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This paper focuses on the design of improved fuzzy logic and model predictive control schemes employed for pitch angle regulation
of wind energy conversion system (WECS). Due to rotation of earth, the speed of wind on the earth’s surface changes continuously. As
a result, the power generated from WECS varies. This generated power from WECS depends on cube of the wind speed and it leads to
the power fluctuations. Pertaining to the stable power output from WECS under varying wind speed, a number of control techniques
are developed in the literature over the last few years. Presently for regulation of output power fluctuations against variable wind
speed environment, pitch angle control is extensively used. In view of handling the uncertainties owing to wind speed variations,
this study exhibits the comparative performance of Improved Fuzzy logic control (IFLC) and Model predictive control (MPC) schemes
by modeling and simulating the WECS via MATLAB/Simulink. The main control objective is to keep the power generation within
the rated power of the generator against wind speed variation, which can be achieved by regulating the pitch angle and/or generator
torque. To assess the capability of MPC scheme, the WECS is modeled and simulated under different wind speed test cases. From the
obtained results, it is confirmed that the response of MPC is better than IFLC, in situation of wind speed variations.
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1. INTRODUCTION

in Figure 1 [2]. The first region is related to low wind speeds
and known as partial load regime (between cut-in wind sped,

Because of increasing green energy awareness and crisis of
depleting fossil fuels, the interest towards development of re-
newable energy systems goes on increasing in particular wind
energy. Its annual growth rate is around 30% [1]. As the
power extracted from the wind is proportional to the cube of
wind speed, so the wind energy conversion system is of non-
linear in nature. Therefore in modern wind energy conversion
systems (WECS), control system plays a vital role. In fact a
variable speed variable pitch operation of a WECS is shown
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V.i and rated wind speed V;.). As wind speed is low in this
regime, the speed controller will regulate the speed of the rotor
to maintain the tip speed ratio constant. So that power coef-
ficient will be the maximum and the turbine efficiency will
be increased. The next regime is known as full load regime
and is related to medium and high wind speeds (between rated
wind speed V, and Cutout wind speed V,,). In this region the
control objective is to control both output power and speed to
their rated values by regulating the pitch angle and/or genera-
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tor torque of wind turbine. In this region control of torsional
torque is also important because of high wind speed and it is
also controlled through the pitch angle.

The control design of a variable speed and variable pitch
WECS is difficult because of its multiple inputs and multiple
outputs in nature. Different types of control techniques are
suggested for this problem. One of the classical control meth-
ods is Proportional-Integral [3-8] control. In Proportional-
Integral (PI) controller it is to be interface with the process
and adjust the controller parameter by trial and error method.
By doing so, it controls both transient and steady state re-
sponse. The simplicity and low cost of these controllers is
also their weakness. Because of this most of the industrial
controllers are used today are PID controllers.
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Figure 1 Power curve characteristics for WECS.

It may be noted that classical automatic control methods
are inappropriate for handling complex or ill-defined sys-
tems. Intelligent systems which combine knowledge, tech-
niques & methodologies from various sources are alternative
approaches for resolving the imprecise dynamical behavior of
such complex systems. The intelligent techniques such fuzzy
inference systems provide a feasible alternative to capture the
approximate, qualitative aspects of human reasoning and deci-
sion making processes. Fuzzy logic is expressed by means of
the human language. Based on fuzzy logic, a fuzzy controller
converts a linguistic control strategy in to an automatic con-
trol strategy and by using expert experience and knowledge
database fuzzy rules are constructed.

These fuzzy rules along with fuzzification and defuzzifica-
tion block are the key component of fuzzy inference system
(FIS) which can effectively model human expertise in a spe-
cific application. Therefore Fuzzy control is a suitable choice
for pitch angle control of wind energy conversion technology
problems [9-13].

Rigorous tuning, increase in number of controllers and
computational time are the major drawbacks of PI and fuzzy
logic controllers. To overcome these problems an advanced
method of control technique is developed known as model pre-
dictive control [14]. Paper [15-18] describes about the model
predictive control application in wind energy conversion sys-
tem. In paper [15], researchers describes about the compar-
ison between model predictive control with linear quadratic
Gaussian (LQG) and linear quadratic regulator (LQR) control.
They are also suggested that as compared to LQG and LQR,
MPC can handle constraints more effectively. Unnecessary
shut down of wind turbines due to over speed limits which
leads to grid loss can be avoided by systematic use of system
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constraints and predicted behavior through MPC controllers
is elaborately discussed in paper [16]. In paper [17-18] au-
thors describes about power tracking in optimal manner and
better load mitigation compared to PI controller. In our pa-
per we have first compared MPC with IFLC and classical PI
controller using step wind speed. Then a detailed robust com-
parison is done between PI, Improved fuzzy logic controller
and model predictive controller by using simulated wind speed
through MATLAB/SIMULINK based WECS model.

This paper is organized as follows. The mathematical mod-
eling of WECS is discussed in section 2. Different control
algorithm applied to the wind turbine pitch angle control is
presented in section 3. Simulation results of different con-
trol mechanism are discussed in section 4, followed by the
conclusions in Section 5.

2. WECS MODELING

In a wind energy conversion process, wind power is extracted
from the wind speed through different control components
and the schematic control block diagram for a horizontal axis
variable speed WECS is shown in Figure 2 [18]. Basically itis
consists of five different blocks. The mathematical equations
for each block are derived first then their SIMULINK models
are developed from it.

Dy, I
IBd Pitch actuator ﬁ Wy
—1> system —> Aerodynamics
Drive Train <
model
T*
) Generator Generator w P
—1»  contrat TP model g
system >

Figure 2 Control model of WECS.

2.1  Aerodynamic system

The aerodynamic torque developed by the rotor disc is given
by [2]

T = P Jwy (D

where w; is rotational speed of wind turbine. P; is power
available at rotor of wind turbine and it is expressed by

P, = P,Cp(1, B) 2)

where C), is the power coefficient and its theoretical limit is
0.593. This limit is known as Betz limit. P, is the power
available with the wind speed. Theoretically its magnitude is

1
Py, = E;nsz; (3)

where ¢ is the air density, R is the radius of turbine blade and
vy, 1S the effective wind speed.
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The power coefficient Cj, (1, ) is also known as efficiency
coefficient and it is a function of tip speed ratio A and blade
pitch angle 8. Mathematically

Cp(r, B) = 0.5176(116/x; — 0.48 — 5)e2D/* 10.0068
4

1/A = 1/( +0.088) —0.035/(8> + 1)
©)

The ratio between effective wind velocity and the blade tip
speed is known as tip speed ratio (TSR) A.

A= (0 R)/vw (6)

A three dimensional plot of power coefficient C), (A, B) and
its top view is shown in Figure 3 and Figure 4. Power char-
acteristics with variable speeds are shown in Figure 5. From
Figure 3, it is found that Power coefficient changes with vari-
ations of tip speed ratio and these are reaches to their peak
or maximum, for a single value of A with a specific value of
pitch angle.
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Figure 3 Power coefficient C), curve.

2.2 Generator model

Basically induction generators are used in WECS for its low
cost and rugged construction. In an induction generator, me-
chanical response is slower than electric response because
electric time constant is negligible compared to the mechan-
ical time constant [19]. So to make it simple the generator
torque can be manipulated and is approximated by a first or-
der system with time constant 7.

. [
Tg=——Tg+1/thg* @)
Tg
where T;‘ is the actuator’s output and used as reference value
for generator system.
The power generated P, by the generator is given by:

Py = Ty, (8)

where w, is rotational speed of the generator.
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Figure 4 Top view curve for Av/sp derived from Figure 3.

2.3  Actuator dynamics

The actuator model describes the dynamic behavior between
the pitch demand from the pitch controller to the actuation
of this demand. The actuator can be modeled as first order
dynamics with time constant 7:

B—=1/tB+1/tB4 9)

where f; is the blade pitch angle reference value.
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Figure 5 Rotational speed v/s Turbine Power Characteristics.

24 Drive train model

A Drive train model can be represented by two mass system
with a flexible shaft [20] connect to it. Its equations are

=Tt 7T, (10)
dog _ Lop, - Lg (11)
dt — J, T f
% .
d;;w = kyiow; — kswg - (l fs + %) Ty + %Tt + f—;Tg
(12)
Ttw d;fkswtw + Bs(iowr — wg) (13)

Here, turbine and the generator inertia constants are J; and
Jg respectively; wyy is the shaft twist angle; i is the gear
ratio; K, By are the shaft stiffness and damping coefficients
respectively.
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2.5  Wind speed model

Because of non-stationary in nature,  measure-
ment/prediction/generation of wind speed is a difficult
task. Weather forecasting researchers [21] are used different
methods for development of wind speed. In our study
wind speed vy, (t) is designed by superposing two frequency
components [2]. The two components are, a low-frequency
component vy, (t) and a turbulence component v;(¢). Wind
shear, rotational sampling effects and tower shadow are
included in the wind speed model

Uy (1) = U (1) + v (1) (14)

Equations from (1) to (14) represent the wind turbine model
equations. By summing up these equations WECS model
is formulated. The main nonlinearity is due to presence of
turbine torque expression in equation (1). After linearzing the
turbine torque expression we get

ATy = LoAw, + LyAvy + Lg AP (15)
oT; aT; T,

Lo= ' Ly=220 =20 16

© T dw VT v P T 0B (16)

The symbol ‘A’ is used for representing the deviation of a vari-
able from its operating point. The operating point of WECS
can be completely defined by v,,. The linearized state space
representation of the wind energy conversion system with state
vector, control input and measured output can be written in
following manner

AC()[
Awg
def 5.
x = AT, | € R is the state vector
AT,
L AB
B *
¥ ATy :| € R? is the control input and
| ABa
def [ Aw, ).
y = € R“ is the measured output.
[ AP
x(1) = Ex (1) + Fuu(t) + FyAvy (1) a7
y(t) = Gx(1) (18)
E (19)
— Ly ; Lg
W 0 i 0
0 0 A 7 0
0 0 0 -L 0
8
L 0 0 0 0o -1
(20)
— L,
0 O T
0 O 0
F, = (1) 0 , Fy= %LU (21)
x 0 0
Lo ! 0
[0 1 0 0 O
G__O T, 0 g O:| (22)
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The different parameters [ 18] of the wind energy conversion
systems used in this paper work are shown in Table 1.

Table 1 Parameters of WECS.

SL
Parameter Unit Value

No.

01 Rated turbine power, P; s [MW] 2
02 Rated rotor speed, ;,rqs [rad/s]  3.0408
03 Blade radius, R [m] 33.29
04 Pitch actuator constant, T [s] 0.1
05 Max. blade pitch, By [deg] 45¢
06 Min. blade pitch, Bin [deg] 0°

[deg/s] 10°
[deg/s] -100

07 Max, blade pitch rate,
08 Min, blade pitch rate,

09 Gear ratio, [-] 74.38
10 Generator inertia, [kg.mz] 56.29
11 Rotor inertia, [kg.mz] 1.86e6
12 Generator time constant, 7, [s] 20e-3

3. CONTROLLER DESIGN

3.1 Improved fuzzy logic control (IFLC)

Classical control methods can perfectly be applicable to lin-
ear systems. But power systems are of non-linear in nature
and linearization problems will also occur in it. Therefore
control law of variable speed wind turbine could not perform
well with these methods. So the use of fuzzy control methods
can overcome these problems. Fuzzy logic control is derived
from fuzzy theory introduced by Zadeh in 1965. It is one of
the soft computing tools that can take automatic decisions like
human beings. A fuzzy logic based controller and its different
stage block diagram is shown in Figure 6. It consists of an
input stage, a processing stage and an output stage. The input
or fuzzification stage translates the input crisp data in to the
fuzzy representation incorporating the vagueness & impreci-
sion in a natural language, for further processing in FLC. The
processing or the rule evaluation stage is carried out for each
appropriate rule and generates aresult for each, then combines
the results of the rules. Using the Centroid Method the output
or the defuzzification stage then converts the combined result
back into a specific control output value.
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Figure 6 Block diagram of Fuzzy controller.
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In this paper, we have developed a two input, two different
output Mamdani type fuzzy controllers for a variable speed
wind turbine. Initially a fuzzy set of two inputs and one out-
put for each control variable are designed by using triangular
membership functions (MFs) with overlapping. Because of
overlapping it is easy to implement, quicker to process and
provides more sensitivity to the variables when they approach
to zero. Overlapping is a key feature of fuzzy systems. Mem-
bership functions are used as a means of controller tuning. It
is chosen in such a way that this reflects the characteristics
of the input variables and meets the requirement of the con-
troller. For both pitch angle and generator torque, 3 inputs
and 3 output membership functions [2] are described in Ta-
ble 2 by using 09 Fuzzy-if-then rules. In input and output
membership functions, the linguistic variables used are —-L
(negative large), -M (negative medium), -S (negative small),
+S (positive small), +M (positive medium) and +L (positive
large).

Table 2 Rules of fuzzy system.

Change in Error (e)
Error (Ae)
-L Z +L
-L -L S +L
Z M Z +M
+L S +S +L

Table 3 Rules of improved fuzzy system.

Change in Error (Ae) Error (e)
-L. -S Z S L
-L SC SC BC VBC VBC
-S SC SC SC NC NC

BC SC NC BC BC
VBC NC BC BC VBC
VBC VBC BC VBC VBC

- v N

The control performance of the system will be affected
when MFs and rule base of fuzzy controller is changed. To
improve the performance of fuzzy controller, the triangular
MFs are changed with ‘gbell” MFs. Also five input and out-
put MFs were taken in place of three input and output MFs.
Finally it is compared with the triangular MFs of fuzzy con-
troller given in [2]. It is observed that ‘gbell’ MFs are very
much improved by adopting appropriate rule base according
to the pitch angle of wind turbine. The Fuzzy-if-then rules
used in ‘gbell” controller is given in Table 3. The fuzzy set all
MFs, input MFs and output MFs for WECS is shown in Figure
7. Figure 8 depicts the generator out power comparison for
Fuzzy and IFLC.

3.2  Model predictive control (MPC)

Model predictive control is effectively used in different indus-
trial applications due to its capability to handle MIMO control
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Figure 8 Output power comparison using Fuzzy and IFLC.

problems with constraints of the system variables. Because
of this, it is successfully applied in electrical power systems,
control engineering, process engineering and medical diag-
nosis etc. Model predictive controllers depend on dynamic
model of the process. This dynamic model can be obtained
by system identification or from input-output data of plant
tests. MPC uses explicit internal model of the plant to gen-
erate prediction of the future plant behavior by solving the
optimization problem. In this optimization process it allows
the current time slot to be optimized, while keeping future
time slots in account. It has the ability to predict the future
events and can take control actions accordingly.

The fundamental thought behind model predictive con-
troller is shown in Figure 9. This figure explains the curves
of reference trajectory, set point trajectory, plant output, pre-
dicted plant output, past input control action and future input
control action with current plant state is sampled at time ‘¢’.

Past Future
<~ X

Set point (target)
"____'_“"___"__'___0"_0_'0’@

o
]

® o ¢ Past output
o ooo Predicted future output
. Past control action

o == Future control action

| =
~ =1 Prediction horizon, P

| | | | |
|k—1kk+lk+2 k+M-1 k+P
Samoling instant

Figure 9 Fundamental concepts behind MPC.

A set point trajectory is that trajectory to which the output
will follow it ideally. Reference trajectory is different from
the set point trajectory. The reference trajectory approaches
the set point exponentially from the current output value. The
figure also gives information that by manipulating the control
input ‘u’ in such a manner {at present time ‘k’ and predicted
time (k + j)}, the control output ‘y’ and predicted control
output ‘y will track the set point trajectory in an optimal way
after a certain amount of samples known as prediction horizon
P. Manipulation of control input is done over a certain number
of samples known as control horizon M. Control horizon is
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less than prediction horizon.

Prediction model, Objective function and Constraints are
the major components of MPC based system design. For
design of prediction model, linearized, discrete time, state
space dynamic model is used first. It is given by

x(k+1) = Ex(k) + Fu(k) + Fyd (k) (23)
y(k) = Gx (k) + Hyd (k) (24)

where x (k) € R? is the state vector, u(k) € R? is the unit
vector and y(k) € R? is the output vector at the sampling
instant ‘k’. The reason for using this standard form is mainly
that it connects well with the standard theory of linear system
theory. Fictitious unmeasured disturbance is represented by
d(k). The computation of a control law of MPC is based on
minimization of the following objective function [14].

P
J= k+p—rk+ )’
j=1
M
+pY Auk+j—1)7° (295)
j=1

where y(k + j) is the output prediction at time j from present
measurement time k. r(k + j) indicates that the reference
trajectory depends on the conditions at time k. u(k + j — 1)
is the calculated control input based on prediction at time
(j — 1) and p is weighing factor that balances between input
and output cost.

With input and output constraints:

IA

u(k + j) < max
< Au(k) < Aumax
Ymin = Y(k+j) < Ymax

Umin

A

Autin

where j =1,2,3,... ... ...
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Figure 10 Step wind speed (up).

4. RESULTS AND DISCUSSIONS

This section presents detailed results of the MAT-
LAB/SIMULINK based software simulation, which is car-
ried out for a variable speed wind turbine for different test
step wind speeds (up and down) with above rated using differ-
ent controllers such as Proportional-Integral, Improved Fuzzy
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Generator speed with step wind (up)
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Figure 11 Step wind (up) response for (a) Generator speed (b) Torsional

torque (c) Pitch angle (d) Generator power.
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Figure 12 Step wind speed (down).

logic and MPC controller. For model predictive control, MPC
model was simulated based on a linearized model of the sys-
tem given in previous chapter with an operating wind speed
Uy of 20 m/s. In this simulation sampling time 7, prediction
horizon length P and control horizon length M is taken as
50ms, 20 and 10 respectively.

A wind speed in the form of step variation is shown in Figure
10 and Figure 12. In these figure a step change (up as well as
down) will occur at the instant of 30 sec with a magnitude of
two. By applying this step wind speed, the generator speed,
torsional torque, pitch angle and generator speed is shown in
Figure 11 and Figure 13. These simulations are carried out
for 60 seconds to compare the PI, IFLC and MPC controllers.

A simulated wind speed is shown in Figure 14, which is
comprised of a fast variation wind and a slow variation wind
as given in equation (14). In this case the wind speed ranges
between 18 m/s to 22m/s, with an average of 20 m/s. Finally
Generator speed, Torsional torque, Pitch angle and Generator
power is compared using PI, IFLC and MPC for above rated
wind speed as shown in Figure 15 to Figure 18.

From Figures 11 and 13, it is found that, in classical control
method the fluctuation in power output, drive train torsional
torque and pitch angle is very high as compared to IFLC. In
case of IFLC, the power output fluctuation is reduced com-
pletely after reaching the target value. Drive train torsional
torque fluctuates around the target value after reaching their
i.e. fluctuation is not eliminated completely. Similarly pitch
angle fluctuation is also reduced. In case of generator speed,
oscillation is reduced for IFLC.

Similarly from Figure 11 and 13, we found MPC controller
works well to control generator power, drive train torsional
torque and the generator speed. The controller acts very fast
to reach around the target value. As the drive train torsional
torque oscillation is low, so its effect will occur on the gener-
ated power of the wind turbine i.e. the power quality [22] will
be improved. So it increases the life span of mechanical parts
of the wind energy conversion system. But in case of pitch
angle control, it oscillates more in the initial periods, and then
it settles quickly to unit value. Finally in Figures 15 to 18,
Generator speed, Torsional torque, Pitch angle and Generator
power output is compared using all three controllers discussed
above i.e. PI, IFLC and MPC controllers. We found MPC is
the best among all except torsional torque. In particular gen-
erator output power depicted in Figure 18 is excellent.
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Figure 17 Comparison of blade pitch angle.

Figure 13 Step wind (down) response for (a) Generator speed (b) Torsional
torque (c) Pitch angle (d) Generator power. 5.

CONCLUSIONS

For model predictive control studies, controlling of speed, tor-
sional torque, pitch angle and output power of a variable speed
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Figure 18 Comparison of generator output power response for above rated wind speed.

wind turbine above the rated wind speeds, the wind turbine
model is represented by steady state model which is obtained
by linearization of non linear mathematical model based on
single operating point. The MPC and IFLC are observed to be
suitable alternatives to classical PI controllers in handling un-
certain variation of wind speeds with power generation. From
the results obtained it is found that the proposed MPC based
pitch angle controller is more robust to wind speed variation
when compared to IFLC and PI controller. Hence MPC may
be applied to other nonlinear systems.
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