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Abstract

The wind turbine construction aging caused by fatigue components of a wind field over a long period affects the physical
tructure. Flow controlling methodologies are used to alleviate turbine assembly stress. The flow regulation approach controller
s critical in the fatigue load minimization procedure. This paper offers a Predictive controller for Independent pitch control
IPC)-based flow management. Because of the azimuthal position of the blade, the flow dynamics of the blades are vulnerable to
yclic fluctuations. This paper considers the azimuthal angle blade dynamics since there is a significant variation in movements
etween the bottom and top blades. The suggested controller (which takes into account the wind turbine’s Azimuthal angle
haracteristics) outperforms the existing controllers in terms of its capacity to forecast the blade’s reaction as it approaches the
zimuthal location. The complete replication was effectively done.
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1. Introduction

The rise in wind turbine configuration achieves the rapid development of wind energy output to fulfill the
orldwide renewable energy requirements [1]. The modern dimension of a wind turbine a few years back was

n kilowatts (kW), while the usual grade in the present situation is in megawatts (MWs). The rise in demand
ecessitates an improvement in turbine configuration as the energy output improves and the expense of energy
eneration decreases. However, the negative element of enlarging the wind turbine scale is that it causes challenges
ith fatigue load regulation of turbine construction [2]. The fatigue load of a wind turbine is caused by wasteful

nclinations of wind flow striking the turbine rotor at an inclination that reduces the mechanical longevity of the wind
urbine. The structure is infused with impetuous frequencies, which causes stabilization concerns in the multilayered
tructure [3]. The fatigue stress infringing on the internal parts, particularly the blades and the tower, must be
ectified because it involves approximately 70% of the total expenditure [4].

The AFC approach modifies the pattern surrounding turbine blades by modifying the exposed area of the blade
ramework. Pitching is the twisting of the blade attempting to change the aerodynamic contour. The tilting alters the
lade breadth open to the wind movement, allowing the wasteful portion of the wind stream to be disregarded [5].
n [6] W. Zhang et al. outlined a flow control using flaps on the wind turbine blade, and Andersen P.B et al. [7]
roposed an adaptive controller for irregular periphery waves.

Pitch control might be accomplished by conducting a combined regulating operation on all of the blades in the
otor configuration. However, the dynamics of the blades differ. As a result, individualized pitch control is offered.
he true effectiveness of Active flow control approaches (AFC) is held by the most optimum and suitable regulatory
ctivity [8].

The researchers presented a Model predictive controller for navigating the IPC system using azimuthal angle-
ased blade variables in this paper. The root bending moment (flap and edgewise), as well as blade torsional stress,
re the 2 main significant dynamic metrics to consider. The torsional stress of the blade architecture caused by
ind in the z orientation causes a twisting moment in the blade framework that, if continued, would harm it.
he blade root bending moment has an important influence on the operational duration of turbine constructions.
s a result, the goal of this study is to minimize the preceding factors utilizing model predictive controller-based

PC management while considering the dynamics concerning the azimuthal angle. For long-term assessment, the
imulation results are confirmed using the NREL FAST program. The fatigue life study generates an evaluation of
he wind turbine’s lifecycle DEL (Damage Equivalent Load) when used with the suggested control scheme as well
s another controller.

This manuscript is arranged in the following arrangements: Section 2 reveals the dynamic characteristics;
ection 3 discusses the MPC objective function; Section 4 deals with the simulation results and their analysis;
ection 5 deals with the fatigue life analysis and Section 6 makes the concluding remarks of the paper.

. Linear wind turbine model

This is a multi-variable, multi-domain structure having several degrees of freedom (DOFs). The majority of
he factors cause non-linearity in the scheme. The wind turbine is a collection of various parameters [9], which
omprises the rotor blade characteristics, power train, as well as generating unit. The fatigue loads are the stress
reated in the turbine’s wind-prone regions. The fatigue load might be dampened by intercepting the wind at
nclinations that catch relatively little power.

A second-order two-mass model as depicted in Fig. 1, might be utilized to replicate the dynamic behavior of the
rive train framework, including the gearbox and shafts.

tR − tL S = ωRcR + ωR jR (1)

tSH − tG = ωgcg + ωg Jg (2)

The association of the corresponding torque numbers can be given as

ωr ng = ωg (3)

tis = nG tH S (4)
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Fig. 1. Suggested control strategy Skeletal model.

The reduced speed shaft torque utilized as the fatigue load factor in this work, may be calculated using formulas
(9) and (10).

Tls = Kls

(
θr −

θg

ng

)
+ Bls

(
ωr −

ωr

ng

)
(5)

In a perfect scenario (no generator), the drive train model might be constructed from formula (3) as follows:(
Cr + n2

gCg
)
ωr +

(
Jr + n2

g Jg
)
ω̇r = Tr − ngTg (6)

The speed error e is computed as given below.

e = ωr − ωre f (7)

ė =
Tr − ngTg − (Cr + n2

gCg)ωr

Jr + n2
g Jg

(8)

The non-linear sequence is created by calculating the frequency of variation.
The tracking loop is intended to manipulate the pace of variation in generator torque, as seen beneath.

t −
(
c + n2 C

)
ω + γ E j E = n t (9)
R R G G R ( ) R G G.RE F
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The generator’s electromagnetic torque demand is the primary MPPT component in any wind turbine, determin-
ng the turbine’s power harvesting capability. The generator torque required influences the tip speed ratio [10]. In
ddition to the standard MPPT monitoring factors, fatigue load parameters and anticipatory wind information are
ncluded in the control system architecture.

. Designing the MPC objective function

The contemporary control scheme like PID, feedback controller, etc., and optimization algorithms cannot predict
he upcoming dynamics of the system [11]. But the model predictive does the anticipation of the upcoming response
f the system within the prediction horizon. This estimation of the anticipated response of the system prepares the
erodynamic position of the blade when the blade is at one azimuthal position. Based on the future response the
ontrol actions are generated by the controller [12,13].

The LIDAR circuitry is used in this research to evaluate wind speed information. The LIDAR measure-
ent is values given to the system as a measured disturbance to the multiple point Model predictive con-

rollers (MPMPC) [14,15]. The projected wind speed information is indeed utilized to determine the MPC
ontroller.

Horizons are another key source of anxiety; both the forecast as well as control horizons are critical. The
rediction horizon Np of the MPC should be superior to the control horizon Nc for regulating the rate of control

accomplishment that establishes the consistency of the arrangement [16,17]. The formulations are synopsized
further:⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

xk+1

xk+2

xk+3
...

xk+NP

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
  

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ak

A2
k

A3
k

...

ANP
k

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
  

X K +

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Bk 0 0 · · ·

Ak Bk Bk 0 · · ·

A2
k Bk Ak Bk Bk · · ·

...
...

...
...

ANP −1
k Bk ANP −2

k Bk ANP −3
k Bk · · ·

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
  

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Uk

Uk+1

Uk+2

...

Uk+NP −1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
  

(10)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

Yk+1

Yk+2

Yk+3
...

Yk+NP

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
  

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ck Ak

Ck A2
k

Ck A3
k

...

Ck ANP
k

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
  

X K +

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ck Bk 0 0 · · ·

Ck Ak Bk Ck Bk 0 · · ·

Ck A2
k Bk Ak Bk

... Ck Bk
...

...
...

...

Ck ANP −1
k Bk Ck ANP −2

k Bk · · · Ck ANP −Nu
k Bk

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
  

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

Uk

Uk+1

Uk+2
...

Uk+NP −1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
  

The variables are understood despite the stochastic and unpredictable nature. Therefore, state estimation is
ot required. The control variable of this IPC-based flow control method is the pitch angle of individual blades [18].
ystem stability holds a major concern on the rate of change of individual pitch angles. There should be a level of
ptimum change of pitch angle to be maintained. Therefore, the online recursive regulating rule is outlined using
he minimization cost function J within the control horizon Np by maintaining the ∆u as low as possible.

Minimizing ∆u the is predominant factor in the optimization procedure is replicated at every sampling instance
[19,20].

Suggested controller’s main goal is to dampen the wear stress and enable the mechanism operation in the least
power tradeoff state [21]. The goals are to decrease the blade root bending moments without sacrificing power and
ii) boost the immediate power output. The active individual pitch angle is the cost function J engaged in fulfilling

the goal variables.
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Mathematical replication of the linearized MPC controller for an operating point of 4 m/s wind speed is shown
elow.

A =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−0.02 −36.62 −18.90 −32.09 3.25 −0.76 0.00 0.00

0.00 −1.90 0.98 0.00 −0.17 −0.01 0.00 0.00

0.01 11.72 −2.63 0.00 −31.60 22.40 0.00 0.00

0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 −30.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 −30.00 0.00 0.00

0.00 −1.00 0.00 0.00 0.00 0.00 −0.01 0.00

0.00 0.00 0.00 −1.00 0.00 0.00 0.00 −0.01

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

B =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

1.00 0.00

0.00 1.00

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

C =

⎛⎜⎜⎜⎜⎜⎝
0.00 −0.01 0.00 0.00 0.00 0.00 1.00 0.00

0.00 0.00 0.00 −0.01 0.00 0.00 0.00 1.00

0.00 0.02 0.00 0.00 −0.03 0.02 0.00 0.00

0.00 0.01 0.00 0.00 −0.03 0.02 0.00 0.00

⎞⎟⎟⎟⎟⎟⎠
. Simulation outcomes

The NREL FAST is a simulation software for assessment recognized by several specifications such as IEEE,
EC, and others. The DOFs for the Blade and Generator activities are chosen. Table 1 shows the DOF that was
hosen. The suggested controller is integrated remotely through the MATLAB connector, and the simulation data
s acquired instantly. Fig. 1 depicts the architectural framework of the design. The NREL’s TurbSim program, and
he Von Karman turbulence model were used.

Table 1. DOFs enabled in simulation model FAST.

Components Number of DOFs Fatigue variable Number of states

Blades
2 BRBM (flap) 6
1 BRBM (Edge) 2

Nacelle 1 Yaw angle 1
Drive train 1 Drivetrain dynamics 1
Generator 1 Generator 1

Tower 2 Tower deflections 2
2 Tower deflections (side-to-side bending mode DOF) 2

Simulation outcomes are shown in Figs. 2 and 3.
Fig. 4 depicts the TTM created on the Blade framework as a result of the distorted wind field.
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Fig. 2. TurbSim simulated stochastic wind field.

Fig. 3. Flap-wise BRBM of individual blades.

5. Fatigue life analysis

The fatigue existence study is performed using the NREL FAST wind turbine yield responsiveness involving
different controller operations. The NREL’s MLife program will be utilized to calculate the Lifetime DEL.
Depending on this computation, the Lifetime fatigue stress, as well as component lifetime estimate, may be
performed [22–31]. Figs. 5, 6, and 7 illustrate a histogram contrasting the fatigue life metrics of several controllers

to the suggested controller. Table 2 contains a synopsis of the lifetime assessment (see Fig. 8).
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Fig. 4. TTM of 3 blades.

Fig. 5. Representation of LTUF.

6. Conclusion

Suggested controller successfully controls the fatigue stress reduction on the blade structure. The MPC
controller’s inherent capacity to foresee the forthcoming system behavior and create the controlling response within
the defined operational horizon enables effectiveness in mitigating fatigue stress. The findings of the lifetime study
indicate that the suggested control logic outperforms the conventional controllers. The suggested controller is 40

percent highly effective compared to the PI controller and 30 percent better compared with the LQG-based controller
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Fig. 6. Representation of MDDEL.

Fig. 7. Lifetime DEL representation.

Fig. 8. Depiction of controller variations.
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Table 2. Lifetime investigation outcome synopsis.

LTAP FLP PIC (%) LQC (%) MPC (%)

LEV
Summit fore-aft shearing force 78.56 54.296 31.37
Summit side shearing 90.09 44.88 31.73

MV
Summit frontal-rear shearing 72.061 50.252 35.523
Summit side shearing 94.33 47.14 20.30

in terms of life duration fatigue degradation. Therefore, the suggested controller for active flow regulation technology
is found to extend the lifespan of the wind turbine.
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