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The Implementation of Fuzzy PSO-PID
Adaptive Controller in Pitch
Regulation for Wind Turbines
Suppressing Multi-Factor
Disturbances

Yixiang Shao, Jian Liu, Junjie Huang*, Liping Hu, Liang Guo and Yuan Fang

NARI Group Corporation, Nanjing, China

The stability of wind turbine output is affected by multi-factor disturbances, which makes
traditional proportion-integral-differential (PID) control strategy hardly achieve a
satisfactory effect. Hence, a pitch control strategy based on fuzzy adaptive particle-
swarm-optimization (PSO)-PID is proposed in this paper. Firstly, the models of wind
turbine, pitch regulator, and permanent magnet synchronous generator (PMSG) are built.
Then, the influence of various disturbances, such as blade deformation, installation errors,
and external wind speed, on the wind wheel speed is analyzed. Furtherly, a wind turbine
pitch control strategy is devised in detail, in which the PID parameters are initially optimized
by PSO and adaptively adjusted by fuzzy controller. Simulations under gust wind and
turbulent wind conditions are carried out, and the results show that compared with fuzzy
PID and PID, the fuzzy adaptive PSO-PID could reduce errors of wind wheel speed and
wind turbine output power effectively.

Keywords: wind turbine, pitch regulation, fuzzy PSO-PID adaptive controller, disturbances suppression, turbulent
wind

INTRODUCTION

With the aggravation of energy crisis and environmental deterioration of the earth in recent years,
the development of renewable energy is more and more urgently demanded. Wind power, an
effective mean to deal with the energy crisis, has been widely used in many countries. Its safety and
stability are the focuses of attention. The control technology of wind turbines has evolved from a
fixed pitch technology to a variable pitch control technology with better efficiency and stability
(Mughal and Li, 2015). In a variable pitch control system, the pitch angle changes with the change of
wind speed to stabilize wind turbine’s output power when the wind speed is stronger than the rated
wind speed (Liu et al., 2018). This could not only maintain the high efficiency but also ensure the safe
operation of the wind turbine when the wind speed changes (Barahona et al., 2011). Figure 1 shows
the control system of the wind turbine (Xiong et al., 2016), including the pitch control system and the
power control system (Xiong et al., 2020 and Xiong et al.,, 2021).

At present, traditional proportion-integral-differential (PID) control is mostly applied for the pitch
regulation in the wind turbine control system. A self-tuning PID control method using reinforcement
learning is proposed for the pitch control of large wind turbine generator (Kim et al., 2011). To overcome
the shortcomings of conventional PI controller and adapt to nonlinear characteristics of wind turbines, an
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FIGURE 1 | Schematic diagram of the wind turbine control system.
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expert PID controller based on a tracking differentiator is proposed
in the literature (Anjun et al., 2011). In the literature (Zahra et al,,
2017), a PID controller optimized by particle-swarm-optimization
(PSO) is designed to capture the maximum power. However, in
actual operation, the wind turbine will be affected not only by the
instantaneous wind on the wind turbine but also by many other
factors, such as initial parameter error, environmental changes, and
blade changes. The factors above bring huge challenges for the pitch
control strategy design. In severe cases, it may even cause accidents
such as the collapse of the wind turbine tower and the burning of the
engine room. Therefore, the adaptive pitch control strategy is
particularly important for the stable operation of the wind
turbine. A nonlinear PID control strategy is designed in the
literature (Liu et al, 2017) to ensure the accuracy and stability of
the pitch control system, while the response speed is slow. In the
literature (Jafarnejadsani et al.,, 2013), a pitch regulation strategy is
proposed based on radial basis function neural network, which
enables the wind turbine’s output to be smoother under different
wind speeds. In the literature (Fdaili et al., 2017), PI controller and
fuzzy logic control is used to control the blade pitch angle to limit the
output power of the wind turbine at high wind speeds. In order to
improve the utilization rate of wind energy, an independent pitch
system of proportional resonant controller to ensure the rated power
output at high wind speeds is adopted in the literature (Wang et al.,
2020).

In this paper, the influence of various disturbances, including
external wind speed, blade deformation, environmental changes, and
initial parameter errors, on the wind turbine is taken into account. An
adaptive pitch control strategy for suppressing multi-factor
disturbances is proposed. In the proposed control strategy, the
initial parameters of PID are optimized PSO algorithm, and fuzzy
rules are designed to adjust its parameters dynamically. Then,
simulation analysis is performed under rated conditions to
validate the design. The results demonstrate that the control
strategy could always maintain the wind wheel speed and the
wind turbine’s power around rated values and it has higher

0.25

FIGURE 2 | The curve of wind turbine’s power coefficients.

performance and robustness against disturbance than fuzzy PID
control and PID control.

AERODYNAMIC CHARACTERISTICS OF
WIND TURBINE

The wind power generation system is mainly composed of a
mechanical part and an electromechanical conversion part.
Combined with the analysis of aerodynamics and Betz theory,
the mechanical power captured by the wind turbine from wind
energy could be described by (Yin et al., 2017)

P, = %anZWCP Lp) (1)
where, p is the air density, R is the radius of the wind turbine, V' is
the wind turbine speed, C, (A, B) is the utilization rate of wind
energy, f3 is the pitch angle, and A is the blade tip speed. The
expression of wind energy utilization rate C, (A, B) is shown as
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The curve of wind turbine’s power coefficients is shown in

Figure 2.

It could be seen from Figure 2 that there is a maximum value
of C,, (A, B) for each value of § and the value of A corresponding
to this point is the best blade tip speed. When the external wind
speed is stronger than the rated wind speed, f is a fixed value. In
order to maintain the maximum wind energy utilization rate,
the generator speed should be adjusted according to the wind
speed to achieve the best blade tip speed. When the external
wind speed is greater than the rated wind speed, the motor
torque and the aerodynamic torque cannot be balanced, and
the pitch angle should be changed to keep the wind turbine
stable.

MODEL OF THE WIND TURBINE PITCH
SYSTEM

Modeling of Permanent Magnet

Synchronous Generator

Take the permanent magnet rotor pole centerline as the d-axis
and the q-axis ahead of the d-axis by 90" in the direction of
rotation of the rotor (Yan et al., 2009). The d-q coordinate
system rotates synchronously with the rotor(Liu et al., 2021).
Get the mathematical model of the generator in the d-q
coordinate system as Eq. 3, and its block diagram is shown
in Figure 3.

did _ Rsi o Lqi Ug
dt Lyt Ly L
. (3)
dlq Rs . v/f Ld . Ug
=gt w| - —ig |- —
e L, L, L) L,

where, 1 and i are the stator voltage and current, respectively. d q
are the d-q axis components after d-q coordinate
transformation. w, is the electrical angular velocity. R; is the
stator resistance. ¥ is the permanent magnet flux linkage.
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FIGURE 4 | Wind turbine two-mass model.

Modeling of the Transmission System
The two-mass model, shown in Figure 4, is often used to model

the transmission chain of wind turbines. Particularly, the wind
wheel and permanent magnet synchronous generator (PMSG)
are, respectively, equivalent to a mass block. Then, a flexible
transmission chain connects the two masses. In this way, energy
can be converted from mechanical energy to electrical energy.

Using the dynamic model of the spring damping system
(Cheng et al., 2019), the model of the drive train system could
be expressed as (Mazare et al., 2021)

Trur = KS j(wtur - wgen)dt + DS(wrur - wgen) (4)
where, Kg and Dg are the stiffness and damping coefficient of the
drive train, respectively. Ty, is the mechanical torque output of
the wind turbine. T, is the mechanical torque of the generator.
Wy is the wind turbine speed. wg,, is the mechanical speed of the
generator rotor.

The wind turbine runs at a certain angular velocity under the
action of aerodynamic torque Ty,. The equation of the wind
turbine’s motion could be expressed as

Ttur - Te - ngen
J tur

dwgen _
dr

©)
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FIGURE 6 | Block diagram of pitch control based on fuzzy PSO-PID control.

where, B is the rotational viscosity coefficient. T, is the
electromagnetic torque. Jy, is the equivalent moment of the
wind turbine’s inertia.

The block diagram of transmission system is shown in Figure 5.

Modeling of the Pitch System

In this paper, a first-order inertial link is used to simulate the
dynamic characteristics of the pitch actuator (Jia et al., 2021). The
expression is usually equivalent to

%_ﬂref_ﬁ
dt TI;

(6)

where, 8 is the actual value of the pitch angle. 8, . is the given
value of the pitch angle. Tp is the time constant of the pitch
actuator.

Disturbance Model of Wind Turbine
In actual operation, the wind turbine will be affected by many
other disturbance factors, including the blade changes,

installation errors, and external wind speed changes.
The blade changes include bending, deformation, and so on.
Its disturbance transfer function D; (s) can be approximated as
dM

D, (s) = d_ﬁ

2

L2 _.y(s) @)

.
s2 4 qw,s + w2

where, V (s) is the external wind speed. M is the bending moment
of blade flapping. w, is the angular frequency corresponding to
the blade flapping vibration mode. ¢ is the aerodynamic damping
coefficient of the blade.

The installation errors of the wind turbine include the
deviation of the initial pitch angle of each blade and the
inclination of the wind turbine tower. Its disturbance transfer
function D, (s) can be approximated as

kys
DZ(S)=k52+1
1

V(s) ®)

where, k; and k, are the initial errors disturbance
coefficients.

The wind speed changes include the influence of other wind
turbines in the wind farm on the input wind speed. Its
disturbance transfer function Ds (s) can be approximated as

k3$ +1 .
D3 (S) - k452 + k5$ +1

V() )
where, ks, k4, and ks are the disturbance coefficients of wind
speed changes.

In summary, the total disturbance that wind turbines undergo
during normal operation is

D(s) = Dy (s) + D (s) + Ds(s) (10)
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TABLE 1 | Rules of fuzzy controller.

E EC

NB NM NS b 4o) PS PM PB
NB PB PB PM PM PS 70 70
NM PB PB PM PS PS Z0 NS
NS PM PM PM PS 70 NS NS
Z0 PM PM PS Z0 NS NM NM
PS PS PS 70 NS NS NM NM
PM PS Z0 NS NM NM NM NB
PB 70 70 NM NM NM NB NB

THE DESIGN OF CONTROL STRATEGY

To ensure the stability of the wind turbine, fuzzy control is selected
because it could be adaptable to complex and nonlinear systems (Qi
and Meng, 2012). However, the fuzzy controller is prone to blind
zone and dead zone near the control point, and its steady-state
performance is low. Therefore, fuzzy control is difficult to meet the
control accuracy requirements. PID control is a commonly used
control method in the wind turbine pitch system (Pathak and Gaur,
2019). The combination of PID control and fuzzy control could solve
these problems. However, if the initial parameters of PID control are
selected improperly, it will cause a large overshoot and a long
adjustment time for the system, which will cause the wind
turbine’s power to fluctuate too much. The PSO algorithm could
be introduced to optimize the initial parameters. A pitch control
strategy based on fuzzy adaptive PSO-PID is designed, and its block
diagram is shown in Figure 6.

PID Initial Parameters Optimization

The poor PID initial parameters will decrease the system
performance, so the PSO algorithm could be introduced to
optimize the PID initial parameters. The PSO algorithm is an
effective global optimization algorithm. It seeks the optimal value
of complex space through information transmission and
competition between individuals. The particle swarm searches in
an n-dimensional space in particle swarm algorithm. The position of

each particle i in space is x; = (x;1, Xi2***, Xin), and the velocity in
space is v; = (vi1,Vi2***, Vin). The optimal solution is found through
continuous iterative correction. During each iteration, the particle
updates the velocity and displacement by dynamically tracking the
two extremums Pp.y; (personal best) and Gpy; (global best). The
particles change their position and velocity at each iteration
according to the following relationships (Igbal and Singh, 2021)

VE = wVs + wir) (Pheai = X5 ) + wars(Grew: — X5, ')
where, w is the inertia weight of the particle’s previous step
velocity. w; and w, are the acceleration factors of their own
optimal and global optimal, respectively. r; and r are two
random generated numbers uniformly distributed in the
interval [0, 1).

The PSO algorithm needs to select a suitable fitness
function to achieve the optimal effect of the control. In this
paper, the integral time absolute error (ITAE) is selected. Its
expression is

t

fitness(t) = J T|E(7)|dT (12)
0

where, E (t) is the error between the given value of the rotor speed
and the output value of the rotor speed in this paper.

The steps of the PSO algorithm for optimizing PID parameters
are as follows:

(1) Initialize the position and velocity of the particles, and take a
random value within a certain range to generate the first-
generation population.

(2) Calculate the fitness of each particle according to the fitness
function.

(3) Record the local optimal solution and the global optimal
solution.

(4) Update the velocity and position of the particle to move it
closer to the optimal solution.

(5) Until the value of the fitness function is less than the set value
or the number of iterations reaches the maximum, the
optimal individual is output.
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FIGURE 8 | The output curve of fuzzy controller. Part label (A) is “the output of Ak,”,

N

part label (B) is “the output of Ak;”, part label (C) is “the output of Ak,".

PID Parameters Adaptation
The fuzzy adaptive controller takes the deviation E and the

deviation change rate EC (de/dt) as the inputs of the
controller, shown in Figure 6.

The domain of the input and output of fuzzy control is [-3, 3].
The fuzzy subsets are {NB, NM, NS, ZO, PS, PM, PB}, and the
triangle membership function is adopted. The designed fuzzy
rules using membership functions are shown in Figure 7.

Then, the inputs are transformed into the corresponding fuzzy
variable value by the fuzzy controller to realize the fuzzification of
the inputs. Fuzzy inference is further performed on the fuzzy
inputs according to the formulated fuzzy rules. The fuzzy
controller rules are shown in Table 1. After defuzzification,
the correction value Ak,,Ak;,Ak; of the variable pitch PID
controller is obtained and accumulates them separately in the
PID controller.

According to the fuzzy rules, the relationship of inputs (E, EC)
and outputs (Ak,,Ak;,Akg) is shown in Figure 8.

SIMULATION AND ANALYSIS

To verify the performance of the proposed strategy, control
strategy validation and anti-interference analysis are
performed by simulation. All of the simulations are based
on a 2 MW wind turbine. Its cut-in, rated, and cut-out wind
speeds are 3, 11, and 22 m/s, respectively. The wind wheel
diameter is 93.4 m. The wind wheel height is 80 m. The length
of the blade is 45 m. The rated turning speed of the wind wheel
is 12.1 r/min.

Control Strategy Validation

Control strategy validation of the proposed fuzzy PSO-PID is
performed by simulation comparison with PID and fuzzy PID.
The simulations are conducted under gust wind and turbulent
wind, respectively, in both of the cases. Disturbances of blade
changes (D), initial parameter error (D,), and environmental
changes (D) are considered simultaneously.

In the gust wind case, the gust wind speed curve is shown in
Figure 9, where the maximum gust wind speed is 14 m/s, and the
basic wind speed is 11 m/s. The comparison curves of pitch angle,
wind wheel speed, and output power are shown in Figures 10-12.

-
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FIGURE 9 | Gust wind speed curve.

It could be seen from Figure 10 that the maximum value of
the pitch angle under fuzzy PSO-PID control is 7.8°. The
maximum values of the pitch angle under fuzzy PID control
and traditional PID control are 8.2° and 8.3°, respectively. The
control method proposed in this paper can reduce the
adjustment value of the pitch angle, thereby reducing the loss
of the pitch control system.

As can be seen in Figure 11, the sudden increase of wind speed
causes the pitch angle to increase first and then decrease, so the
speed of the wind wheel shows a trend of first decreasing and then
increasing. The fluctuation range of the wind wheel speed is the
smallest under the fuzzy PSO-PID control, which is only 0.2 r/
min. Under fuzzy PID control and traditional PID control, the
fluctuation range is 0.4 and 0.9 r/min, respectively. Fuzzy PSO-
PID control reduces the fluctuation range by 50% compared with
fuzzy PID control.

As can be seen in Figure 12, the output power of a wind
turbine is positively correlated with the wind wheel speed, so its
power conversion trend is consistent with the wind wheel speed.
The output power is more stable under fuzzy PSO-PID control,
while under the traditional PID control, the output power
fluctuates up to 0.14 MW. Therefore, fuzzy PSO-PID control
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FIGURE 13 | Turbulent wind speed curve.
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disturbances.

has better robustness than fuzzy PID control and traditional PID
control.

In the turbulent wind case, the turbulent wind speed is shown
in Figure 13, where there is a dramatic change in wind speed
around 65 s. The comparison curves of pitch angle, wind wheel
speed, and output power are shown in Figures 14-16.

It could be seen from Figure 14 that the maximum pitch angle
is 7.4" and the minimum pitch angle is 5.9° under fuzzy PSO-PID
control between 60 and 70 s where the wind speed changes a lot.
The adjustment range of the pitch angle is 2.1° under the fuzzy
PID control, and the pitch angle fluctuates sharply and under the
traditional PID control. The fuzzy PSO-PID control can reduce
the pitch angle adjustment range by about 28.6%.
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FIGURE 18 | Comparison curves of wind wheel speed under different
disturbances.
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FIGURE 19 | Comparison curves of wind turbine output power under
different disturbances.

As can be seen in Figure 15, the wind wheel speed fluctuation
under traditional PID control is large, the maximum speed reaches
12.8 r/min, and the minimum speed is only 11.2 r/min. The wind
wheel speed is not stable enough under fuzzy control compared
with fuzzy PSO-PID control. Under the fuzzy PSO-PID control,
the wind wheel speed is basically maintained at 12.1 r/min.

As can be seen in Figure 16, the output power fluctuation is
minimal under fuzzy PSO-PID control compared with PID
control and fuzzy PID control. And fuzzy PID control is less
robust than fuzzy PSO-PID control.
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Anti-Interference Analysis
To verify the anti-interference ability of fuzzy PSO-PID control

strategy, five different combinations of disturbances,
Dy + D, + D3, Dy + D,, Dy + D3, D, and D3, were applied to
the wind turbine under turbulent wind conditions. The
comparison curves of pitch angle, wind wheel speed, and
output power are shown in Figures 17-19.

It could be seen from Figure 17, since all five cases are using
the same control strategies, that the change trend of the pitch
angle is basically the same. When three disturbances, two
disturbances, and one disturbance are applied to the wind
turbine, respectively, the values of the pitch angle are around
7%, 5%, and 3°. The more disturbances applied, the greater the pitch
angle of the wind turbine to adjust.

It could be seen from Figure 18 that the fluctuation range of
wind wheel speed is the largest when disturbance combination
D; + D, + Dj is applied to the wind turbine. When only one kind
of disturbance is applied to the wind turbine, the fluctuation
range of wind wheel speed is minimal, only 0.1 r/min.

It could be seen from Figure 19 that the output power of the
wind turbine under the five combined disturbances is relatively
stable. When disturbance combination D; + D, + D5 is applied
to the wind turbine, the output power fluctuates the most, but it is
only 0.5% of the rated power. When only one disturbance is
applied to the wind turbine, the power fluctuation range is only
0.025% of the rated power.

Through the control strategy validation and anti-interference
simulation, it can be found that using fuzzy PSO-PID control can
make the wind wheel speed fluctuation smaller when the pitch
angle adjustment range is small, and the wind turbine’s power
remains stable at the rated power. And fuzzy PSO-PID control
strategy has a better suppression effect on different combinations
of disturbances.

CONCLUSION

In this paper, a fuzzy adaptive PSO-PID is implemented in
pitch control for suppressing multi-factor disturbances to
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