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Abstract:

WECS are dynamic and intricate, considered by uncertainties and external disturbances. This research
introduces an innovative pitch control strategy designed to improve energy stabilization and extraction
predominantly for WT affected by unmodeled system dynamics to ensure stable operation under high wind
speeds. For optimizing power capture, the ANN controller adapts dynamically to changing wind conditions
by regulating the turbine blade’s pitch angle. For grid integration, a PWM rectifier transforms the variable-
frequency AC power from the turbine into DC power. The simulations are conducted in
MATLAB/Simulink tool to evaluate the control framework. It reveals that the superior performance of the
ANN controller in reducing mechanical loads on turbines and platforms and maximizing power generation.
Thus, it achieving reduced power and speed fluctuations, minimal overshoot and enhances the dynamic

behaviour of WT.
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1. Introduction

Due to the rapid urbanization and population expansion, the global demand for energy has surged. The
primary energy source is Fossil fuels. Due to the depletion of fossil fuel reserves, many countries face
challenges in bridging the gap between energy supply and demand [1]. ]. Moreover, the wide use of fossil
fuels has harmful environmental impacts, comprising contributing to the greenhouse effect. There is a need
for new energy sources to meet the ever-increasing need for energy while reducing the adverse effects on
the environment [2-5]. Electricity generation from a variety of Renewable Energy Sources (RESs) has
garnered a lot of attention in  recent years [6]. In particular, wind power is one of the most promising
forms in the global energy industry and is anticipated to continue growing quickly over the coming years
[7-10]. Control systems need to be incorporated to guarantee the proper wind turbines (WT) operation and
efficient utilization of wind energy to optimize power generation output, given the intricacy of wind energy
systems and their significant reliance on climatic and environmental conditions. From a control perspective,
a key goal is ensuring that the WT's output power remains near its rated level [11]. This is accomplished
while minimizing fatigue and vibrations and optimizing efficiency. WT control systems aim to enhance
energy production, minimize mechanical loads, stabilize grid integration, and deliver uninterrupted power
to the grid. To attain the specified control objectives, optimal control of blade pitch angle and generator
torque is essential [12, 13]. The pitch manages the blade’s rotation that regulates the wind's angle of attack
to maximize the amount of available wind energy. Pitch control is a leading strategy for boosting power
production in medium to large wind turbines among various techniques. The pitch controller focuses on
minimizing drag and increasing blade lift within the full-load operational range [14-16]. Fixed pitch stall
control and variable pitch control represent two fundamental regulation methods for wind turbines. Variable
pitch control maintains rotor speed stability by adjusting the blade pitch angle to match wind speed changes.
Unfortunately, the frequent adjustments associated with this method can lead to increased blade stress and
pitch servo fatigue, ultimately reducing turbine lifespan [17-18]. The majority of wind turbines currently

use Proportional-Integral (P1) controllers because they are straightforward and simple to set up [19]. They
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efficiently control the rotor speed, guaranteeing maximum power production even under variable wind
conditions. However, PI controllers overestimate blade pitch corrections in windy conditions, which results
in instability and higher mechanical stress. By taking into consideration proportional, integral, and
derivative actions, the PID controller, which is developed in [20], provides precise control and guarantees
steady operation in a range of wind situations. Nevertheless, PID controls struggle to adjust to shifting
external circumstances or system dynamics without manual retuning.

The simple optimum intelligent (SOI-PID) controller offers a quick response in numerous functional
circumstances. It is better for developing pitch system and assuring the stability of output power in WT.
But, it has poor performance and complexity in managing numerous variables and non-linearity [21]. To
allow servo motor and vary the pitch angle by the preferred value, the P-PI controller provide the reference
pitch signal. However, it is complex to predict the optimal values due to the non-linearity [22]. The pitch
controller based on LSTM balance for delay since it derives blade pitch control angle by finding delay
occurrence in actuator. It has similar performance during changes in wind speed. Nevertheless, the improper
selection lead to oscillation and slow convergence [23]. The conventional controller needs retuning to
function over distinct operating points that is less efficient. Also, that controllers are less reliable and has
unstable performance in varying conditions. To overcome the above mentioned issues, this research
develops an ANN controller based pitch control approach. An ANN controller has the capacity to adapt and
learn from data and continuously adjusting its weights to sustain optimal parameters and also provide better

robustness to varying conditions. The main objectives are,

e The ANN controller is integrated for regulation of turbine blade pitch angles, enhancing energy

efficiency and optimizing electricity generation in response to varying wind speeds.

e  For assuring compatibility with grid necessities, the PWM rectifier is exploited to convert variable-

frequency AC output from the DFIG to DC power.
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e For grid synchronization, improving the compatibility and stability of the power system, a VVoltage

Source Inverter (VSI) is utilized to convert the DC power back to AC power.

e For enabling steady voltage levels and efficient grid synchronization, the Pl controller is employed

to align actual and reference power values.

2. Proposed System Methodology

Fig. 1 depicts the novel DFIG based WECS with ANN controller to optimize energy conversion and ensure
efficient grid integration. The AC supply from DFIG is provided to PWM rectifier converts AC into a DC
supply. The ANN controller effectively manages the wind turbine pitch through real-time blade angle
changes. The DC power is delivered to three-phase VSI to convert it into AC power. Then, the PI controller
is exploited for maintaining a steady DC link voltage and assures precise grid synchronization by matching
the actual power values with the reference values. Furthermore, the LC filter is employed to avert harmonic

distortion that enhances the output power quality.
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Fig. 1. DFIG Based WECS

To maximize energy capture and minimize mechanical loads, a ANN-based controller governs the turbine

blade pitch angle. The PWM generator supports the rectifier and inverter by generating precise switching
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pulses to assure effective operation under varying conditions. To maintain operational stability and optimize
energy conversion, the control system integrates feedback loops at multiple levels. It not only improves
dynamic performance but also enhances resilience against disturbances, ensuring reliable and efficient grid

integration.
2-1- DFIG based WECS

DFIG is transforms the kinetic energy of moving air into mechanical energy that is delivered to DFIG,
where it is transmuted into electrical power for grid integration or local use. The expression (1) is used for

determining mechanical power,
P, =0.5pAC, (/1, ﬂ)vaind Q)

Where air density id p, the area swept out by turbine blade is A, wind speed isv,,, and power coefficient

isC, (4, ). Itis dependent on two variables the blade pitch angle is £ and tip speed ratio is A4 .

-QR
l %wind (2)
Where, radius of blade is R and angular speed isQ.
Cz _Cs
Cp(/I,ﬂ)zcl 7—C3,8—C4 exp - +CA (3)

Where,

%:(1 1 _0.3035j @
. \4+0088 p°+1
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Fig. 2. Power Coefficient Curve

The power coefficient and power characteristics curve of WT are showed in Fig. 2 and Fig. 3. The nonlinear
power coefficient is expressed as a function of A and is based on the aerodynamics of turbine blades. The

relationship between transmitted power, rotational speed and mechanical torque is,

T, =", ©)

The optimal angular speed is expressed as,

Qopt = ﬂ’optvwind / R (6)
The maximum mechanical power is,
Pmfmax = 05 pACpmaxV\?vind (7)

An asynchronous generator with a wound rotor is called a DFIG. While the rotor is connected via the
converter, the stator and grid are connected directly. The DFIG dynamic model represented in an arbitrary

rotating frame is simplified by using the following formula:

d

I ds Rs Py — Py Vs = Vds (8)
dt

I Rs + i ¢qs + q)qs ws = Vds (9)

e dt
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d

Ids Rr +a¢dr _(pqs (a)s _wr):Vdr (10)
d

Iqs Rr +E¢qr — Pys ((05 _a)r) :Vqr (11)

The synchronous reference frame is represented by d andq, whereas the stator and rotor indices are

specified using s and r . Resistance is denoted by R, while electrical frequency, flux, current, and voltage

are represented by the symbols @, ¢, andV , respectively.” The flux is defined as,

I L +1,M =g, (12)
Ly +1,M =@, (13)
I,L +1,M =g, (14)
L + 1M =g, (15)

Where, inductance and mutual inductance is indicated by M and L .
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Fig. 3. Wind Turbine Power Characteristics Curve

The mechanical analysis is,

181 1 o (16)
dt
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Where, speed of generator is £, electromagnetic torque is T,, and turbine’s total inertia is J . Then, T,

becomes,

Tem = pLM(¢qs|dr _¢ds|qr) (17)

Grid side converters and rotor-side converters are two essential parts of a DFIG system that manage the
complex process of controlling energy flow between the grid, generator, and load. In order to achieve this,
both converters are diligently managed by Pl controllers, which are well-known for their dependability and
effectiveness in control systems. The difference between the intended and actual system states is
continuously evaluated by these PI controllers. They are able to modify the parameters of converters in real
time by computing an error signal that represents this discrepancy. Additionally, PWM rectifier is employed
for converting DFIG system's AC output into steady DC power. In order to control DC output voltage, this

rectifier meticulously modifies the width of voltage pulses, guaranteeing a steady and continuous power

supply.
2-2- Pitch control by ANN controller

One efficient way to control or limit turbine performance in high wind speeds is to modify the blades' pitch
angle. Pitch servos, which is electrical or hydraulic systems, are used to move the blades into the required
positions. Blade pitch modifications with rotational speeds of roughly 5-10%s are anticipated during typical
operation. In this case, a pitch rate of 8%/s is selected to prevent excessive loads during standard regulating
processes. Pitch control, either active or passive, is utilized to safeguard the mechanical and electronic
systems and capture as much energy as feasible. Pitch, speed, acceleration, and deceleration are managed
to lessen the electrical current peaks and the mechanical tensions in the bucket, tower, and blades.

2-3- Passive control of pitch

The wings' angle of attack against the wind is fixed, and the blades are fastened to the hub. When wind

speed surpasses a rated value, the rotor's aerodynamic design loses efficiency.
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2-4- Active control of pitch

When the output power is too high or too small, the blades spin to vary the angle of attack with the wind.
To retain a consistent power output, the blades must be able to shift by a fraction of a degree at a time,
which corresponds to a alteration in wind speed. The active pitch control system functions in a particular
range of wind speeds. This research uses active pitch control for regulating the pitch of WT. The various
control loops of WT is provided in Fig. 4. The four areas of operation is depicted in Fig. 5. Region | denotes
wind speeds below the minimum needed to initiate rotation and at which no power is produced. When this
speed is surpassed, the rotor begins to rotate and moves into region Il, where the generator rotates at its
normal speed and is enclosed by the starting and cutting speeds. The third area covers the nominal speed to
the stoppage speed, or the maximum speed at which rotation is necessary for safety and design. Lastly, the
IV region, where a mechanical brake is required for the wind turbine assembly's safety. A feedback control

system's objective is to lower the error e(k) among any variable and its set to zero.

The error is calculated as,

oo (1) (18)
The first-order delay system or an integrator is a pitch actuator with a time constant _, which is estimated

as,

_:_iﬂ"_liﬂref (19)
T

Where, maximum and minimum pitch angles are indicated by £, and 5., [(L—tﬂj sd—tﬂ < (d—ﬂj and

ﬂmin < ﬁ = ﬁmax'
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Fig. 5. Wind Turbine Operating Regions

ANN is utilized in this study to achieve nonlinear, time-varying input-output mapping, enabling effective
control of the pitch angle in a wind energy system. Wind turbine generating systems exhibit highly
nonlinear dynamics, as discussed earlier, making ANN an appropriate choice for pitch regulation. The
control method leverages the inverse relationship between the pitch angle and other variables, such as

electric power, to serve as the foundation of the developed controller.

f=h"(0,w,P,) (20)
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Sensors measure the generating power P, and rotating speed w,, , while wind speed models forecast wind

speed v . The set of wind speed values and set of pitch angle's historical values are used to determine the

control input, which is denoted as,

BIC(p,q)=x"+k-In(n) (21)

The Bayesian Information Criterion (BIC) uses p and q to signify the autoregressive orders and moving
average processes, while k denotes the number of parameters in the statistical model. Predicted wind speed
is exploited to determine the desired rotor speed, and historical data, including pitch angles, rotor speed,

and real power output, are input into the ANN controller.

ANNS CONTROLLER

WIND TURBINE

ﬁc PITCH ﬁactuaL
SERVE

Pref

A

dt HIDDEN LAYER

Fig. 6 Structure of ANN Base Pitch Controller

The input, hidden and output layers are the layers presented in ANN controller. The number of neurons in
hidden layers are 10 to 40 and input layer has 3 inputs. The transfer function is obtained by tangent sigmoid

function as,

o2
f= e 1 (22)

The output layer’s transfer function is obtained by using sigmoid function as,

= (23)
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The output of neuron vy is,
y=f?(vj(w€+b7)+@) (24)

The ANN is trained offline using a dataset that covers the entire operational range of the WTDFIG system,

as depicted in Fig.6. In this system, sensors identify the sample point of P, and w, and the wind speed

ARMA model provides the v .
2-5- PI CONTROLLER

A PI controller comprises the control error based on settling value and process output and makes output

according to error’s proportion and integral, as revealed in Fig.7. The control signal is,

Koe(t)+ K e(t)dt +u, =u(t) (25)
K,
+
Vbcacn e(t) PWM VDC(EEF)
RECTIFIER '
+
PIK:[e(®

Fig. 7 Structure of Pl Controller

Where, the integral parameter is K, initial output is u, and proportion parameter is K, . The error at time

tis,
ysp(t) —y(t) = e(t) (26)

Where, the set pointis y,, (t) and process output is y(t) . The transfer function of PI controller is,
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G, (s)=— ==K, +— (27)

3. Result and Discussions

The proposed system introduces DFIG-based WECS integrated with advanced control strategies to
optimize energy conversion and ensure efficient grid integration. For maximum power extraction under
varying wind conditions, reducing mechanical stress, an ANN-based pitch controller dynamically adjusts
turbine blade angles. The MATLAB/Simulink simulations reveals the system's performance based on the

parameters denoted in Table 1 and Table 2.

Table 1. WECS’s Parameter Specifications

Parameters Values Parameters Values
Nominal power 10kW Line voltage 415V
Frequency 50Hz Gear ratio 100
Turbines 4 Tip speed ratio 7
Power coefficient 0.4421 Pole pair 2

Table 2. ANN controller’s Parameter Specifications

Parameters Values Parameters Values
Activation function RelLU Hidden layers 3
Neurons per layer 15 Learning rate 0.005
Training algorithm Adam optimizer Sampling time 0.5s
Pitch actuation time 81/s Momentum parameter 0.9
Maximum iteration 200 epochs Error threshold 0.0001
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Fig. 8. Waveforms of (a) Wind speed and (b) Wind turbine torque

Fig. 8(a) reveals the wind speed is stable at 15 m/s. For a reliable analysis and control process by

maintaining stable aerodynamic input to the wind turbine, this steady wind speed provides a uniform

operating condition. Fig. 8(b) has fluctuations within the range of -1.3 Nmto -0.7 Nm.
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Fig. 9. Waveforms of DFIG for (a) Rotor Speed (b) Output Voltage and (c) Current

Fig. 9 offers the various operational characteristics of DFIG during energy conversion. The rotor speed is

settled at 1.25 rad/s, denotes the stable operation of the rotor under given conditions. The waveform of
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voltage indicates a balanced and stable voltage generation. The current waveform has stable amplitude and

frequency.
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Fig. 10. Pitch Angle of DFIG

Fig. 10 represents the pitch angle of DFIG with minor fluctuations observed in the early stage. It reveals
that the dynamic adjustments by the control system in response to variations in system requirements. The
improvement in pitch angle denote the ANN controller optimizing the blade angles to sustain efficient

energy extraction and alleviate mechanical stress on WT.
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Fig. 11. DC Link Voltage Waveform
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Fig. 12. Waveforms of Grid for (a) Voltage (b) Current and (c) Single Phase

The behaviour of the DC link voltage is depicted in Fig. 11, it stabilizes at 600V. It assures efficient energy
conversion and compatibility with grid necessities. Fig. 12 illustrates the behaviour of grid parameters when
integrated with WECS. The voltage and current are stable. An efficient power transfer with minimal

reactive power is offered by alignment of voltage and current in phase.
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Fig. 13. Waveforms of Real and Reactive Power

The waveforms of real and reactive power is represented in Fig. 13. It denote that the system effectively
manages both real and reactive power under steady conditions. It reveals the development of control

approach to optimize power generation and sustain stability of grid.
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The waveforms of THD is displayed in Fig. 14. The R, Y, and B phases maintaining values of 0.90%, 0.65%,

and 0.93%, indicates the better power quality.

Table 3. Performance Evaluation of Controllers for Pitch Angle Regulation

Parameter PI controller PID controller ANN controller
Output power stability (W) 10,000 £ 25 10,000 £ 15 10,000 £ 5
Torque fluctuations (Nm) +0.4 +0.25 0.1
Settling time (s) 0.35 0.25 0.15
Overshoot (%) 10% 6% 2%
Mechanical stress (KNm) 85 70 50
Pitch Actuation Rate (°/s) 12 10 8
Simulation time efficiency 85% 90% 95%

The ANN controller attains the most stable output power with minimal torque fluctuations, as denoted in

Table 3. Also, it provides the quickest settling time and reduced overshoot assures a precise response to
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changes. The ANN controller is computationally efficient and highly adaptable with the maximum

simulation time efficiency than P1 and PID controllers.

3-1- Assessment of the developed work under turbulent intensity
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Fig. 15. Evaluation of Frequency Domain

Fig. 15 depicts an evaluation of frequency domain, denotes that the ANN controller outperform the Pl
controller in alleviating Blade-Root Bending Moments (BRBMs) at a wind speed of 16 m/s. The PI
controller has maximum magnitude and superior phase lag, predominantly in the low-frequency range,
representing reduced effectiveness in handling high and dynamic -frequency loads. Thus, the ANN

controller attain small magnitudes over the frequency, proving better load suppression and adaptability.



AUT Journal of Electrical Engineering
10.22060/EEJ.2026.24404.5701

2, T T T T T T T
22 I— 16 m/s at turbulent intensity I-
21f o
z
E 20 - -
= 1o} iR EOG in between 40-50 -
= [’ \\ m be een - sec
g 18 7 1 "
& 17 ! | o
E wile
= 1s5p \ / b
= 14f “ S J
13 Seeo” i
12 L A L L L L L
10 20 30 40 50 60 70 80 100
Time(sec)
@)
9000
sooof [ A\ -
— 7000 fl .
£ 6000 =
._15000" A ,’\’.’\ A f\ \/\/\/\'\/\’\’\/\/\‘/‘
% ARAA VvV V. V VVV VY
= 4000F Vi -
% 3000 b
2000 -
1000 PID -
oF “, ANN b
M M L M M L
-1000, 520 30 40 50 60 70 80 0 100
Time(sec)
(b

Fig. 16. Wind Speed and Blade-Root Bending Moments at 16 M/S and Turbulent Intensity

1 T T T T T T T T
201 I— 14 m/s at turbulent intensity I-
- 19 L
18 -H-. E
5 17k g AN EOG in between 40-50 sec =
g 16 I ‘\/ o
(=9 I
Zuk : - ]
—
£ \ ;
£ Bf \ y -
12 \\ // £
11 = N - -
10 x 2 2 2 x x x 2
0 20 30 40 50 60 70 80 90 100
Time(sec)
@)
9000
8000F r a -
. 7000 nr <
£ 6000F -
2 s000p AAAA AV AV AP AW AWV
34000- ARAA NVVVVVTVV]
v
5 3000f v -
& 2000 PI -
1000 | PID -
of ) ANN 1
. . . x . .
-1000,5=¢ 30 40 50 60 70 80 0 100
Time(sec)
(b)

Fig. 17. Wind Speed and Blade-Root Bending Moments at 14 M/S and Turbulent Intensity

The response of wind turbines to an Extreme Operating Gust (EOG) at a wind speed of 16 m/s with turbulent

intensity is depicted in Fig. 16. There is a sharp spike between 40 and 50 s, at this period, the BRBMs
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experience significant fluctuations. The Ann controller has better performance by reducing BRBM peaks
and ensuring smoother recovery post-gust, emphasising its adaptability. The lower efficiency in mitigating
extreme loads are indicated by a Pl controller that has highest BRBM magnitudes. Fig. 17 reveals the
response of EOG at wind speed of 14m/s with turbulent intensity. The ANN controller manage transient

aerodynamic conditions, assures operational stability and structural safety.
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Fig. 18. Dynamic Response and Power Output to EOG at 14 M/S Wind Speed
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Fig. 19. Dynamic Response and Power Output to EOG at 16 M/S Wind Speed
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The responses of PI, PID, and ANN controllers during EOG at 14 m/s wind speed is shown in Fig. 18. The

PI controller has oscillations and sluggish recovery in power output and generator speed, representing poor

performance under gust conditions. The ANN controller has superior performance, sustaining minimal

deviations and consistent power regulation. Fig. 19 displays the response of generator speed and power

output to EOG at a wind speed of 16 m/s. Here, the ANN controller has best performance by sustaining reduced

deviations and smooth recovery.

Table 4. Efficacy Evaluation of Controllers

PI controller PID controller ANN controller
Parameters
14 m/s 16 m/s 14 m/s 16 m/s 14 m/s 16 m/s
Standard deviation | 0.1815 0.1835 0.0786 0.0824 0.0205 0.0208
% reduction - - 56.74% 55.10% 88.70% 88.65%

The effectiveness of PI, PID and ANN controllers are depicted in Table 4. The PI controller has highest

standard deviation while PID controller has reducing standard deviations to 0.0786 at 14 m/s. but, the ANN

controller minimize generator speed fluctuations and sustain stability under turbulent conditions.

Table 5. Controller Performance in Managing Tilt and Yaw Moment Fluctuations under Turbulence

Standard Deviation At Wind Speed (14 At Wind Speed (16
Controller
(kNm) m/s) m/s)

PI controller 1.265 x 108 1.428 x 108

Tilt moment PID controller 1.238 x 103 1.372 x 103

ANN controller 1.184 x 108 1.287 x 108

P1 controller 1.202 x 103 1.386 x 103

Yaw moment PID controller 1.171 x 108 1.370 x 108

ANN controller 1.123 x 103 1.255 x 103




The performance of PI, PID and ANN controller is displayed in Table 5. The ANN controller steadily
outperforms the others attaining the lowest standard deviations of 1.184 x 103 kNm at 14 m/s and 1.287 x
103 kNm at 16 m/s, representing superior stability and load reduction for tilt moment. The ANN controller
attains the better performance with deviations to 1.123 x 103 kNm at 14 m/s and 1.255 x 103 kNm at 16 m/s in
yaw moments. It demonstrates that the ANN controller’s superior ability to manage dynamic loads and

sustain system stability under turbulence.

Table 6. Performance Analysis of Controllers

Approaches MSE RMSE
PID 1.296E-7 0.00036
RNN 3.28E-11 5.54E-06

Proposed 0.00013 0.0254

The performance analysis of controllers with Mean Squared Error (MSE) and Root Mean Squared Error
(RMSE) are revealed in Table 6. The proposed approach has the lowest MSE and RMSE of 0.00013 and

0.0254, indicating the overall performance of the system is enhanced.

Table 7. Analysis of THD

Approaches THD
FOSMC 1.38%
SOSMC 1.28%
TOSMC 1.06%
Proposed 0.65%

Table 7 displays the analysis of THD for FOSMC, SOSMC, TOSMC and proposed approach, which has
the lowermost THD of 0.65% among others, denoting the power quality is enhanced maximizing power

generation.



4. Conclusion

A novel pitch control technique based on ANN for enhancing the efficiency of wind energy systems is
developed in this research. By dynamically regulating the blade pitch to optimal angles, the ANN aids in
enhancing the efficacy of energy conversion from wind to electrical power, safeguarding reliable and stable
operation. The AC voltage from wind turbines is transformed into DC voltage by PWM rectifier, regulate
the magnitude of output voltage. The DC power produced by the PWM rectifier is given to an inverter that
transforms it into an AC power, guarantees that the power from the wind turbine is well-suited with the
electrical grid. Moreover, the output achieved is transformed into AC using 3¢ VSI and by achieving grid
synchronization with the help of PI controller, DC link voltage is delivered to a grid. The results have
applied in MATLAB/ Simulink, proves that the developed work provides the better performance.
Simulation results validate the superior performance of the ANN controller over conventional Pl and PID
controllers, demonstrating reduced generator speed fluctuations, lower mechanical stress, and enhanced
power stability. The ANN controller has minimal overshoot, quicker response times and better dynamic
stability under extreme wind events. Nevertheless, tuning of ANN controller is more complex and
intensive, needs more sophisticated hardware for real world applications.
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