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An Advanced Neuro-Fuzzy Tuned PID Controller
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Turbines
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ABSTRACT
Modern power systems comprise a variety of gen-

erating systems, including conventional thermal power
stations and advanced renewable generating sources,
one contender being a wind energy conversion system
(WECS). Blade pitch control is an important part of the
highly non-linear WECS. Many control strategies have
been proposed by researchers around the globe. Current
research work focuses on developing a control structure
for a non-linear pitch control system using an advanced
neuro-fuzzy tuned PID (NF-PID) controller. This ap-
proach utilizes the simplicity of a PID controller and the
power of a soft computing technique like neuro-fuzzy
to handle non-linearity. The model in this study is
developed on the MATLAB Simulink platform and the
obtained simulation results satisfy the requirements of
constant output power even if the wind speed input
changes abruptly.

Keywords: Wind Turbine Control, Pitch Controller,
Neuro-Fuzzy Proportional Integral Differential Con-
troller, Adaptive Neuro-Fuzzy Inference System, Wind
Energy Conversion System, Permanent Magnet Syn-
chronous Generator

1. INTRODUCTION
The continuous availability of resources is an impor-

tant part of human existence and current supplies are
not enough to meet the needs of future generations
[1]. Therefore, researchers and scientists worldwide are
striving for an alternate energy source and see wind
power as a probable solution. This pattern is expected to
rise in the next few years, along with increased capacities
and larger wind turbines (WTs), owing to environmental
concerns and the continuing quest for energy efficiency.
Such devices develop from simplistic structures into
complicated systems, built into large facilities known
as “wind farms,” with multi-MW power generation
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Fig. 1: Annual global installed wind power capacity of
major nations.

Fig. 2: Added capacity in 2019 and the share provided by
the top five countries.

modules. The design of current wind turbine control
systems is essential for ensuring the health and reliability
of advanced wind turbine conversion systems and their
efficient operation. Wind energy is connected to many
technological fields, including aviation, electronics, and
electrical engineering. According to the newest reports
from theWorldWind Energy Association (WWEA) 2018,
China is the frontrunner with more than 216GW of
installed wind power capacity, adding only another
52GW in 2019 [2], followed by the USA (96GW) and
Germany (59GW) [3]. India added a total of 20 150MW
wind power installed capacity over a period of five years
from 2013–2018 with a growth rate of 82% against global
growth of 77% for the same period, becoming the fourth
largest country for global installed wind power capacity
equating to 36 625MW [4]. Annual growth in globally
installed wind power capacity and the trends of major
contributors are presented in Fig. 1, while Fig. 2 shows
their percentage contributions in 2020 [3, 5]. According
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Fig. 3: General structure of a pitch controller for a variable speed WT.

to the GWEC 2016 report, India has the potential for
around 302GW of wind power at a height of 100m AGL
[6].

Over time, the scale and ability of wind turbines
has increased tremendously, especially in the field of
variable speed wind turbines (VSWTs). In addition,
numerous wind turbine control techniques have been
built and evaluated. Indeed, regarding continuous
wind turbine systems (CSWTs), the VSWT wind power
conversion method has some advantages and hence is
the key competitor in the commercial wind turbine
industry for two reasons. Firstly, the VSWT is more
power-efficient than CSWT, generating around 10%more
power annually, as opposed to constant speed wind
turbines. Secondly, a VSWT can be smoothly controlled
with modern control techniques [7]. A general structural
diagram of a pitch-controlled VSWT is shown in Fig. 3.

Regulating the electrical power output of a wind
turbine is the main task for a pitch control system in
the above-rated wind speed regime. Torque control
is another parameter of interest, generally executed at
below-rated wind speeds to extract maximum power
through the wind turbine. Output power regulation
is achieved by adjusting the angle of attack from the
wind over the turbine blades. The pitch angle control
is a prominent method for regulating output torque and
widely used. Here, the pitch angles of turbine blades
are turned in or out according to the wind speed profile.
The pitch angle controller is designed in two ways. In
individual pitch control (IPC) systems, the pitch angle of
each blade is separately scrutinized and controlled [8],
while the collective pitch control strategy is employed
to control the angle of all blades by the same amount
[9]. The pitch controller is beneficial for controlling
the power output at optimum levels and minimizing
aerodynamic loads at strong wind speeds [10].

2. AERODYNAMICCHARACTERISTICSOFAWIND
TURBINE
In 1887, the very first wind turbine for the generation

of electricity was built in Scotland by Prof. James Blyth.
It was a 10m high wind turbine, primarily designed for
charging the batteries and accumulators.

2.1 Wind Power
A wind turbine transfers the kinetic energy available

in the wind into the rotor of a generator through a gear
mechanism also known as a transmission system. The
kinetic energy (𝑈 ) in the blowing wind is given by Eq. (1).

𝑈 = 1
2 (𝜌𝐴) 𝑉 3𝑤 𝑡 (1)

where 𝜌 is the density of air (in kg/m3), 𝐴 is the area of
cross section offered by the wind turbine (or the swept
area of the WT blades); 𝑉𝑤 is the wind velocity (in m/s)
and 𝑡 is time (in s). The whole amount of this energy
cannot be extracted, since only a fraction is available
for extraction by the wind turbine. This constraint is
also known as the Betz’s limit. The power coefficient
(𝐶𝑝) is generally used to represent the fraction of power
available as mechanical output from the wind turbine.
The 𝐶𝑝 is an empirical function of the tip speed ratio (𝜆)
and blade pitch angle (𝛽) as given in Eq. (2), while the
tip speed ratio (TSR) of the wind turbine is defined as the
speed ratio of the blade tip to the wind speed, as given in
Eq. (3).

𝐶𝑝 (𝜆, 𝛽) = 𝐶1 (
𝐶2
𝜆𝑖

+ 𝐶3𝛽 + 𝐶4) exp {
𝐶5
𝜆𝑖
} + 𝐶6𝜆 (2)

𝜆 = 𝜔𝑟 ⋅ 𝑅
𝑉𝑤

(3)

1
𝜆𝑖

= 1
𝜆 + 𝑙1𝛽 − 𝑙2

𝛽3 + 1 (4)

where 𝜔𝑟 is the turbine rotor speed, 𝑅 is the radius of the
swept area of the WT, 𝐶1 to 𝐶6 and 𝑙1 to 𝑙2 are constants
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Fig. 4: Relationship between the power coefficient (𝐶𝑝), pitch angle, and tip speed ratio.

Fig. 5: Generator speed versus mechanical power characteristics of the horizontal axis wind turbine (HAWT).

(𝐶1 = 0.52, 𝐶2 = 116, 𝐶3 = −0.4, 𝐶4 = −5, 𝐶5 = −21,
𝐶6 = 0.0068, 𝑙1 = 0.08, and 𝑙2 = 0.035) [11].

2.2 Wind Turbine Characteristics

This section discusses the various characteristics as-
sociated with the wind turbine system. Fig. 4 presents
a three-dimensional surface diagram involving the 𝐶𝑝 ,
blade pitch angle (𝛽) and TSR (𝜆). The optimum value of
TSR (𝜆𝑜𝑝𝑡 ) corresponding to themaximum value of the 𝐶𝑝
(𝐶𝑝𝑚𝑎𝑥 ) is helpful in determining the required pitch angle
(𝛽𝑜𝑝𝑡 ). Any change in wind speed or wind turbine rotor
updates the tip speed ratio and corresponding 𝐶𝑝 for a
fixed value of the pitch angle and this, in turn, changes
the WT power output.

Fig. 5 shows that the mechanical power delivered by
the wind turbine blades depends upon their rotational

speed and the generated power reaching its maxima,
corresponding to a particular rotor speed for various
wind speeds.

Wind power shares a highly non-linear relationship
with wind speed (𝑉𝑤 ), as discussed in Eq. (1). Therefore,
the characteristics of wind power versus wind speed can
be divided into four zones: a) dead zone, b) MPPT zone,
c) pitch control zone, and d) stalled zone, as presented
in Fig. 6. The dead zone extends from 0m/s wind speed
to a cut in speed, while the MPPT zone is also known
as the sub-synchronous speed zone with the pitch angle
being 𝛽 = 0 degrees to enable the turbine to extract the
maximum possible power available from the wind. In the
third zone, where thewind speed is above the rated value,
the extra power is shredded off using the pitch control
mechanism. Finally, in the fourth zone, the wind turbine
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Fig. 6: Regions operating wind turbines.

is protected from the mechanical stress caused by very
high wind speeds by tilting the blade pitch angle to 90
degrees.

3. PITCH CONTROL METHODOLOGY
This research article focuses on developing a pitch

angle controller for a horizontal axis wind turbine using
the most sophisticated three-element PID controller. The
PID gains are updated using an adaptive neuro-fuzzy
model. Firstly, a PID controller is developed and its gains
then updated using a fuzzy logic controller according
to the parameter tuning algorithm. Finally, the fuzzy
inference system (FIS) structure, as the heart of the fuzzy
logic controller, is replaced by the FIS obtained from the
ANFIS model.

3.1 PID Controller
Due to its basic configuration and high robustness, a

three-element controller or simple proportional, integral
and differential (PID) controllers are perhaps the most
commonly used industrial devices [9]. The PID control
action comprises a linear combination of additive, inte-
gral, and differential effects of the error signal as given
in Eq. (5).

𝑚 (𝑡) = 𝑘𝑝𝑒 (𝑡) + 𝑘𝑖
𝑇

∫
0

𝑒 (𝑡) 𝑑𝑡 + 𝑘𝑑 𝑑𝑒(𝑡)𝑑𝑡 (5)

The performance of the control loop is largely depen-
dent upon the values of gain parameter 𝑘𝑝 , 𝑘𝑖, and 𝑘𝑑 . To
improve the control effect, the values of gain parameters
are updated by the fuzzy logic controller.

The proportional component develops a control effect
in direct proportion to the input into the controller 𝑒(𝑡),
instantly impacting the performance. From the stability
perspective, the steady state error reduces and the control
performance improves with a rise in the ‘P’ component.
The main drawback is that the steady state bias cannot
be entirely removed. The machine experiences massive
overshoots and becomes more oscillatory with relatively
high 𝑘𝑝 values. The system can even become unstable in
certain extreme situations.

Fig. 7: Closed-loop F-PID pitch control system.

The integral effect is a powerful approach for re-
moving the steady state error entirely, in contrast to
the proportional controller, but the integral component
inserts an additional pole into system transfer function
and any improper design may lead the system to become
unstable. The derivative control primarily affects the
transient response of the system in relation to speed and
stability but has no effect on its steady state behavior.
A derivative controller is equivalent to an HPF filter and
requires the proper selection of parameter 𝑘𝑑 .

Fig. 7 shows a closed-loop F-PID system for pitch
control.

3.2 Fuzzy Logic Controller
A fuzzy logic controller (FLC) is primarily developed

using the fuzzy set theory, based on the non-crisp bound-
ary approach. It has been proven to successfully handle
the system’s non-linearity. The fuzzy set theory consists
of three stages: a) fuzzification, b) rules inference, and c)
defuzzification [12]. A fuzzy logic controller is developed
here to update the value of PID gain parameters (𝑘𝑝 , 𝑘𝑖,
and 𝑘𝑑 ) according to the following expressions given in
Eq. (6) [13, 14].

3.3 Updating Algorithm for PID Gains
The PID gain parameters are updated in real time

every second. The change in gains, i.e., Δ𝑘𝑝 , Δ𝑘𝑖, and Δ𝑘𝑑
are given as:

Δ𝑘𝑝 = 𝐾𝑝(𝑛 + 1) − 𝐾𝑝(𝑛)
𝐾𝑝(𝑛)

Δ𝑘𝑖 =
𝐾𝑖(𝑛 + 1) − 𝐾𝑖(𝑛)

𝐾𝑖(𝑛)
(6)

Δ𝑘𝑑 = 𝐾𝑑 (𝑛 + 1) − 𝐾𝑑 (𝑛)
𝐾𝑑 (𝑛)

These gains in a conventional PID controller are
fixed but in this research work, the parameters are
updated using a fuzzy tuner structure [15]. Initial
values are selected randomly, generally as unity which is
recursively updated by the FLC structure. In this work,
the error in blade pitch angle and rate of change in error
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Fig. 8: Fuzzy tuned PID controller.

Fig. 9: Layout of the ANFIS model.

are selected as the two inputs for the FLC and three
outputs, i.e., changes in PID gain parameters are obtained
from the FLC. Fig. 8 shows the operation of the FLC [16].

The aerodynamically developed torque of a WT with
a variable pitch and speed is affected by a change in the
blade pitch angle. Tomaintain the output power from the
DFIG generator at rated power levels, the 𝐶𝑝 is updated
as per the PID gains, adjusted using fuzzy tuner. The
electromechanical torque (𝑇𝑚) is selected as the output
parameter of the WT to drive the doubly-fed induction
generator [11].

3.4 Design of ANFIS

TheANFIS structure for the proposed fuzzy tuned PID
controller is developed as shown in Fig. 9. The ANFIS
model generates a fuzzy inference structure which is
used as the FIS for the FLC. To train the ANFIS model,
seven linguistic variables for membership functions in
the discourse of [−1 to 1] are selected, namely N3,
N2, N1, ZE, P1, P2, and P3 for inputs E and EC while
three membership functions are selected for outputs (i.e.,
Δ𝑘𝑝 , Δ𝑘𝑖, and Δ𝑘𝑑 ), namely T, M, and B). The linguistic
variables are Gaussian membership functions devised in
a total of 49 fuzzy rules [12]. The fuzzy rule base contains
a first-order set of IF-THEN Sugeno-type rules where
each output is the averageweighted sum of all inputs plus

a bias.

IF ‘E’ is 𝐴𝑖, and ‘EC’ is 𝐵𝑖,
THEN 𝜇𝑒 = 𝑔𝑖E + ℎ𝑖EC + 𝑏𝑖 (7)

Tables 1–3 present the fuzzy rule, while Fig. 10 shows
the rule surface for all three outputs [17].

3.5 Training and Testing of ANFIS
Firstly, the inputs to the FLC, namely E and EC along

with the corresponding changes in gain parameters i.e.,
Δ𝑘𝑝 , Δ𝑘𝑖, and Δ𝑘𝑑 , are observed using a conventional
F-PID controller only. The results obtained are used
as the training data for the ANFIS and FIS, regenerated
from the ANFIS for use as new fuzzy inferences for the
F-PID controller [18]. The system is tested for another
set of inputs and the results validated. Fig. 11 shows the
proposed ANFIS with the following parameters:

name: ANFIS1
type: sugeno
andMethod: prod
orMethod: probor
defuzzMethod: wtaver
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Table 1: Fuzzy rules for Δ𝑘𝑝 .

E
EC N3 N2 N1 ZE P1 P2 P3

N3 T T T T T M M
N2 T T T T T M B
N1 T T T T M B B
ZE T T T M B B B
P1 T T M B B B B
P2 T M B B B B B
P3 M M B B B B B

Table 2: Fuzzy rules for Δ𝑘𝑖.

E
EC N3 N2 N1 ZE P1 P2 P3

N3 B B B B B M M
N2 B B B B B M M
N1 B B B B M T T
ZE B B B M T T T
P1 B B M T T T T
P2 M M T T T T T
P3 M M T T T T T

Table 3: Fuzzy rules for Δ𝑘𝑑 .

E
EC N3 N2 N1 ZE P1 P2 P3

N3 T B B B B B T
N2 T B B B B B M
N1 M B B B B B M
ZE M B B B B B M
P1 M M M M M M M
P2 T B T T T T T
P3 T T T T T T T

Table 4: Wind turbine and generator parameters.

Rated Wind Speed 9m/s
Rated Output Power 1.5MW
Gear Box Ratio 6
Frequency 60Hz
Voltage 575V

4. SIMULATION AND RESULTS

The simulation of the model is developed in the
MATLAB/Simulink environment. Fig. 12 shows the
conventional PID controller, while a fuzzy tuned PID
controller is shown in Fig. 8.

Test simulation is performed on an asynchronous
generator with the turbine and generator parameters as
presented in Table 4, while the Simulink model is shown
in Fig. 13.

Fig. 14 shows the wind speed profile while Figs. 15(a)

(a) dKp

(b) dKi

(c) dKd

Fig. 10: Rule surface for FLC outputs (a) dKp, (b) dKi, and
(c) dKd.

and (b) present a comparison between the performance
of conventional PID and the neuro-fuzzy tuned PID
controller in terms of generator rotor speed and corre-
sponding pitch angle. However, Fig. 16 presents a com-
parison of the power generated by the two controllers.
A comparative study between the PID controller and
neuro-fuzzy tuned PID controller when subjected to a
unit step test input is presented in Table 5.
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Table 5: Comparison between unit step response specifications.

Rise Time; tr Overshoot; Mp Peak Time; tp Settling Time; ts Error
(s) (%) (s) (s) (%)

Untuned PID 2.15 45.20 4.32 21.3 2.328
NF-tuned PID 2.82 6.80 4.92 7.86 1.368

Fig. 11: Architecture of the ANFIS controller.

Fig. 12: Conventional PID controller.

Fig. 13: A neuro-fuzzy tuned PID pitch controller for a WECS.
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Fig. 14: Wind speed profile.

(a) Generator rotor speed

(b) Pitch angle

Fig. 15: Performance comparison between conventional PID and neuro-fuzzy tuned PID: (a) generator rotor speed and (b)
pitch angle.

Fig. 16: Generator output power comparison between conventional PID and neuro-fuzzy tuned PID.
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5. CONCLUSION

In this study, a neuro-fuzzy tuned PID (NF-PID)
controller is developed for pitch control applications in
VSWT to smoothen the output power in the above-rated
wind speed region. As the wind speed varies, the pitch
control action quickly responds andmaintains the output
power at the rated levels. The simulation results also
validate that the output power swing is within safe
limits when controlled by the NF-PID pitch controller
and substantiate that the performance of an NF-PID
controller is better than a conventional PID controller.
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