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Abstract:

This paper, we are present fuzzy controller for the maximum power point tracking of a wind energy
conversion system using Fuzzy logic. The performance of the proposed controller design
methodology is finally presented through a wind energy conversion system to maximize the
extraction of power from wind energy (WE) system. It is effective optimal control for improvement of
the performance of a variable-speed wind energy conversion system, for a squirrel-cage induction
generator-based wind energy conversion system, the controller has successfully maximized the
extraction of the wind energy. This was verified by the high power coefficients achieved at all the
time.
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Tém tat:

Trong bai bdo nay, chiing téi trinh bay mdt phucng phap diéu khién dé tim diém phat cong sust cuc
dai cta hé thdng bién ddi nang lugng gié (WE) théng qua viéc st dung k¥ thuét logic md. Qua két
qua md phong da cho thdy: day la ky thuat diéu khién tdi uu, hiéu qua dé€ cai thién hiéu suét cla
may phat dién gi6 khi tdc dd gid thay déi, 4p dung cho loai may phat dién khéng ddng bd roto 16ng
séc, bd didu khién da cho phép khai thac tdi da dién ning tir ngudn néng lugng gid. K&t qua nay da
dudc danh giad qua cac gia tri cdng sudt cao thu nhan dugc & tat ca cac thdi diém van hanh.

T khoa:

Diéu khién md, tim diém phat cong sudt cuc dai (MPPT), phan hoi tin hiéu cdng sudt, may dién
cam ng.
1. INTRODUCTION

sources. A lot of renewable power

Huge exhaustion of fuel and growing generation sources like wind energy, solar

concern in environment protection from
using fossil fuel and nuclear energy

Ngay nhan bai: 9/2/2017, ngay chdp nhan ding:
15/3/2017, phan bién: TS. Nguyé&n Van Tiém.

energy, wave energy, hydro power and
more developed systems depend on
hydrogen. Wind energy conversion
systems is the fastest growing energy
technology in the world. Wind energy
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changes throughout the day. The
performance output power depends on the
accuracy of tracking the peak power
points by the maximum power point
tracking (MPPT) controller. In the last
years, there is significant research effort
in control design for wind energy
conversion systems [1], [2]. Fuzzy logic
control of generator speed was used [3].
The advantages in using fuzzy logic
controller against conventional PI
controllers are pointed out in better
response to frequently changes in wind
speed. Ref. [1] shows the problem of
output power regulation of fixed-pitch
variable-speed wind energy conversion
systems. Ref. [2] introduced an integral
fuzzy sliding mode control. Ref. [3]
maximize energy capture by determining
the optimal rotor speed. In [2] pitch
control was employed to capture a
maximum energy from the wind. In this
paper we will deal with variable-speed
wind energy conversion systems (VS-
WECS) with induction generator [4, 5],
squirrel cage induction generator (SCIG)
[6, 7, 8], which we will control on it to
maximize the power efficiency. To
achieve this goal the tip-speed-ratio of
turbine must be keep at its desired value,
in spite of, variations of wind. We deal
with how can extract maximum power
from available wind by suitable
algorithm. and there is no methodical way
for finding sufficient stability condition
and good performance.

This paper is organized as follows. In
section II, we introduce the wind energy
conversion  system  model. Two
techniques is presented for maximum

power in section III. In section IV,
sufficient fuzzy control systems and for
the solvability of the controller design
problem are proposed. Simulation is
concluded in section V. Finally, section
VI states the conclusions.

2. WIND ENERGY CONVERSION
SYSTEM MODEL

This part demonstrates the wind turbine
model by presenting the dynamic model
of the wind turbine generator unit.
Depending on the generation system, the
SCIG used as generator in wind turbine.
SCIG win turbines are coupled to the
wind turbine rotor via a gearbox and
linked to the grid by inverters to match
the frequency of the power supply grid
and its voltage. A wind energy system can
be explained by a model that includes the
modeling of the whole wind turbine. The
wind energy system model is clarified by
the equations of each of the wind turbine-
generator units, meaning the turbine, the
drive train, the induction generator, the
control system and the grid, as is shown
in figure 1. The exhaustive representation
of the wind farm elements is given in [9].
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Figure 1. Diagram of the single wind turbine
model

2.1. Wind turbine model

The aerodynamic torque and the
mechanical power of the wind turbine are
given by [10].
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Ty = 0.5C,(%, PpmR*v, I (1)
Py =T, = 0.5pR*v; C,(4, ) )
Where:

p 1s the air density;
R is the radius of the turbine;
v, 1s the wind speed;

C,(AB) is the power coefficient; with
A= QiR/v; is the tip speed ratio;

Q) is the turbine speed.
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Figure 2. Power coefficient Cp
versus tip speed ratio

Seeing as the maximum C,(4f) is
obtained at a nominal tip speed ratio of
A = Jop» the control system should adapt
the turbine speed at A4,, to achieve
maximum power. At this rotational speed,
the maximum turbine power P, . and
the torque Ty, 0p; result in C, 4 being the
maximum power coefficient. So fig.2
shows the relation between A and C,(4,5).
The power extracted from the wind is
limited in high wind speeds, by pitch of
the rotor blades. The control is done with
a PI controller which must take into
consideration limitations in blades pitch
angle and slew rate and the nonlinear
aerodynamic characteristic [10]. The
power coefficient C, is function of the tip
speed ratio A and the pitch angle of rotor
blades f, but for controlling SCIG wind

(ISSN: 1859 - 4557)I

turbines, C, 1s a function of only A, since
[ stays fixed in these turbines.

2.2. Drive train model

There are many types of generator as
permanent magnet synchronous generators
(PMSGQG), squirrel cage induction generators
(SCIG) and doubly fed induction
generator (DFIG). We prefer using SCIG
in order to the use of induction generators
(IG) is advantageous since they are
relatively inexpensive, robust, and require
low maintenance. The SCIG connected
with the drive train through the gear-box
gathering the Low-Speed Shaf (LSS) to
the High-Speed Shaft (HSS). By
canceling the viscous friction, this
interaction can be showed as [9]:

7, aQ, 4. 7 -7, 3)
dt m,

PR (4)
dt 7,

Where:

T, is the electromagnetic torque;

Q) is the rotor speed of the generator,
Qj, = ngQ, ng is the gear ratio;

ns 1s the gear efficiency;

Jy, and Jj are the inertias at the high-speed

shaft and low-speed shafts, respectively,
which are computed as:

Ty =y + I, ) 4Ty + ) (5)
and:

Ty =0+ T )y + T ) (6)
Where:

Ji and J, are the inertias of the multiplier
gears;
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Jwe and J, are the turbine and generator
inertias, respectively.

2.3. Generator model
The squirrel cage generator work close to

the angular synchronous speed with a
very small slip. These squirrel cage

induction  generator are the least
expensive and simplest technology
comparing with wounded rotor and
permanent magnet  generator. The

electrical equations of a SCIG expressed
in a direct (d)-quadrature (q) coordinate
reference frame rotating at synchronous
speed w; are the following [11]:

di V, R L, di
Hsd S e brd o lsq+L irg
dt Ly Lgsd L, drt Lg
di Vee R L di
S8 By Im T | geim
da L L %1 L dt s Lg (7)
dird Rr . Lm disd Ly,
— — +(w. - +-
dt L, L. dt (@ = )| irg Ly e
di,q R, L, dig,
dt fqu L dt I d+ l’ d
Where:

isa, Isq 1ra and i,, are the stator and rotor
current (d,q) components, respectively;

Via and Vy, are the stator voltage (d,q)
components;

L, L, L, are the stator self-inductance,
the rotor self-inductance, and the stator-
rotor mutual inductance, respectively;

R, and R, are the stator and rotor
resistances, w, 1s the stator field
frequency;

s = n,2;, 1s the speed in electrical radians
per second (7, is the number of pole-
pairs).

The electromagnetic torque of the stator

windings is stated as:

T =1 57’1 L (sq rd rqisd) (8)

The active and reactive powers of
induction generator can be expressed by:

P —lS(V i

vdvd+Vl )

sq sq
Vsd lsq )

Power converter: The power converter is
a standard IGBT-based voltage source
controller (VSC). The nominal power of
the power converter is equal to the
nominal power of the generators that it
has to control at maximum power point
tracking conditions.

o, =1.5(VS ®

3. THE MAXIMUM POWER POINT
TRACKING TECHNIQUES

3.1. Hill-climb search (HCS) control

The HCS control algorithm continuously
searches for the peak power of the wind
turbine. It can overcome some of the
common problems normally associated
with the other two methods [10]. The
tracking algorithm, depending upon the
location of the operating point and
relation between the changes in power
and speed, computes the desired optimum
signal in order to drive the system to the
point of maximum power.

HCS control of SCIG are demonstrated in
[12]. HCS used a controller for MPPT
control. In this method, the controller,
using P, as input generates at its output
the desired rotor speed. The increasing or
decreasing in output power due to an
increment or decrement in speed is
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estimated. If change in power is positive
with last positive change in speed, the
search is continued in the same direction.
If, on the other hand, increasing in speed
causes decreasing in power obtained, the
direction of search is reversed.

A

Out power (W)

Aw,

»
>

>

Generator speed (rad/s)

Figure 3. HCS technique for maximum power

3.2. Power signal feedback (PSF)
control

In PSF control, it is required to have the
knowledge of the wind turbine’s
maximum power curve, and track this
curve through its control mechanisms.
The maximum power curves need to be
obtained via simulations or off line
experiment on individual wind turbines.
In this method, reference power is
generated either using a recorded
maximum power curve or using the
mechanical power equation of the wind
turbine where wind speed or the rotor
speed is used and the maximum power is
obtained [7-9].

PSF method uses a reference power which
1S maximum power at that particular
wind speed. This presents an issue, as
the prior knowledge of the wind turbine
characteristics and wind speed
measurements is required. Once this
reference power is obtained from the
power curve at particular wind speed, a

(ISSN: 1859 - 4557)

comparisonof yield is done with the
present power. Then error produced
drives a Control algorithm. PI control
refers to Proportional (P), integral (I)
control. It contains P and I part that are
manipulated to reduce the error between a
known set point and the instantaneous
values of the measured values.

The block diagram of a wind energy
conversion system with power signal
feedback (PSF) control method is shown
in figure 7. The maximum output power
datapoints corresponding to wind turbine
speed can be stored in a lookup table [19-
21]. Therefore maximum DC power
output and the DC-link voltage were
taken as input and output of the lookup
table [13].

This curve can be obtained by off-line
experiment on individual wind turbines or
reference power is generated by using the
mechanical power equation of the wind
turbine where wind speed or the rotor
speed is measured. Figure 4 displays the
block diagram of a wind turbine SCIG
with PSF controller for maximum power
extraction [14].

Lookup table
p

Wind Energy 2
system

Controller

Turbine power

Rotational speed

Figure 4. Block diagram of power signal
feedback

In [13, 14], the turbine maximum power
equation is used for obtaining reference
power for PSF based MPPT.

Pimax) = 0.5Cpma(Ropsf) prR*vy  (10)
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The PSF control block generates the
reference power Py max) using (10) which
is then applied to the controller. It can be
seen that there is a maximum power
coefficient Cymax). If Cpmax) = 0.48, the
maximum value of C, is achieved for
B = 0° and Jopr. A variable speed wind
turbine follows the Cj,max) to capture the
maximum power up to the rated speed by
varying the rotor speed to keep the system
at Agpr.

4. THE PROPOSED CONTROLLER

Due to the nature of wind energy systems,
the power available from the wind turbine
is a function of both the wind speed and
the rotor angular speed. The wind speed
being uncontrollable, the only way to alter
the operating point is to control the rotor
speed. Rotor speed control can be
achieved by using power electronics to
control the loading of the generator.
Without any given knowledge of the
aerodynamics of any wind turbine, the
HCS principle searches for the maximum
power point by adjusting the operating
point and observing the corresponding
change in the output. The HCS concept is
essentially an “observe and perturb-O/P”
concept used to traverse the natural power
curve of the turbine. With respect to wind
energy systems, it monitors the changes in
the output power of the turbine and rotor
speed. The maximum power point is
defined by the power curve in fig. 3
where AP/ALD, = 0.

Thus, the objective of HCS is to ’climb’
the curve by changing the rotor angular
speed and measuring the output power

until the condition of AP/AQ, = 0 is met.
There are several different ways of
implementing the HCS idea. In this paper,
the algorithm generates the reference
speed by measuring the output power of
the wind energy conversion system and
adjusts the system’s operating point
accordingly. The AP/A£J, = 0 condition is
achieved when AP= 0 because the amount
of adjustment in the rotor speed is chosen
to be proportional to the change in power.

4.1. Hill climb search (HCS) technique
by fuzzy controller

The conventional HCS  algorithm
implementation is simple and is
independent of turbine characteristics
[12], but there still exist issues like the
selection of step size. A big step size can
track the maximum power point (MPP)
fast but at the same time it can result in
severe oscillations around the maximum
power point. Reducing the perturbation
step size can minimize the oscillations
around MPP. However, a small step size
can slow down the MPPT process
especially when wind speed varies fast.
To give a solution to this conflicting
situation, a fuzzy logical control (FLC)
algorithm  which has a variable
perturbation step size is proposed in this
paper. The FLC algorithm can effectively
track the MPP fast and smoothly. In the
part of setting reference wind turbine
rotational speed, the conventional HCS
algorithm is replaced by the proposed
FLC algorithm, which can realize variable
step-size control.

Through fuzzy control, the step size can
be large when the operating point is far
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away from the MPP while the step size
can become small when the operating
point comes close to the MPP. Therefore,
the FLC algorithm can dynamically
change its step size, depending on the
turbine operation condition. The set of the
fuzzy logical controller is described as
follows: the input variables are AP(k) and
AQy(k), while the output variable is
AQyref(k). AP(k) and Aw(k) can be
obtained by:

AP(k) = P(k) - P(k —1)
AQ, (k) =Q, (k) -Q, (k1)

QY
12)

The member function of input variables of
fuzzy logical controller with MATLAB is
defined as follows: there are seven
member functions of input variable AP(k):
NL (Negative Large), NM (Negative
Medium), NS (Negative Small), ZO
(Zero), PS (Positive Small), PM (Positive
Medium), PL (Positive Large). The fuzzi
fication of the input variables by
triangular membership functions (MFs).
In table 1, it is showed the fuzzy rules for
track the maximum power point.

Table 1. Fuzzy rules of HCS method

f]g‘r’z/r NL |[NM | NS | ZO | PS | PM | PL
NL | PL | PL|[PM|PM| PS | ZO | ZO
NM | PL | PL [PM| PS | PS | ZO | NS
NS |PM |PM|PM| PS | ZO | NS | NS
ZO |PM |PM| PS| ZO | NS | NS | NM
PS | PS |PM|ZO| NS | NS | NM | NM
PM | PS | ZO| NS |NM|NM|NM | NL
PL | ZO | ZO|NM|NM|NM| NL | NL

(ISSN: 1859 - 4557)

4.2. Fuzzy Logic Controller (FLC) Model

Figure 5 shows a diagram block of pitch
angle control of wind turbine using a FLC
for low rated wind speed. The pitch angle
of the blade is controlled to maximize the
rotational speed of wind turbine and thus
the output mechanical power of wind
turbine. From figure 5, a measured
rotational speed of wind turbine rotor in
rpm from rotary encoder Q measured 18
compared to the desired rotational speed
Q.o The FLC processes error, a delta
error, and wind speed data of:

AQ}, = Qh-measured - Qh-ref
XAQ) = Qo = Q-1

The FLC variation of wind speed. In this
paper, a wind turbine mechanical power is
maximized. The wind turbine mechanical
power (P) can be expressed using [8] and
the model of the proposed of the fuzzy
logic controller is shown in figure 6.

Wind speed l

Pich sevo B | Wind turbine

FLC .

Rotary
encoder

Figure 5. A block diagram of pitch angle control
of wind turbine using FLC

The fuzzification module converts the
crisp values of the control inputs i.e. error
and change in error into fuzzy values or
fuzzy MFs. The data base and the rules
form the knowledge base which is used to
obtain the inference relation. The data
base contains a description of input and
output variables using fuzzy sets. The rule
base is essentially the control strategy of
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the system. It contains a collection of
fuzzy conditional statements expressed as
a set of IF-THEN.

i\

Fuzzy Logic
Controller

Figure 6. Model of the proposed FLC

For the given rule base, the FLC
determines the rule base to be fired for the
specific input signal condition and then
computes the effective control action. The
mathematical procedure of converting
fuzzy values into crisp values is known as
defuzzification. The designed control
algorithm is as follows:

1. Measure generator speed, £2.

2. Determine the reference power using
(10)

3. This power reference is then used to
calculate the current reference by
measuring the rectifier output voltage

4. The error between the reference and
measured and the change in this error are
the inputs to the FLC.

4.3. Power signal feedback by fuzzy
control

This technique use error between power
reference power and change of error as
inputs. Output is reference power. The
variable inputs are linguistic variables
as NL (Negative Large), NM (Negative
Medium), NS (Negative Small), ZO
(Zero), PS (Positive Small), PM (Positive
Medium), PL (Positive Large). The fuzzy
rules is the same in Table 1 and the input
variables and the control O/P are like in

figure 7 to figure 9 with other ranges.
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Figure 7. Membership function of error

o 4 I
FS o o
T T T

Degree of membership

o
N
T

change of error

Figure 8. Membership function of change of error
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Figure 9. Membership function of control signal

5. SIMULATION AND RESULTS

The parameters of the case study wind
energy conversion system are in table 2.
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Table 2. Parameters of case study wind energy
conversion system

Wind turbine

Parameter Units Value
Rated power W 4000
Base wind speed m/s 11
Air density kg/m’ 1.22
Number of balades 3
Rotor radius 2

SCIG

Parameter Units Value
Rated power w 4000
Armature resistance Q 0.425
Stator Inductance mH 8.4
Flux linkage Wb 0.433
Rated speed Rad/s 150
Rated Current A 10
Rated Torque Nm 35
Load Resistance Q 900
Inertia J 0.0007
Viscous Damping 0.0015
Pole Pairs 4
Static friction 0.001

We introduce the comparison between
four cases and show which technique
approved the maximum power extraction.
By applying the wind speed profile in
figure 10 [9]. PSF by fuzzy control verify
the largest value in power coefficient
~ 0.48 which displayed in figure 11. In
figure 12 Tip speed ratio for more
stability and maximum value ~ 7 for PSF
by fuzzy controller. Figure 13 and figure
14 record the rotor rotational speed and
generator speed, respectively. The most

(ISSN: 1859 - 4557)

value of active power extraction clarified
in figure 15. Figurel6 listed the reactive
power profile.

0 10 2 0 4 60 0 8 ) 100

50
Time(sec)

Figure 10. Wind speed profile [[9]
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Figure 12. Tip speed ratio profile

The results explained the performance of
PSF fuzzy control technique. This control
can secure the stability of the system and
can maximize the power coefficient at
0.48 as in figure 11. The integral term
guarantees a system at zero steady-state
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tracking error for the reference inputs.
The major advantage of integral
controllers is that they have the ability to
return the controlled variable back to the
desired point. It can be secen that the
introduction of the PSF fuzzy controller
significantly increases the power putput.

Figure 13. The trajectory
of rotational rotor speed

F oy ey
) P by convertong
B
L]

By raczy
By comror

Figure 15. The trajectory of reactive power
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Figure 16. The trajectory of active power

6. CONCLUSION

We have presented fuzzy controller for
the maximum power point tracking of a
wind energy conversion system. It is
effective optimal control for improvement
of the performance of a variable-speed
wind energy conversion system, for a
squirrel-cage induction generator-based
wind energy conversion system, the
controller has successfully maximized the
extraction of the wind energy. This was
verified by the high power coefficients
achieved at all the time.

The resulting PSF fuzzy controller is
capable of tackling multivariable systems
Compared with the other techniques,
larger stability regions can be guaranteed.
Wind energy conversion system has been
given to illustrate the stabilizability and
robustness property of the proposed fuzzy
controllers.
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