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The effective utilization of wind energy conversion system (WECS) is one of the most crucial concerns for the
development of renewable energy systems. In order to achieve appropriate wind power, different pitch angle
methods are used. Recurrent Adaptive Neuro-Fuzzy Inference System (RANFIS) is utilized in this paper in a
new effective design to improve the performance of classical and adaptive Proportional Integral (PI)
controllers applied for the pitch control purposes. Adaptive-online performance and high robustness coverage
are the main advantages of the suggested controller. The effectiveness of the proposed method is verified by a
simplified two-mass wind turbine model and a detailed aero-elastic wind turbine simulator (FAST7). At any
given wind speed, the proposed controller has outperformed Pl, Adaptive Neuro-Fuzzy Inference System

WECS (ANFIS), and RANFIS based controllers, reducing the mechanical stress of drive train while presenting
suitable aerodynamic power tracking and maintaining the rotational speed of the rotor under the rated value.

1.INTRODUCTION

Wind Energy Conversion Systems (WECS) play an important
role in power production nowadays, and the number of wind
farms has increased substantially in the last couple of decades
[1,2]. Wind turbines are contributive sources of energy and
can be exploited on MW scales [3,4]. To reach higher scales,
the existence of efficient control systems is crucial [5,6].
Among wind turbine control systems employed to obtain the
desired power from wind, the blade pitch angle control is the
most dominant one [7,8]. This control is used to achieve the
highest possible wind energy on the one side and the
aerodynamic requirements for the generator on the other
[9,10]. Dynamic performance of the system and fluctuations
in the power system are directly connected to blade pitch
angle control. Designing an adept pitch controller to track
system changes at any given time is crucial. When the wind
speed and, as a result, the turbine speed exceed their nominal
values, the pitch controller activates and limits the wind power
by increasing the angle [11,12]. For this purpose, numerous
pitch control methods have been suggested, among which the
Pl controller is the most common one. Pl controllers are
simply designed regarding some linear models of the system
at an operating point [13,14]. A PI controller with gain
scheduling with respect to different operating points is the
industry standard of pitch controls. Due to constant changes in
wind speed, every controllable component is under
uncertainties and disturbances [15,16]. Moreover, wind
turbines are of the nonlinear systems, from which the
operating point of the system changes in a broad range [17].
Therefore, the efficiency of the controllers designed based on
a nominal point would reduce, which might weaken the dyna-
mic response. For these reasons, Pl controllers are not suitable
for all operating points in the systems [18].
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In recent years, various control methods including adaptive,
robust, intelligent and variable structure control methods have
been introduced for pitch control purpose [19,20]. Adaptive
methods are the most important control methods adopted in
recent decades. The purpose of applying such control methods
is decreasing the sensitivity of the system in relation to
changes in parameters. Adaptive controllers usually require a
detailed model and a complex parameter estimator, which
commonly leads to the limitation of these controllers [21]. The
approach of robust controllers has been both improving
dynamic response and functioning ineffectively in the case of
changes in parameters. Although robust control methods are
able to explain a good physical sense of the wind turbine,
these methods need subsidiary controllers due to the non-
linear modes of the wind turbine system [22]. According to
the reasons mentioned, the efficiency of the classical and
conventional controllers has made the intelligent methods
more applicable [23,24]. The neural and fuzzy methods tuned
by human experience or by evolutionary algorithms have
become the most common control methods [25,26].

One of the first fuzzy controllers in wind turbines was
introduced in the referenced study [27], which promoted both
the system efficiency and economy by demonstrating its
superiority in the dynamic response. In [28], the rotor speed
variations and its derivatives are suggested besides the wind
data as the controller inputs, where the need for anemometer
is inevitable. A blade pitch controller for a two-MW wind
turbine based permanent magnet generator was designed in
the referenced study [29]. The replacement of the rotor speed
as a controller input omits the need for wind data. Further,
using the mechanical power besides the rotor speed as an
input of the controller improves controller regarding uncertain
modes. In [30], a Radial Basis Function (RBF) neural network
was employed for adjusting the blade angle, where the power
failure and its derivative forms were both considered as the
inputs of the neural network. A control algorithm based on the
ANFIS structure was proposed in [31] to set the power
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coefficient of the wind turbine as a function of the tip-speed
ratio and pitch angle. In [32], an ANFIS controller was
applied to set the angle of input wind direction to the blades
chord line. When the direction and intensity of the wind
changes, the ANFIS utilizes a new learning procedure and
adjusts control parameters to the new data, achieving more
reliable performance in response to the rotor speed and the
generator output power.

The proposed ANFIS pitch controller in [33] reduced the
number of membership functions and unwanted rules in the
fuzzy structure that decreased the neuro-fuzzy network
complexity. Notwithstanding the strong wind tracking, it is an
offline controller and needs to act adaptively.

In this paper, a G-S RANFIS controller is designed to
specify Pl parameters under a turbulent wind pattern. The
presence of output signal control as an input of controller
covers more nonlinear modes. The proposed controller works
adaptively and online, where the Pl gains are adjusted
automatically and specified in accordance to the changes in
the turbine parameters.

For a better clustering of the main controller, clustering is
modified in the following three recurring stages:

1) Receiving the input-output of the PI controller data and
building the initial FIS through the FCM algorithm and
optimizing with the PSO algorithm;

2) Repeating the pattern of stages 1 with the ANFIS data;

3) Repeating the pattern of stages 2 with the recurrent
ANFIS data to design the G-S RANFIS controller.

2. MODELING OF WIND TURBINES

In studying transient stability, for modeling the connection
between the mechanical and electrical systems of wind
turbines, the two-mass model is usually applied [34,35],
which is expressed by the following relationships [36]:
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where the shaft twist angle is 6. Tg, Ts, Ty are the torques of
the machine electromagnetic, the shaft torque, and mechanical
turbine, respectively. The angular frequency of the turbine and
rotor are o; and o, The constant inertia of the rotor and
turbine are Hg and Hy, respectively.

The mechanical torque of the turbine is stated as follows
[37]:
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where Sy, p, Vi, and R are the base power, the air density, the
wind speed, and the radius of the blade, respectively. The
power coefficient (Cp) is commonly used to designate the
efficiency of the entire turbine power system [38].
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where Bp and A are the pitch angle and the tip-speed ratio to
wind speed, respectively:
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As can be seen in (7), different wind speeds have their own
rotational speeds [39]. By using the derivative of (5) and the
extreme points of C,, the optimum value of X is obtained as
follows [40]:
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Under the nominal turbine wind speed, the rotational speed
is selected in a way as to achieve Cpmax. In this mode, the
control of the blades angle is inactive and the angles of the
blades are set to zero. When the wind speed increases above
the nominal value, the control of the blades angle is activated
and the angle of the blades is set to limit the potential energy
from the wind. Now, the desired power transforms to drive
train and generator. Figure 1 shows the qualitative mechanical
power curve versus varying wind speeds. Under the rated
speed, the control approach is to obtain maximum power from
the wind, because there is no pressure on the mechanical parts.
In contrast, above the rated speed, the blades’ angle controller
is activated and increases the angle as the wind speed raises
and, thus, limits the aerodynamic power.

Based Wind Speed /
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Pitch Angle Sector fector
f
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Figure 1. Power-speed characteristics of wind turbine.

Considering a time constant, tc, the delay between
controller command and actuator movement can be presented
by the system dynamic behavior as follows [41]:

g _1 .
E— T, ( BP +Bref) (9)

where By IS the reference pitch angle. Depending on 1. ([0.2
to 0.25] up to turbine parameters) [42], the real controller
output could be sought. When the wind speed is less than the
nominal value, By is kept at zero; when it exceeds the
nominal value, the PI controller determines the real power as
follows [43]:

Bpref :KPB(P _Pref)+XB (10)
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dxg

Tz KIB(P -P ref)
where P is the mechanical power, and Ky and Kyg are the
proportional and integral control coefficients, respectively.

(11)
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Figure 2 shows the block diagram of a common pitch angle
control system, where the pitch servo is included. In this block
diagram, X could be the rotor speed or the output power of the
generator.
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Figure 2. Block diagram of the PID, pitch angle control system.

3. ANFIS-BASED CONTROLLER DESIGN
3.1. Fuzzy C-means clustering method

Fuzzy C-means (FCM) is a data clustering method that omits
the need for human experience in a fuzzy design, which
therefore lowers the complexity of the neuro-fuzzy system and
improves the efficiency. Based on an objective function (O.f),
the FCM determines the cluster centers and membership
functions. In an iterative algorithm, the appropriate values are
attained to minimize the O.f. In the formulation of the
clustering problem, the following components are used
(supposing k clusters and n d-dimensional data) [44]:

Data: Xy, Xp, ..., X, €R¢
Cluster centers: ¢y, Cy, ..., Ck eR¢
Clusters: A;, Ay, ..., A¢

Xj € Aj < j=argmin D(x;,¢c/) (12)

where x; is a member of cluster A; if its distance to A; cluster
center is less than the distance to all other cluster centers. In
fact, here, clusters compete to take possession of the data. The
cluster centers and data distances must have a minimum
value; therefore, the O.f could be written as:
. 1 .
Of =¥ D[x;,¢;(i)] :FZD[(xi,c,-(u)]2 (13)
The degree of membership of x; to the j"" cluster is expressed
as follows:
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Then, this is normalized as:
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All the centers, c;, are expressed by the following equation:
[Zu;001x; (17)
)

3.2. The inference system

To benefit the advantages of both neural networks and fuzzy
systems, ANFIS has introduced a five-layer neuro-fuzzy
inference system, represented by (18) to (23), as follows
[45,46].

Layer 1: the i" node yields a degree of membership for a
linguistic variable, e.g., the function:

~05(x—c j)2
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where A; is the linguistic variable, b; c¢;, and o; form the
membership function parameters, and x is the node input.
Layer 2: Considering the fuzzy rules as:

Qi' =pai(x)= (18)

Rule i: if x; is A; and X, is B;, then Y;=a;x;+bjXo+C;

Each node output presents the firing power of its rule based
on the relation [47]:

Qi2 =W = pai(X)-1ai(Y)

Layer 3: Each node produces the relative firing power of
the rule regarding the powers of all rules as follows:

(19)
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Layer 4: Every node in this layer performs a function, defined
as follows:

Q=W Y; = W, (a; xs+b;x,+c) (21)

where W, is the output of the third layer. In this article, the

above linear method is applied in the SUGENO fuzzy
structure.

Layer 5: the single node of this layer computes the final
system output as a linear combination of all the previous
layers’ signals as follows [48]:

Q;> = OverallOutput = YW, Y, = WY

(22)
i
If the neuro-fuzzy structure is assumed to be a two-input
one-output system (as in Figure 3), for each x, the error is
determined by P.s and Pg,, and the system cost function is
defined as follows [49]:
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Finally, in order to acquire adaptive states for the tunable
input-output, the PSO algorithm is used according to the
following [50].
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Figure 3. Structure of the ANFIS pitch controller.

4. THE PROPOSED CONTROLLERS
4.1. Neuro-fuzzy-PSO

For determining weight coefficients, the generator power,
rotor speed, and the pitch angle are received from the PI
controller. The elementary FIS is built through the FCM
algorithm, and the cost function is optimized using the PSO

method. In order to tackle the uncertainty, the neuro-fuzzy
based clustering is repeated again. In this step, Ap and its
integral are considered as the inputs of the ANFIS controller.
The tunable inputs and output parameters of the ANFIS,
which are optimized by the PSO algorithm, are presented in
Table 1.

Table 1. Parameters of ANFIS.

Parameters c A B | C
MF IN1 IN2 IN2 IN3 Output

MF1 0.03126 0.4257 -0.1443 0.2367 -1.97 -0.01401 -0.179

MF2 0.05946 0.3604 -0.1961 -0.8839 0.06527 -0.01237 -0.05713
MF3 0.04844 0.4376 0.9568 0.3038 15.58 -0.05776 0.4481
MF4 0.01322 0.5719 0.000495 -2.06 15.79 0.01269 0.5028
MF5 0.007274 0.3709 -0.03453 -0.523 41.02 0.0325 1.088

MF6 0.0445 0.3745 0.06928 -1.077 14.1 -0.00905 0.4965

4.2. RANFIS modes of the system, RANFIS is suggested. To achieve a

For designing an orientated controller in line with the
nonlinear nature of the system and converge more nonlinear

recurrent structure, after the completion of the training
process, the controller commands feedback is applied as the
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input. In this study, the delay of the pitch angle is applied as
an input's controller together with the error of mechanical
power and its delay. Table 2 shows input and output tunable
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parameters in RANFIS, where parameters are optimized
through PSO.

Table 2. Parameters of RANFIS.

Parameters o C A B | C D
ME IN1 IN2 IN3 IN1 IN2 IN3 Output

MF1 0.03943 -0.0071 0.5245 0.1138 0.1925 1.961 103.9 -59.76 0.4912 -5.141

MF2 0.07687 | 0.07471 0.4428 0.04911 0.04174 0.9684 16.2 -16.15 0.9962 0.0029

MF3 0.205 0.2059 0.4598 -0.1734 -0.1739 -0.033 0.1968 -0.1937 0.9892 0.00014
4.3. G.S RANFIS mechanical power and its delay to cover more nonlinear

In this part, the Pl parameters are determined by determining
the minimum error in the cost function. The proposed
controller has two outputs to change online the proportion and
integrator gains in the best cost function. Delay of the pitch
angle is used as an input's controller, next to the error of

modes. Table 3 and 4 shows the input and output of tunable
parameters in G-S RANFIS optimized thorough PSO in the
proposed wind turbine in the simulation. The block diagram of
the RANFIS with the gain scheduling pitch angle controller is
shown in Figure 4.

Table 3. Input parameters of G-S.RANFIS.

Figure 4. Block diagram of the proposed controllers: Using previous data's controller in each step.

Parameters (o} C
ME IN1 IN2 IN3 IN1 IN2 IN3
MF1 0.1187 0.1671 0.7548 0.03239 -0.0383 -0.075
MF2 -0.0538 -0.0459 0.234 0.03017 -0.0031 0.8434
MF3 -0.0210 0.151 0.3051 -0.0228 -0.02581 0.1606
Table 4. Output parameters of G-S.RANFIS.
Parameters A B C D
ME OuT1 OouT2 OUT1 OuUT?2 OuUT1 OuUT?2 OUT1 OouT2
MF1 -0.572 -0.178 1.936 0.206 0.00907 -0.794 0.04485 | 0.03141
MF2 -0.935 -0.487 2.409 -0.556 0.1289 0.2509 -0.0198 0.04576
MF3 0.9889 -0.386 0.6147 -0.818 -0.0193 -0.337 -0.0346 -0.0020
AP Bref pi
Pl Controller
FCM
clustering
AP v Bref ANFIS
ANFIS Controller
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5. SIMULATION RESULTS

In order to verify the efficiency of the proposed controllers, an
induction generator in wind power system is considered for
running the relevant simulations. The line length is 25 Km.
The proportional and integral gains of the pitch angle
controller are 5 and 25, respectively. The voltage of the
infinitive bus is 25 KV, the grid voltage is 575 V, and the
frequency is 60 Hz. The nominal power is 3 MW. The rated
power and wind speed of the wind turbine are 3 MW and 11
m/s, respectively. The cut-out speed is 24 m/s, and the
maximum and rated pitch angles are 45° and 2°sec,

respectively. As shown in Figure (5-a), a step-wise increasing
wind pattern is inserted into the system for analyzing the pitch
values calculated for the proposed wind turbine system.

As for the fluctuating wind speed, it is observed in Figure
(5-b) that the output power also has many fluctuations due to
the dependency of the generated power on the wind speed
pattern. Thus, for evaluating the proposed controller, a
reference response is required. Here, by comparing output
power and pitch angle response to a linear wind pattern
(Figure (5-a)), the best angle of blades is achieved and
tabulated in Table 5.

B VW°

15

wind

L ookup table

20 40

L L L L
60 80 100 120

S aseats hasas Latens |

P 3 [IS——— y Y - — ’
S>5h Limited power \ J

L L
20 40

L L L L
60 80 100 120

Time(s)

(b)

Figure 5. Lookup table response, (a) Pitch angle, (b) Output power.

Table 5. Lookup table parameters.

Vw B Vw B Vw B Vw B Vw B Vw B
11 0 12 1.6266 13 5.599 14 10.196 15 13.917 16 17.011
11.25 | 0.5134 | 12.25 | 2.1709 13.25 6.846 14.25 11.197 | 15.25 | 14.745 16.25 17.705
115 0.9655 125 3.082 13.5 8.025 14.5 12.148 155 15.534 16.5 18.375
11.75 | 1.2685 12.75 4.309 13.75 9.135 14.75 13.055 | 15.75 | 16.286 16.75 19.02
The rated value of the wind speed shown in Figure 6 is 11 ——| ——— Pitch Pl——"Pittn ANFIS Pitch RANFIS—— Pitch G-SRANFIS|
m/s. The wind pattern covers both the MPPT and pitch angle oF
sectors to verify the performance of the controller.
T T 4
| N
0 | A

0 10 20 30 40 50 60 70 80 90 100
TIME

Figure 6. Wind speed pattern with a mean of 11m/s.

According to the increase of the pitch angle, as shown in
Figure 7, the generator output power is kept at 3MW. Figure 8
shows the generator power, where it is limited under 3-MW
by the proposed pitch controllers. As can be seen, the G-S
RANFIS controller outperforms other controllers.

The rotor speed and the mechanical torque for different
methods are shown in Figures 9 and 10, respectively. It is
observed that the proposed scheme is capable of keeping the
power coefficient near the optimal value; therefore, the
desired rotor speed is determined better than common pith
control methods.

10 20 30 40 50 60 70 8 90
Time(s)
Figure 7. Pitch angle (deg).

[ —— pp1=—— PANFIS

J.\*"——
A

P RANFIS=— P G-S.RANFIS

15

10 20 30 40 5 60 70 80 90
Time(s)
Figure 8. Generator power (MW).
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Figure 10. Mechanical torque (pu).

Figure 11 illustrates the power conversion coefficients of
different controllers, where a maximum of Cp(max)=0.48 is
calculated with a zero-pitch angle, which corresponds to Aopt.

S M A T
0.4 v
0.35
0.3F| —— Cp Pl —— Cp ANFIS —— Cp RANFIS—— Cp G-S.RANFIS
10 20 30 40 50 60 70 80 90

Time(s)
Figure 11. Power conversion coefficients.

Simple induction generator

r Generator speed LSS rpm  GenTrg & ElecPwr —
Const. Yaw position ——p>|

»| Pitch angle controller —————

Finally, the average generator power for the three methods in
the full-load region is calculated and presented in Table 6,
where the G-S RANFIS yields the highest output power. In
this table, the improvement in the mean of Pne and C, is
compared in percentage. It is shown that considering the pitch
angle as a controller input and well clustering the data can
greatly facilitate the achievement of the best pitch angle con-
troll performance.

Table 6. Induction generator and grid parameters.

Mean PI | ANFIS | RANFIS | G-S.RANFIS
Pmec (pu) | 0.8450 | 0.8595 | 0.8836 0.9053
Cp 0.4102 | 0.4158 | 0.4262 0.4344

6. Validation of results

The objective controller is also evaluated by a more detailed
model, the Fatigue, Aerodynamics, structures, and Turbulence
(FAST7) model, which is capable of predicting both the
extreme and fatigue loads of two and three bladed horizontal-
axis wind turbines and is suitable for verifying and testing
wind turbine control. The parameters of the FAST model are
tabulated in Table 7, and Configuration of test pitch angle
controller using FAST is shown in Fig. 12.

Table 7. FAST parameters.

Parameters Value
Generator efficiency 100
Gearbox ratio 22.5
Rated generator slip percentage 1.5125 %
Synchronous (zero-torque) 1200 rpm
generator speed
fixed rotor speed 54.333 rpm
Rated power 230 kw
P 1 kg/m®
Radius 21.64m

OutData

f(u)

Figure 12. FAST nonlinear wind turbine.

Figures 13-16 show the configuration of the Pl and G-S
RANFIS in the FAST. By chosing a wind pattern upper and
lower than the rated wind speed (Figure 13), both the MPPT
and the pitch angle sectors are assessed. Figure 14 shows the
rotor speed by time, which is fixed between its rated value

when it is controlled by G-S RANFIS. The output G-S
RANFIS control signal has less fluctuation than PI, as it is
shown in Figure 15. The generator power and torque control
are shown in Figures 16 a and b, respectively.
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Figure 13. Wind speed.
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Figure 14. Rotor speed.
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Figure 15. Output control signal.
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(b) Torque control

Figure 16. Generator power and torque control.

The power gained by the proposed controller is far greater
than the PI due to the appropriate wind tracking at different
times. Compared with the response of the two-mass model,
the FAST simulation results include many authentic dynamics
and high-frequency noise due to the high change rate of the
random wind speed with high turbulence. The G-S RANFIS
pitch controller has a better control performance in the whole
wind speed region, especially at high turbulence intensity.

7. CONCLUSIONS

In this paper, a new G-S RANFIS was introduced to control
the pitch angle, implemented on a 3-MW induction generator
wind turbine, and validated by the FAST simulator. The
results of the proposed control method were compared with
those of the typical PI, ANFIS, and RANFIS controllers. From
the simulation results, it can be seen that the G-S RANFIS
controller is superior to other controllers, especially when
there are abrupt variations in the wind speed. By comparing
the average values of the controllers at a mean wind speed of
11 ml/s, it can be observed that, using the G-S RANFIS
controller, the output power of the generator is about 60 KW
more than the PI controller. Moreover, the power conversion
coefficient is about 6 % higher than the PI controller. In the
FAST simulator, the mean power for the G-S RANFIS is 223
Kw and for the Pl is 212 Kw. Therefore, the presented method
is capable of providing superior power and dynamic
responses.
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