategy and precise 

modelling of DC/AC grid connected converter was presented. Inverter adjusted the DC link 

voltage and active power was fed by d-axis and reactive power was fed by q-axis (using P-Q 

control mode).  

 

The simulation results indicated that using FLC could dramatically reduce the disadvantages of PI 

method. Moreover, the presented FLC in the WPGS, by adding wind speed as an input signal, 

could have faster and smoother, prevent more mechanical fatigue and also, the dynamic 

performance of wind turbine could be improved. On the other hand, by increasing pitch angle via 

FLC, the exceeding power of wind turbine was limited, reaching to the nominal value and 

reduced inverter output current. Therefore, by the reduction of injected output power of wind 

turbine, the injection of extra total active power to grid was declined. It was clear that, the WPGS 

by applying FLC in pitch angle and also, with the cooperation of grid could easily meet the load 

demand. 
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