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Abstract- Permanent magnet synchronous generator (PMSG)-based wind turbine is considered as one of the promising
technologies for generating electric power from wind energy. This paper presents an artificial intelligent technique based on
fuzzy logic controller (FLC) to enhance the maximum power point tracking (MPPT) of PMSG-based wind turbine. The FLC
method is compared with the conventional methods of MPPT to clarify the superior features of the proposed technique. The
comparison between the MPPT methods have been accomplished based on the speed response and new evaluation where the
overall system efficiency is considered. A complete model of PMSG with a back to back (BTB) converter along with the
control system considering different MPPT techniques is conducted using MATLAB/Simulink® platform. To reveal the
robustness and the feasibility of control system, the system is examined under different wind speed profiles. On the basis of the
results, good tracking with high accuracy and lower oscillation rate are obtained after using FLC. Moreover, the overall system
efficiency is enhanced compared with other MPPT schemes.

Keywords Fuzzy logic controller (FLC); Maximum power point tracking (MPPT); Permanent magnet synchronous generator
(PMSG); Wind turbine efficiency.

1. Introduction self-excited, and thus, allows operation at high power factor

and high efficiency. Furthermore, due to its low rotational

With the increase of electrical energy demand, wind
turbines became one of the important facilities for generating
renewable and clean electric power. Mainly, there are many
essential reasons for using more wind energy on power grids.
For example, wind generation is supported by not only being
clean and renewable but also having minimal running cost
requirements [1]. Variable speed wind turbine (VSWT)
topologies contain different generator/converter
configurations, based on cost, efficiency, annual energy
capturing, and control complexity of the overall system.
PMSG-based VSWT is considered a promising and feasible
technology in wind generation industry since PMSGs are

speed, the gearbox can be avoided. This feature in PMSG-
based wind turbine is very important, where the gearbox is
one of the most critical turbine components in other wind
turbine, such as doubly fed induction generator (DFIG),
since its failure is highly expected. Hence, it requires careful
and regular maintenance [2]. PM machines have two types,
i.e., PMDC and PMAC machines. The PMDC machines are
similar to the DC commutating machines, with only one
difference, where the field winding is replaced by the
permanent magnets. In case of PMAC machines, the field is
generated by the permanent magnets, which are located on
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the rotor. Moreover, the brushes and the commutator do not
exist in this machine type.

In modern wind turbines, MPPT control schemes should
be implemented to get the full benefits from the wind speed.
Assortment of MPPT techniques is used in wind turbines to
adapt the generator speed with the optimal speed. Example
are: hill climbing search, constant tip speed ratio (TSR),
power signal feedback (PSF), optimum torque (OT),
incremental conductance (INC), perturbation and observation
(P&O) and artificial intelligent techniques [3]. Each
technique has its advantages and disadvantages for driving
the MPPT scheme. For example, TSR is highly efficient but
needs accurate anemometer for measuring wind speed, which
increases system cost [4]. On the other hand, PSF and OT do
not require anemometer but the parameters of wind turbines
are essentials to obtain the maximum power curve, which
differs from one wind turbine to another. In INC and P&O,
the algorisms do not require turbine specifications or sensors,
which improves system reliability, but these two techniques
have slower response and oscillate around the maximum
power point [5]. Moreover, they do not track the rapid
variation of wind speed, which affects the system efficiency.
To eliminate the restriction of the aforementioned
conventional techniques, soft computing techniques based on
artificial intelligence are used because of their high
performance and large flexibility. FLC is considered one of
the strongest and most reliable soft computing techniques for
MPPT applications. The main advantage of the FLC is
attributed to its capability to change the controller parameters
very quickly in response to system dynamics without any
estimated parameters [6-8]. This feature is very useful,
especially with the capricious and stochastic nature of wind.
In [9], a proposed wind generation system consisting of
PMSG with uncontrolled rectifier is connected with the main
grid. The output of the FLC is considered as the duty cycle of
the boost converter. The maximum power is presented by
adjusting the duty cycle of the DC-DC boost converter. On
the other hand, in [10], a proposed system with FLC is
applied with PMSG having diode bridge rectifier and boost
chopper circuit connected with a dc load. Some limitations
face these configurations, where the full capability of
rotational speed control is not achieved even with FLC. This
degrades the facility of maximum wind power capturing. In
BTB converter set, a full regulation and flexible control of
rotational speed is recognized. Consequently, maximum
benefits of the FLC can be obtained.

In this paper, a soft computing technique based on FLC
is used to enhance the MPPT controller of grid connected
PMSG-based wind turbine with BTB converter. The
behavior of MPPT controller with FLC technique is
compared with TSR and PSF as conventional methods of
MPPT to clarify the superior features of the proposed
technique. The comparison between the proposed and
conventional methods has been analyzed based on the speed

response. Moreover, new evaluation depending on the
overall system efficiency is used to prove the feasibility of
FLC technique compared with conventional methods at the
same wind turbine conditions. The remainder of this paper is
organized as follows. Section 2 introduces the modelling of
wind system. In Section 3, the control of machine-side
converter is described, while the MPPT schemes are
presented in section 4. Section 5, presents the control of grid
side converter. Simulation results are described in section 6.
The efficiency of the wind system with different MPPT
schemes is conducted in section 7. Finally, conclusions are
given in Section 8.

2. Modelling of Wind Energy System

As described in Fig. 1, the rotor blades of the wind
turbine convert the kinetic energy of the wind to mechanical
energy and the PMSG converts the mechanical power to
electrical power. The stator of PMSG is connected to the
utility grid through a BTB converter. The BTB converter
consists of two parts: the first one is the machine side
converter (MSC), which is responsible to accomplish the
MPPT strategy. The second part is the grid side converter
(GSC) that is connected to the grid through ac filter, and is
responsible to control the dc-link voltage and the reactive
power. Complete configuration of PMSG along with its
control system and MPPT techniques are conducted in Fig.1.

2.1 Mechanical Model of wind turbine

The mechanical torque T produced by wind turbine can
be represented by the block diagram shown in Fig. 2. Based
on Fig.2, at a certain wind speed, the mechanical power
produced by wind turbine depends on turbine blade R, air
density p and the turbine power coefficient Cp, which
depends on the turbine parameters. Moreover, Cp is taken as
a function of two important factors: the TSR (A) and the
pitch angle (B) . The relation between Cp, A and B is
formulated in Eq.(1) [11] and [12]:

Le

Cp=Cy (57— CaB—Cs)e *i +Ceh (1)

The parameters A and Ci1-Cs are given in the appendix.

Figure 3 illustrates the relation between Pm-wwm with
various wind speeds. To ensure maximum power capture
from wind speed, the turbine should operate at maximum
power coefficient (Cp max), which meets the optimum TSR
(Aop). Depending on the parameters of wind turbine, the
maximum power occurs at the point, B =0°, and Aop=8.1 and
Cp_max =0.48 as shown in Fig. 3.
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Fig. 1. The configuration of PMSG based wind turbine with the control system.
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2.2 Modeling of PMSG

The dynamic model of the PMSG has been presented in
[13-16]. The stator voltages Vsd and Vsq relating to dq
reference frame can be described in Eq. (2) and (3):

— dlg
V.= —RsI; —L, —;: + LSISC1 W, 2)
y di; . .
I"Sq = —R; Isq — LSEQ--}- LIjw, +w,. ¢ (3)
where, Rs and Ls are the stator resistance and

inductance, respectively, the electrical angular speed is
abbreviated as wr and @ is the permanent magnetic flux. The
electromagnetic torque, Te, is described in Eq. (4) [16], [17]:

3
T, ==

P Lo (La— Lg Mg 4)

where, Ld and Lq are the dq axis inductance with
Le=L¢=Ls in surface mounted PMSG and P is the number of

pole pairs. Consequently, the electromagnetic torque
equation, i.e., (4) can be rewritten as shown in Eq.(5):
3
Te==-Pl,¢ %)

r

3. Control of Machine Side Converter

The MSC is used to control the turbine shaft speed to
obtain the maximum power from the incident wind speed.
This power occurs at C, max Which depends on B and A. From
Fig. 3, to attain Cp_max the P must be zero. Moreover, A
should be maintained at its optimum value (i.e. Aopt = 8.1).
By this way, if the wind speed changes, the turbine shaft
speed should be modified to fit the change in this wind
speed. To clarify the control concept, the equation of motion
for a typical generator is discussed in Eq. (6) [18].

d
J EPm

T, —T, - BN, (6)

where: J is the inertia of the whole system including the
turbine and generator (kg.m2), while B is the friction factor
(N.m.s).

Depending on Eq. (6), the electromagnetic torque (Te)
governs the generator rotational speed and, consequently, the
speed control is achieved by generator torque control. From
Eq. (5), the electromagnetic torque could be controlled
directly by “Iy” and, hence, the speed can be controlled by
changing the g-axis current component. The d-axis current
component “Iss” is set to zero to minimize the current flow
for a given torque and, thus, minimize the resistive losses
[19]. Consequently, the MSC has two main loops, i.e., inner
loop and outer loop. The inner loop is responsible of current
control, while the outer loop is responsible of applying the
MPPT technique.

4. MPPT Techniques
4.1 Conventional MPPT Techniques

There are many considerable techniques used to perform
the MPPT. Briefly, this paper focuses on TSR and PSF as
conventional techniques of MPPT. In TSR technique, the
strategy depends mainly on keeping “A” at its optimum value
(i.e. dopt = 8.1) for all wind speeds. Consequently, this
technique needs anemometer for measuring wind speed. As
shown in Fig. 1, the measured generator speed “wm” is
compared with the reference generator speed “wrs” and the
error drives the control action to adjust the generator speed.
The value of “wre/” can be written as shown in Eq. (7).

Aopt. Wy
Wref = — 7 (7)

Although, PSF does not require anemometer, the
parameters of wind turbines are still essential. The PSF
technique depends on the knowledge of wind turbine
maximum power curve (locus of MPP in Fig. 3), which can
be performed through simulation or experimental test. As
shown in Fig.1, measuring generator speed “om” is needed
to obtain reference power “Pref’. The measured and
reference power are compared and the error drives the

control action to modify the generator speed.

4.2 Fuzzy logic controller

In PSF and TSR, the outer loop depends on the
conventional proportional integral (PI) controller, which
offers simple control structure and high robustness,
especially at steady state. However, this controller undergoes
high sensitivity to the system nonlinearity and uncertainty.
Many optimization techniques are used to design the PI
parameters, although these techniques increase the system
complexity and need more computational analysis. To defeat
the drawbacks of PSF and TSR, FLC controller is used. FLC,
is first proposed by Lotfi Zadeh [20], where the aim of FL
was to develop an output by allowing a set of membership
functions to decide the value of the inputs rather than
representation using crisp deterministic values. The main
feature is the use of linguistic variables rather than numerical
variables. Fuzzy based controllers have been found to be
excellent choices for many control applications, as they
imitate human control logic closely. The fuzzy rules are
framed on the basis of the expert knowledge gained by the
study of the performance of the system over a period of time.
This concept is very useful for handling the nonlinearity and
uncertainty of the system and, moreover, gives superior
feature regarding fast convergence especially at transient
state [21]. Thereby, FLC-based MPPT technique is
considered a promising and strong algorism, especially with
fast changes in wind speed.

As conducted in Fig. 4, the input quantities of FLC are
the error of the generator speed (e) and the variation of this
error (Ae). The symbol “Z"” is the unit time delay. The
output of FLC is the change in electromagnetic torque (ATe).
The input and output are normalized through scaling factors
Ke , KAe and KAT.. The inputs of FLC are expressed in Eq.
(8) and (9) [22]:
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Fig. 4. FLC based MPPT technique.

The function of FLC controller in this paper is to perturb
the reference torque and to observe the change of the speed
“e”. If the speed increases with the last torque increment, the
searching procedures continue in the same direction.
Otherwise, the search process is reversed. Consequently, the
generator speed matches its reference. As shown in Fig. 4,
FLC consists, generally, of three parts; 1- fuzzification, 2-
fuzzy Rule base, 3- defuzzification, which will be explained
in the following:

A.  Fuzzification

Each input/output variable used in the controller design
is expressed in fuzzy set notation using linguistic variables.
For example, the notations of speed error “e”, the variation of
speed error “Ae” and change in electromagnetic torque “ATe”
Negative Big (NB), Negative Small (NS), Zero (ZE),
Positive Big (PB), Positive Small (PS) are characterized by
the triangular membership function as conducted in Fig.5.
The triangular member ship is selected for its faster process
compared with Gaussian membership function. The input
and output are normalized through scaling factors for
convenience to improve the dynamic and transit performance
of the controller.

B.  Fuzzy logic rules

After defining the fuzzy sets, a control strategy is
defined by a set of IF-THEN rules [23]. Based on authors
expert control knowledge of the PMSG wind turbine system
operation, these heuristic rules are expressed in fuzzy domain
as shown in Table 1. For example, if (Error “e” is NB) and
(Derivative “Ae” is NB), then (change in electromagnetic
torque “AT.” is NB).

C. Defuzzification

As following step, we need to transform the output
linguistic variables to crisp values for controlling the
electromagnetic torque. The method used to complete the
controller objective is the center of gravity technique, which
is given by Eqgs. (10) and (11) [24]:
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Fig. 5. The inputs and output of the membership function.

Table 1. Rule base of FLC.

.
e(t)

Output NB | NS | ZE PS PB

NB NB NB NS NS ZE
NS NB NS ZE ZE PS
Ae(t) ZE NB NS ZE ZE PS
PS NS PS PS PS PB

PB ZE PS PB PB PB

5. Control of the Grid Side Converter

As shown in Fig. 1, the function of the GSC is to connect
the PMSG wind generation system with utility grid.
Moreover, the GSC is used to regulate the dc link voltage at
its nominal value under various conditions. Consequently, it
ensures that the active generated power is fed to the grid,
where the capacitor voltage always varies during wind
turbine operation. Furthermore, one of the main objectives of
GSC is controlling the reactive powers delivered to the grid.
Hence, unity power factor flow (zero reactive power
exchange) could be easily obtained. Full description of GSC
control has been extensively presented in many articles [11-
19].

6. Simulation Results

To validate the response of the control system based on
the aforementioned MPPT techniques, two case studies of
wind speed profile are conducted. First case assumes that the
wind speed profile varies as step functions (up and down)
with an average wind speed of 11.28 m/s. The second case
assumes that the wind speed profile changes randomly with
an average wind speed of 12 m/s and turbulence intensity of
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40%. The proposed FLC technique is compared with the
conventional MPPT techniques (TSR and PSF). The
parameters of the whole system are listed in the appendix.
A complete model of PMSG with a BTB converter along
with the control system considering different MPPT
techniques is conducted using MATLAB/Simulink®
platform.

6.1 Case (1): step changes in wind speed

As described in Fig. 6(a), the wind speed profile varies
with steps over 5 s time spain. As shown in Fig. 6(b) the
MSC can govern the power coefficint “C,” to be maintained
at its maximum value, i.e., 0.48, with the three MPPT
techniques. However the system response is enhanced when
FLC is used compared to PSF and TSR. Similar results are
obtained in Fig. 6(c) and 6(d). In Fig. 6(c), the A is conducted
and, hence, the A is forced to sustain at its optimal value, i.e.,
8.1. Fig. 6(d) presents the rotor speed of the generator, which
trackes the reference speed, denoting the capability of MSC
to afford the MPPT strategy. Figure 6(e) depictes the
mechanical power of wind turbine under the three techniques
of MPPT. Based on the results, It is worth mentioned that,
the enhancemnt of FLC is attributed to its capability to
change the controller parameters very quickly in response to
system dynamics particurly when the wind speed changes
suddenly.
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Fig. 6. Response of wind turbine under Step change in wind
speed profile.

6.2 Case (2): random changes in wind speed

In this section, the feasability of the control system to
attain MPPT is examined depending on random changes in
wind speed, with an average wind speed of 12 m/s and
terbulence intensity of 40 %. A wind speed time series is
given according to the equivalent wind speed model provided
in Wind Turbine Blockset, Matlab/Simulink [25]. The
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portrayed wind speed profile is depicted in Fig. 7(a). Figures
7(b) and 7(c) prove that the MPPT is achieved, with the
power coefficient “C,” and A are maintained at their
maximum and optimal vlues, repectively. The afford of the
MSC to tracke the rotor speed with its reference value is
presented in Fig. 7(d). Figure 7(e) descripes the mechanical
power captured by the wind. based on the simulation results,
its clear that the system response with FLC gives better
tracking capability and the oscilation rate is reduced
compared to PSF and TSR.
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Fig. 7. Response of wind turbine under Random change in
wind speed profile.

7. The efficiency of wind system with different MPPT
schemes

In this section, a new evaluation is used depending on
the overall system efficiency to prove the feasibility of FLC
technique compared with conventional methods under the
same wind turbine conditions. To study the efficiency of
PMSG-based wind generation system, the following formula
is used as shown in Eq. (12) [26]:

t

[P .
Nsys = rofpg‘ X 100 % (12)
Jo ¥th

where ngys is the efficiency, Py is the grid active power and
Pwm is the theoretical mechanical power taken in optimal
conditions.

Briefly, the system efficiency is examined under wind
speed profile considered in case (1), i.e., Fig. 6(a). As shown
in Fig. 8, the grid active powers for FLC, PSF and TSR are
compared with the theoretical power. To ensure the validity
of the GSC controller, the grid voltage and the injected grid
current are presented in Fig. 9, where unity power factor
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operation is achieved and, hence, the voltage and current are
in phase.

12000
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g
=
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Fig. 8. Grid active power.
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Fig. 9. Grid voltage and current for FLC scheme.

Fig. 10 describes the overall efficiency of the system
with FLC, TSR and PSF. As shown in Fig. 10(a), the
efficiency of the wind turbine system is enhanced with FLC
compared with PSF and TSR. The FLC technique improves
the system efficiency to 92% compared with 85.44% for
TSR and 87.12% for PSF as declared in Fig. 10(b).

()

100

80

60

40

Efficiency (%)

20

Time (s)

(b)

94%
92%

92%

90%

88% 87.12%

86% 85.44%

82%

FL PSF TSR

mEfficiency 92% 87.12% 85.44%

EFL =PSF mTSR

Fig. 10. The effficiency of of PMSG wind generation
system.

8. Conclusion

This paper presents an efficient MPPT technique to drive
the MSC of the grid connected PMSG-based wind turbine
with a BTB converter set under different wind speed profiles.
The effectiveness of the MSC is examined depending on
three techniques of MPPT schemes. First and second
techniques are based on TSR and PSF as conventional
methods, while the third technique is based on FLC as a soft
computing technique. Based on extensive simulation results,
the behavior of MSC with FLC gives better performance
regarding the feasibility of MPPT. Hence, FLC gives good
tracking capability and lower oscillation rate compared with
TSR and PSF. The attitude of FLC is attributed to its
capability to change the controller parameters very quickly in
response to system dynamics. The comparison between the
three techniques has been investigated based on the speed
response and the ability of the MPPT scheme to capture
maximum power, which leads to increasing the overall
system efficiency. The overall system efficiency is enhanced
to 92% with FLC compared with 85.44% and 87.12% with
TSR and PSF, respectively.

Appendix: Parameters of system components

Parameter Value and unit
PMSG:

. Stator resistance (Rs) 0.00829 Q

e Stator direct inductance ( La) 0.174 mH

e  Stator quadrature inductance | 0.174 mH

(Lq) 0.071 wb

¢  Permanent magnet flux (D) 6 pair pole

e Number of pole pairs (P) 0.089 kg.m’

e Inertia of the whole system (J) | 0-00° N-m

e  Friction factor (B)
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Specification of wind turbine:
e The coefficients c1 to cs:

ci 0.5176
c2 116
c3 0.4
c4 5
cs 21
C6 0.0068
e  Wind turbine blade length (R) | 2m
e Air density ( p) 1.225 kg.m’
e Optimal tip speed ratio (Aopt) 8.1
e Maximum power coefficient 0.48
(Cp_max)
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