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The fuzzy logic strategies reported in the literature about the control of direct
drive permanent magnet synchronous generator (PMSG) connected to grid
are limited in terms of inclusiveness and efficiency. So an overall control
based on fuzzy logic and anti-windup compensation is proposed in this
paper. Aiming at the inadequate of hill climb search (HCS) MPPT with fixed
step size, the fuzzy logic is introduced in the stage of "generating rotor speed
reference" to overcome the oscillations and slowness in traditional method.
PI controllers are replaced by anti-windup fuzzy logic controllers in the
"machine side control" stage and in "grid side control" stage to pertinently
regulate the reference parameters. Then comparison tests with classical
methods are implemented under varying climatic conditions. The results
obtained demonstrate that the developed control is superior to other methods

MPPT in response time (less than 4.528E-04 s), precision (an overshoot about
PMSG 0.41%) and quality of produced energy (efficiency is 91%). The study
Wind energy verifying the feasibility and effectiveness of this algorithm in PMSG wind

turbine connected to grid.
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1. INTRODUCTION

World energy consumption continues to grow, especially in underdeveloped countries. This growth
requires increased energy production. World energy mix is based on fossil energies. These fossil resources
are limited and can’t track the consumption growth; this situation explains the rise in crude oil prices. As a
result, renewable energy resources are becoming increasingly competitive. This is especially relevant for
certain countries such as Morocco where the energy bill is expensive and where renewable resources such as
wind and sun are often available locally [1]. The energy crisis is strongly linked to the environmental crisis.
Indeed, the excessive consumption of fossil resources and the resulting greenhouse gases emission are the
main cause of global warming. Wind energy is growing exponentially, this growth started before the lived
energy crisis, but this crisis has fueled it in recent years. The technological development of wind turbines, the
evolution of semiconductor technology and new control techniques are all linked to this growth.

Among different types of wind structures, the direct driven permanent magnet synchronous
generator (PMSGQG), by its qualities of robustness, cost and simplicity seems well suited for use in wind power
system connected to grid [2]. This machine improves system reliability and reduces maintenance costs by
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eliminating the gearbox. To increase the electrical energy competitiveness produced by PMSG wind turbines,
it is necessary to reduce its cost and provide quality, secure and reliable energy. In regards to cost reduction,
control laws must be designed to maximize the energy efficiency of PMSG wind turbines and avoid
transmitting the wind fluctuations in the produced power [3]. It must also be robust in the face of grid
disturbances and load variations. Finally, the control should contribute in the voltage and frequency
regulation, by controlling the active and reactive power injected into grid.

Fuzzy logic control appears as a competitive solution to enhance the classical control and to ensure
the required standards of electrical grid connection [4]. In the literature, many control strategies based on
fuzzy logic [5]-[7] have been proposed to solve the problem that the traditional control methods cannot
ensure. fuzzy logical control FLC was included in hill climbing search (HCS) method in [8]. The authors
examine the added value provided by FLC in the search of the reference rotational speed which gives the
maximum power point (MPP). Internal loop regulators of machine side control and grid side control are PI
type. The linear regulators are well known to eliminate the static error. Though, their dynamic response is not
convincing enough. an adaptive Fuzzy-PI speed controller is proposed to overcome the system nonlinearity
[9]. The control of the stator currents is achieved using conventional PI controllers consequently non-linear
control is not ensured for the whole system. Zaragoza et al. [10] proposed a control strategy based on
Takagi—Sugeno FLC for tracking the rotor speed to achieve the MPPT. The study concluded that Takagi—
Sugeno FLC is more stable under varying wind conditions. The rotational speed reference is calculated
according to the operating optimal point for different wind speeds. However, a precise measurement for wind
speed is necessary which increases the system cost. In the interest of regulating the direct and quadrature
current components of PMSG, FLC Mamdani type controllers were proposed in [11]. The authors showed
that the fuzzy logic is capable to improve the PMSG performance and attenuating the current fluctuations.
Optimal torque control is used as MPPT algorithm due to its simplicity. However, its dependency on wind
turbine characteristics made it unsuitable. Study [12] has replaced the conventional PI controllers by the
fuzzy controllers to regulate the DC link voltage and the unity power factor of a grid-connected wind energy
conversion system. The proposed method can reduce the DC link voltage fluctuation and provides a smooth
output power to the grid. The main criterion in grid connection system is the total harmonics distortion
(THD) that is not evaluated in this study.

Aiming at the reviewed works are limited in terms of performances and cost, an overall FLC of
direct driven PMSG wind turbine connected to Grid is proposed in this work. Aiming at the reviewed works
are limited in terms of performances and cost, an overall FLC of direct driven PMSG wind turbine connected
to Grid is proposed in this work. At the same time, the standard PI controllers are replaced by new fuzzy
logic controllers with anti-windup compensation. The main goals are to produce the maximum available
power, attenuate the DC link voltage fluctuation and meet the requirements of grid connection.

2. RESEARCH METHOD

The proposed system configuration is shown in Figure 1. It includes a wind turbine, PMSG, PWM
rectifier, capacitor filter, PWM inverter and utility grid. The wind turbine is directly coupled to the PMSG by
the drive shaft. The three-phase IGBT rectifier with capacitor filter converts the AC generator voltages into
DC voltage. The inverter assumes the connection function to the utility grid through a coupling
resistor/inductor. A machine side control is used to track the maximum power point available regardless of
the wind speed. Moreover, the grid side control is used to ensure the required standards of grid connection.

2.1. Wind turbine model

A wind turbine role is to transform the wind kinetic energy into mechanical energy. In the literature,
two main theories are used to study and model the wind turbine aerodynamic behavior: the blade element
theory and that of the actuator disk. Based on energy balances and the application of the Bernoulli equation,
the wind turbine blades capture only a part of the power contained as kinetic energy in the wind [13]:

1
P =2pnR?3C, (A, B) (1)

where p is the air density (1.225 kg/m?), R is the blades radius (in m?), V,, is the wind speed (in m/sec) and
Cp is the power coefficient. It is a parameter (without unit) that expresses the efficiency of the wind turbine
in the transformation of wind kinetic energy into mechanical energy. This coefficient is a non-linear function
of the blades pitch angle  and the tip speed ratio 4 between the rotor speed w,, and the wind speed:
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The small wind turbines are equipped with fixed blades which means that f = 0. With this
architecture, an aerodynamic stall is strongly recommended to degrade the turbine efficiency beyond a
certain wind speed. In the literature, C, is expressed as a function of the coefficients A and £ [2].
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Since the turbine studied has a fixed pitch (8 = 0), Therefore (3) becomes:

1
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The power coefficient Cp reaches its maximum of 0.48 when A = 8.12.
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Figure 1. Bloc diagram of the studied system

2.2. PMSG model on d-q coordinate system

The PMSG comprises a three-phase windings system in its stator, 120° phase-shifted relative to
each other in the rotor, the permanent magnets provide the excitation. Depending on the permanent magnets
position, two rotor types can be distinguished. In the first type, the permanent magnets are mounted on the
rotor surface and providing a homogeneous air gap. The machine is called “PMSG with smooth rotor” and
the inductors are independent of the rotor position. In the second type, the permanent magnets are mounted
inside the rotor and the air gap will be variable due to the saliency effect. This machine is called “salient-
pole”. In this case, the inductors depend strongly on the rotor position. The rotor diameter of the first type is
smaller than that of the second which reduces considerably its inertia. In order to model the PMSG, the usual
simplifying hypotheses listed in [14] are adopted. The PMSG mathematical model in park reference frame is
given by system of (5):

digq

usd = RS' iSd + Ld' dt - (l)e. Lq. isq (5)
. di .
Usq = Rs.isq + Lq.ﬁ + We. Lgisg+we. s

where uys and uy, are the d-axis and g-axis PMSG stator voltages (V), respectively; isa and isq are the d-axis
and g-axis PMSG stator currents (A), respectively; La and Lq are the d-axis and g-axis PMSG inductances
(H, respectively; Rs is the stator winding resistance (Q2); Y is the permanent magnetic flux (Wb) and we is
the electric pulsation (rad/s).

In Laplace domain it can be expressed as system of (6):

1

isd = m (usd + We. Lq. isq)
. 1 . (6)
lSq = Rs+—qu (usq — We. LdlSd - a)elpf)
The electromagnetic torque developed by the machine is written in park reference as (6):
3 . . .
Tom = P4 ((Ld - Lq). Isq-lgs + lsq.lpf) @)
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where p is the pole pairs number.

For rigid wind turbines or when the representation of their flexibility is unnecessary, the mechanical
module contains a simple rotating mass. The total equivalent inertia is the sum of wind turbine inertia and
that of the generator. For the total equivalent friction the same theory is applied. The studied system is
without gearbox which means that the wind turbine rotational speed is equal to the generator speed. The
mechanical system dynamics is then described by a first order differential equation:

dwm

]tTZTt_Tem_ftwm 3

where J; is the total equivalent inertia, f; is the total viscous friction coefficient and the 7; is the mechanical
torque. It can be expressed in Laplace domain by (9):

Wy = - (T; — Tem) )

T fetsde

The block diagram of the electrical and mechanical model is presented in Figure 2. In order to
control the power produced by the PMSG wind turbine and improve its quality, various converter topologies
can be selected according to load types, system size and economic criteria [15]. IGBT-based buck-to-buck
rectifier—inverter owns a flexible structure for different control methods and can be used to adjust the
generator speed and control the power injected into a utility grid. PWM rectifier/inverter is made using the
IGBT transistors as switchable semiconductors. These devices offer the advantages stated in [15]. Several
control strategies have been proposed in recent works such as: Hysteresis PWM, Periodic sampling PWM,
Sine-triangular PWM and space-vector modulation (SVM). Study [16] has compared these techniques and
concluded that SVM technique is the most efficient.

m

Figure 2. PMSG mathematical model

2.3. The Grid-Connected wind turbine system modeling
According to Figure 1, the mathematical model of wind turbine PMSG system connected to grid can
be written as in (10):

Va —€q Ia d Ia
Vb - eb = Rn Ib + Lna lb (10)
Vc —€c c Ic

where e,, ep, e are the grid voltages, Vi, Vs, V. are the inverter output voltages, /,, I, I. is the output currents
of the inverter, R, is the coupling resistor and L, is the coupling inductance. The equation (10) is transformed
from the three phases reference to the Park reference as (11):

Vd_ed Id d Id _(J)Iq
Vq—eql=Rn Ig| + Luo; [l + Ln wldl (11)
0 0 0 0
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The Laplace transformation of (11) is given by (12) and (13):

1

Iy = Rorol. (Vg — eq+Lpwly) (12)
1
Iq = m (Vq - eq—anId) (13)

where eq, e, are the direct and the quadrature grid voltages, respectively, 1;, I, are the direct and the
quadrature grid currents, respectively, @=2mnfthe pulsation and f'is the fundamental frequency of grid voltage
f=50Hz and s is the Laplace operator. To cure the problem of the coupling which exists between the direct-
axis and quadrature-axis currents, the decoupling method described in [17] is proceeded.

2.4. Machine side control strategy

A PMSG wind turbine is a generator with nonlinear characteristic (power/rotor speed). It’s
influenced by the wind speed variation. In Figure 3 the wind turbine is subject to wind speed variations
where it appears clearly the change in maximum power point (MPP). For that reason, a controllable rectifier
is inserted in the system energy chain. The rectifier control objective is to force the wind system to
permanently produce its available maximum power. That is possible if the operating rotor speed is well
chosen. As seen in Figure 3, for each wind speed, the turbine can only provide its MPP in a particular rotor
speed. Therefore, the machine side control called MPPT aims firstly to find the optimal rotor speed and
secondly drives the PMSG generator at this optimal speed by using regulation loops.
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Figure 3. Wind turbine power characteristics

To drive the PMSG generator at speed reference, vector control similar to that of permanent magnet
synchronous motor is used. Vector control amounts to controlling the direct-axis and quadrature-axis currents
(is¢ and i5q) by imposing the reference voltages Vd* and Vg* at the inverter input. The controllers used can be
PI type, FLC, and sliding mode controller. The global configuration is schematized in Figure 4.

In the interest of reducing the system price, by eliminating the wind speed sensor, a wind-sensorless
MPPT strategy based on the HCS technique [18] and fuzzy logic approach [19] as already proposed in our
work [20]. As previously mentioned, the command objective is to force the generator to operate at an optimal
speed. This requires the implementation of a cascading control strategy composed of speed control loop and
that of internal currents. Firstly, PI regulators are proposed to achieve the control objective. Then the fuzzy
logic for self-tuning the PI gains and the anti-windup compensator to prevent performance degradation are
applied.

2.4.1. Speed PI controller design
The dynamics system is described by a first order equation given in (9), characterized by a single
time constant. The insertion of the PI regulator will result in the functional diagram illustrated in Figure 5. It

Overall fuzzy logic control strategy of direct driven PMSG wind turbine connected to... (Mhamed Fannakh)



5520 O ISSN: 2088-8708

can be seeing that the speed regulator role is to determine the reference torque, in order to maintain the
corresponding speed. The synthesis of the PI controller gains goes through "poles placement method" of the
direct closed loop. The PI controller gains are quantified by using PID Tuner delivered by control system
Toolbox of MATLAB/Simulink.
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Figure 4. Synoptic diagram of machine side control
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Figure 5. Speed control loop diagram

2.4.2. Internal currents PI controllers

As stated in (6), the d-axis and g-axis currents are coupled by the terms w,.Lg.lsq, We.Lglsq
and w,. Y. The block diagram of Figure 6 illustrates the coupling and interaction between the two axes. The
coupling terms are considered as internal perturbations. They are generally compensated by the PI regulators
in steady state by integrator effect, the integrator reaction is often slow. It is therefore possible to compensate
the coupling terms by the decoupling method. Decoupling method involves adding identical terms while
opposing the signs at the current correctors output. The decoupling makes the axes d and q completely
independent. This is shown in Figure 6. In the case of “PMSG with smooth rotor”, to have a maximum torque
and minimum joule losses, it is necessary to set the direct reference current isd* to zero [21]. The torque of
the machine will then be directly proportional to the quadrature current isq. The quadrature axis current
reference is calculated from the speed controller output.

Regulation PMSG Model
,,,,,,,,,,,,,,,,,,,,,,, |
1 !I'sd
Rs+s.La :
Lq :
|
Ld i
1 Iisr{
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[

Figure 6. Currents control loop diagram
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The mathematical precision and simplicity algorithm are the PI regulators strengths, but they have
some limitations related to the system parameters (resistance, stator inductance, inertia, friction...) [22], these
parameters are rarely constant throughout in system operation. The regulators don't always react optimally
due to the nonlinear dynamic in the system. Faced with this drawback, a strategy for monitoring the regulator
gains by using fuzzy logic is proposed. This technique incorporates a certain intelligence degree in the
control strategy. To respect the system control limits, it is recommended to add a saturator at regulator
output. However, the use of a saturator can destabilize the system. This is caused by the amplification of
noise detection. In fact, this phenomenon causes a decrease in performance [23]. To counter this problem,
anti-windup compensation to maintain stability of the closed loop system and minimize deviation from the
desired performance is implemented.

2.4.3. Anti wind-up fuzzy logic controller (AWFLC)

The control by fuzzy logic with its non-linear structure presents good performance and robustness,
but in conventional fuzzy controllers, this non-linearity is incorporated by a limited number of rules
generated by human expertise, which may not always be sufficient to produce a necessary control signal [24].
On the other hand, the usual procedure for designing PI controllers is based on a simplified model and with
nominal physical parameters. This simplification leads to additional uncertainties on the classic PI controller
parameters. The problem can be solved by adapting the controller gains in real time; by using the information
provided by the system. In this way, a hybridization technique between the classic PI controller and fuzzy
logic it will be done.

Practically, the system has a certain operating limit, due to the stator phase voltages that cannot
exceed a given voltage and the maximum torque recommended by the manufacturer, hence the need to add a
saturator at the regulators output. The implementation of an integral action on a saturated system causes
undesirable effects (significant overtaking, long response time and, sometimes, instability in the response)
[25]. When the control signal saturation is activated, it is therefore necessary to limit the integral action. This
is achieved by the anti-windup approach. The proposed fuzzy anti-windup PI regulator is shown in Figure 7.

. Fuzzy Logic
v tuning
\mmechanism

i 1
! T e g Inference P
{ F fication —
e d |1 |Fuzzification enoine Defuzzification

|

1

| Fuzzy logic controller Rule base
! configration

Figure 7. Anti wind-up fuzzy locic controller

The fuzzy logic tuning mechanism role is adjusting on-line the input scaling factors corresponding
to the proportional coefficient Kp and the integral coefficient Ki. Each factor applied to the regulator is
composed by the nominal gain and the adaptive gain. The nominal gain is equal to the classic PI gain and the
adaptive gain is obtained by fuzzy logic tuning mechanism. Inputs of the fuzzy logic tuning mechanism are
the error E and its derivative dE at Ky iteration. E and dE are calculated and converted into linguistic
variables during fuzzification step as given in Figure 8.

To accomplish the required fuzzy logic operations, a seven-term fuzzy set are defined to describe
input variables, positive big (PB), positive medium (PM), positive small (PS), zero (Z), negative small (NS),
negative medium (NM) and negative big (NB). Furthermore, an inference is made based on the rules
presented in Table 1. These rules are established on the prior knowledge of the system behavior.
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Figure 8. Membership functions of input and output variables

Table 1. Fuzzy rule of proportional term (Kp) and integral term (Ki)
dE dE

Kprules  pp pv ps 7z Ns NM O NB O KiTUeS  pp by pg z NS NM O NB
E PB PB PB PB PB PB PS Z E PB PB PB PB PB PB PS Z
PM PB PB PM PM PS Z Z PM PB PB PM PM PS Z Z

PS PM PS Z Z Z NS NM PS PB PM PS PS Z NS NM

Z PS NS Z Z Z NS NM Z NM NS Z Z Z NS NM

NS NM NS Z Z Z PS PM NS NM NS Z PS PS PM PB

NM Z Z PS PS PS PM PM NM Z Z PS PM PB PB PB

NB Z PS PM PB PB PB PB NB Z PS PM PB PB PB PB

When the fuzzy output is calculated, it must be defuzzified into a numerical value. There are several
methods to achieve this transformation. The most used is the center of gravity method, which is adopted in
this work. The center gravity abscissa corresponding to the regulator output is given by (14):

21 brixgiSi
ARy /AK: = =St (14)

The windup effect introduced by the saturator can be eliminated by applying the "anti-windup
compensation" approach. Many anti-windup schemes are discussed in the literature. Jaroslav et al. [26] have
concluded that the back calculation method exhibits clear advantages over the other strategies. As mentioned
in Figure 7, error between saturated and unsaturated signals is calculated. When the system is unsaturated,
the anti-windup system is deactivated. In the other case, i.e .the system is saturated, a feedback signal is

activated. The error is multiplied by 1/T- gain. Where, Ti is the tracking time constant and which determine
1

the rate at which the integral term is reset.

2.5. Grid side control strategy

The grid side control role is to allow a flexible and reliable flow of the maximum extracted power to
grid, while ensuring a unit power factor with minimum harmonics pollution. This is assured by the voltage
source inverter control. The inverter control is made up of two cascade loops, namely: DC bus voltage
regulation loop and grid side currents regulation loop as illustrated in Figure 9.

The DC bus voltage is regulated by adjusting the direct-axis current reference Id*. In classical
regulation, the controller synthesis is deducted by "poles placement method". The voltage inverter is
controlled by the vector control technique and SVM algorithm. In this strategy, the grid currents are
measured and converted into direct-quadrature-zero transformation by using Park matrix. The obtained
currents (Id and Iq) are compared with reference values. The direct-axis current reference I1d* is deduced
from Vdc regulator and the quadrature-axis current reference is set to zero (Iq*=0) to ensure a unit power
factor. Two regulators (Id regulator and the Iq regulator) are added to the control structure to minimize the
error between the setpoint and the measured value. In the aim of separately controlling the direct /d and
quadrature Iq currents, the coupling terms (Lnwlq and Lnwld) are eliminated by the compensation method
described in [17]. The synchronization between the generated signals and that of grid has been accomplished
by the phase locked loop (PLL) block, based on a multi-variable filter (MFV) [17]. The block diagram given
by Figure 10 summarizes the currents control loops with the decoupling method. To achieve robust
regulation, the strategy based on fuzzy logic and anti-windup compensation is also applied in the grid side
control. The design of the Mamdani type FLC controller goes through the steps reported previously in
section 2.2.
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Figure 9. Synoptic diagram of grid side control
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Figure 10. Block diagram the currents control loops

2.6. Performance test of anti wind-up fuzzy logic controller

Time-domain test and frequency domain analysis are selected to verify the performance of the
proposed controllers. In the following test, the AWFLC is simulated and compared with fuzzy logic self-
tuning PI controller and classical PI controller. The test concerns speed regulator, the quadrature-axis stator
current regulator, DC bus voltage regulator and d-axis grid current regulator. Figure 11 shows the close loop
unit step response. Table 2 indicates the optimization results obtained by different regulators on 4 criteria:
rise time, settling time, peak and overshoot.

It can be seen from Figure 11 and Table 2 that these regulators can all converge to the final value.
The rapidity and precision of the classical PI are poor, where the output fluctuates greatly in transitional
regime and the overshoot is higher (42.92% in speed regulator). The FLC performances are improved
significantly compared with classical PI. In particular, for the overshoot and time response (the settling time
has enhanced from 1.300E-03s to 7.218E-04s for stator current regulator). Obviously, the tracking time of
AWFLC is the shortest for it converges to the final value at 4.518E-04s in the case of DC bus regulator. The
AWFLC seems stable and the oscillations are negligible compared to other techniques.

For stability verification, phase margin criterion via Bode diagram is preceded. Indeed, the criterion
proposed in [27], [28] imposes a minimum gain margin of 45° to consider that the system is stable. The
influence of FLC and anti-windup on the system stability is illustrated in Figure 12. It may be observed from
Figure 12 that the robustness margin is respected in all techniques. When fuzzy logic is applied, the phase
margin has increased considerably. Anti-windup compensation has the effect of attenuating oscillations and
recovering system divergence. This is translated by an improvement in the phase margin.
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Figure 11. Unit step response for tested controllers
Table 2. Statistical results of step response characteristics
Rise time Settling time Peak Overshoot %
Speed PI 1.020E-04 1.000E-03 1.429 42.92
regulator FLC 7.472E-05 4.880E-04 1.146 14.65
AWFLC 2.107E-04 3.249E-04 1.004 0.41
stator current PI 3.583E-04 1.300E-03 1.143 14.30
regulator FLC 1.993E-04 7.218E-04 1.028 2.75
AWFLC 2.614E-04 4.528E-04 1.000 0.08
DC bus PI 1.257E-04 9.429E-04 1.243 24.34
regulators FLC 6.280E-05 4.459E-04 1.145 14.51
AWFLC 2.578E-04 4.146E-04 1.000 0.00
grid current PI 1.260E-04 9.375E-04 1.241 24.11
regulators FLC 6.599E-05 5.494E-04 1.105 10.53
AWFLC 2.951E-04 4.518E-04 1.002 0.16
Bode diagram for speed loop Bode diagram for stator current loop
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Figure 12. Bode diagram for speed and stator current regulators

3.  RESULTS AND DISCUSSION
This section will allow to test and compare the performance of different strategies. The system is

modeled and simulated in MATLAB/Simulink platform. Energy optimization, DC bus voltage stabilization
and total harmonic distortion rate (THD) are evaluated for classical approach and the proposed technique.
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The analysis of the system dynamic behavior is made under wind variations highlighted in Figure 13. All
tests are carried out with the same wind profile; the average value of this profile is 9 m/s.
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Figure 13. Wind profile

The power coefficient Cp is shown in Figure 14(a). It is noted that the tested strategies can keep the
Cp at the maximum value (0.48). The observed transient response and the steady state oscillations are not
optimal in the case of classical control due to the system inertia, which makes the rotation speed change less
rapid than the wind speed variation. The proposed control shows a notable improvement on the transient
regime and minimizes significantly the oscillations around the maximum Cp.

In Figure 14(b), the plots of mechanical power produced by the wind turbine using the classical
control and the proposed control are presented. There are no significant differences between classical strategy
and the proposed strategy in terms of tracking the trajectories imposed by the wind profile. The AWFLC
result is significant only in the reduction of oscillations.
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Figure 14. This figure are, (a) power coefficient curve, (b) mechanical power produced by wind turbine

The active and reactive powers injected into grid are presented in Figure 15(a). It can be observed
that the electrical power follows the trajectories imposed by the wind profile for both strategies. In the case of
suggested strategy, the oscillation is small. On the contrary, the output fluctuates greatly in the other method.
According to Figure 15(b), the power factor is kept to 1 after the transient regime, with the advantage of
reducing fluctuation when the AWFLC is used. Figure 16 illustrates the DC bus voltage evolution. After a
transient regime, it is properly 660 V. It is clarified that the best regulation (faster and less oscillating) is
obtained by the AWFLC strategy.

For a 9 m/s wind speed, the system efficiency when the proposed strategy is applied is about 91%
while the efficiency is 85% when the classic strategy is used, which shows more robustness and efficiency.
Another criterion for proving the competitiveness of the proposed method is the Total Harmonic Distortion
(THD). The THD measures the degree of signal distortion compared to a fundamental sine wave. The IEEE
519-1992 standard indicates that the THD should be less than 5% for the injected currents [29], [30]. The
recorded value of the THD illustrated in Figure 17 is 2.74% when the control is AWFLC type, while it is
7.93% when the control is classical type. These results show the advantageous effect of the AWFLC method
on the energy quality produced by the PMSG wind turbine.
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Figure 17. THD analysis

4. CONCLUSION

This paper has presented a method based on fuzzy logic control and anti-windup saturation of
PMSG wind turbine system connected to grid. Compared with the original HCS, the proposed MPPT
employs the fuzzy logic to enhance the search ability of the optimal operating speed, while anti-windup fuzzy
logic controllers are used to regulate the rotor speed, the PMSG internal currents, DC bus voltage and grid
currents to meeting the requirements of optimization in different stages. Hence, proposed method can search
a higher optimum energy quality with a faster speed and a more stable convergence. A simulation series are
carried out to verify the effectiveness and advantages of developed strategy compared with other methods.
Test results demonstrate that FLC method outperform the other MPPT algorithms, which can not only make
the system reach the maximum power quickly and run stably, but also reduce the fluctuation of the output
power significantly. Apparently, AWFLC are superior to and classical PI controllers in terms of regulation,
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which verifies that AWFLC is an effective tool for controlling nonlinear systems. Future works include the
implementation of these control techniques on the real system and validate their performances through the
experimental results.

APPENDIX
A. WT and PMSG parameters
Nominal Power 1.5 kW
Blade radius 1.5m
Air density 1.225
Pole pairs number 10
Stator resistance 1.64 Q
Direct-axis inductance 0.8 mH
Quadrature-axis inductance 0.8 mH
Flux linkage 0.175 Wb
Moment of inertia 1.469E7 kg.m?
Static friction 0.3035E° N.m.s
B. The PI regulator gains
Speed Kp 5.87
regulator Ki 4113
stator current Kp 3
regulator Ki 7650.6
DC bus Kp 13.2
regulators Ki 924
grid current Kp 19.8
regulators Ki 11754.2
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