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Abstract: Because of the randomness of wind speed and the nonlinearity of the dynamic equation
of variable pitch control, it is difficult to establish an accurate dynamic equation of variable pitch of
floating fan. In view of this situation, this paper takes the 5 MW floating wind turbine of the NREL
(National Renewable Energy Laboratory) as the research object, establishes the dynamic equation
under the basic control of FAST, uses the L-M (nonlinear least square method) to identify the dynamic
parameters of the system and obtains the dynamic model of the floating fan under variable pitch
stability control. Compared with the output of FAST in the same case, the accuracy of the control
model is verified; the FAST base pitch control adopts PI control, but the effect of FAST base control is
relatively poor. This paper proposes a disturbance-adaptive pitch control method based on fractional
PID feedback; the results show that compared with the FAST base pitch control, the control method
is more suitable for variable pitch control of a floating wind turbine. The generating power is more
stable, the overshoot of generating power is smaller and the fluctuation of wind speed is smaller.
Except for surge and heave, the fluctuation of the other four degrees of the freedom of the floating
wind turbine platform is reduced, making it more suitable for the variable pitch control of the floating
wind turbine.

Keywords: floating wind turbine; variable pitch control; fractional order PID; stability control

1. Introduction

The value of wind energy is inexhaustible; as a clean energy, people are paying more
and more attention to it. Offshore wind power resources are abundant, but the utilization
rate of offshore wind turbines is relatively low at present, mainly because offshore wind
turbines are affected by a complex environment. When the wind speed reaches a level
high enough for sustainable utilization of wind energy, the greater the load; a change in
wind speed will have a great impact on the performance of the fan. The research method
of variable pitch control of wind turbines is relatively mature [1–3]. Wind turbine pitch
control is generally divided into linear control and nonlinear control. Linear control is
used to obtain a linear model [4]. Nonlinear control refers to a nonlinear model [5–8]. For
variable pitch control of the wind turbine, experts at home and abroad have carried out the
following research: Yin et al. [9] proposed a new type of electro-hydraulic servo variable
pitch system. Aghainezhad et al. [10] proposed an adaptive fractional order nonsingular
fast terminal sliding mode controller based on a single pitch control strategy based on a
simplified mathematical model of a wind turbine. However, the optimal parameters of
sliding mode control are often difficult to find. For the nonlinear system of wind turbine,
Civelek et al. [11] adopted a fuzzy pitch controller based on an improved genetic algorithm
to ensure the safe operation and stable output power of wind turbines. In [12,13], a fuzzy
control of a wind turbine is presented. Although the control objectives are different, under
the framework of fuzzy control and PI control, better target tracking can be achieved.
However, the optimization of fractional order parameters depends on empirical methods.
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Landaluze et al. [14] proposed a multivariable and multi-objective control strategy for the
variable pitch control of a floating wind turbine based on the reduced order design of an H∞
controller. Namik et al. [15,16] proposed a linear parameter time-varying control (LPVC)
method and applied it to the variable pitch control of offshore floating wind turbines. The
output power and motion performance with or without LPVC control werere analyzed,
but the control underwent no obvious change. Ahmed Lasheen et al. [17] introduced the
fuzzy prediction algorithm into the variable pitch control of wind turbines, adjusted the
pitch angle online and obtained stable power output; however, the effect is not obvious.
The predictive control algorithm must consider the constraints; when it is used in this
nonlinear system, there is a problem in that the system’s stability cannot be judged. With
reference to [18], an independent pitch control scheme based on an RBF neural network
is proposed. This scheme uses the off-line self-learning characteristics of an RBF neural
network to obtain the pitch angle for pitch control. Its obvious disadvantage is that the
weight and center of neural network cannot be adjusted online, resulting in poor dynamic
performance of the system. In order to maintain the stability of the floating structure under
the combined action of wind and wave, Lackner [19] proposed a method to control the
total blade pitch, and proposed an independent variable pitch controller (IPC) to reduce
platform and blade loads. Jiao et al. [20] proposed a pitch angle controller based on effective
wind speed estimation and uncertain disturbance estimation. The results show that this
method has better control performance than the traditional adaptive proportional integral
pitch angle control. Karad [21] proposed a fractional order PID controller for pitch angle
control of wind turbines. However, there is often no good optimization method for the
control parameters.

In order to solve the above problems, a nonlinear model of variable pitch control is
established in this paper. Based on the established model, an adaptive controller with
fractional-order PID state feedback is designed, and its parameters are optimized by genetic
algorithm. Compared with the FAST base control, the results show that the control method
is more suitable for variable pitch control of floating wind turbines; the generating power
is more stable, the overshoot of generating power is smaller and the fluctuation of wind
speed is smaller. Except for surge and heave, the fluctuation of the other four degrees of
the freedom of the floating wind turbine platform is reduced.

2. Main Parameters of Floating Wind Turbine

This paper takes the national laboratory OC4 semi-submersible wind turbine as the
research object. The main parameters of OC4 semi-submersible wind turbine are shown in
Table 1. The parameters of floating wind turbine are shown in Table 1, and the platform
parameters of floating wind turbine are shown in Table 2.

Table 1. Parameters of floating wind turbine.

Parameter Name Numerical Value

Number of blades/(m·s−1) 3
Cut-in velocity/(m·s−1) 3
Rated wind speed/(m·s) 11.4

Cut-out wind speed/(m·s−1) 25
Rated power/MW 5
Height of hub/m 126

Diameter of wind turbine/m 90
Tower height/m 77.6

Running water depth/m 200
Tower and top mass/kg 599,718
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Table 2. Platform parameters of floating wind turbine.

Parameter Name Numerical Value

Diameter of main floating column/m 6.5
Diameter of side floating column/m 12
Diameter of base floating column/m 24

Platform quality/kg 13,473,000
Platform pitch moment of inertia/(kg·m2) 6.837 × 109

Platform pitch moment of inertia/(kg·m2) 6.837 × 109

Platform pitch moment of inertia/(kg·m2) 1.226 × 1010

3. Floating Wind Turbine Model
3.1. Establishment of Floating Wind Turbine Model

Aiming at the floating wind turbine, the dynamic state equation of the pitch angle
is established. 

·
∆ω = A∆ω + B∆β + Bd∆vc

·
β = ∆βr−∆β

τ
∆p = K1∆ω + K2∆β

(1)

In the formula, where ∆w is the change of the speed of the generator, ∆β is the change
of the pitch angle, ∆vc is the disturbance of the wind speed, ∆p is the change of generating
power, βr is the reference value of pitch angle and τ is the time constant, respectively.
The design method of PID pitch controller provided by FAST can be described thus: the
difference signal between the actual speed and the expected value of the generator is used
as the input to control the change of the pitch angle of the floating wind turbine, in order
to achieve stable power output. The traditional PID controller has a feedback control
structure. After the system error is transferred through the operation of proportion, integral
and derivative, the error is applied to the system input again and the system output is
controlled as required. The PID variable pitch controller for floating wind turbines can be
described as follows:

β(t) = KPe(t) + KI

t∫
0

e(τ)dτ + KD
·
e(t) (2)

where e(t) is the error signal, and KP, KI and KD are proportional, integral and differential
coefficients, respectively. Through Laplace transform, we can obtain the following:

∆β(s) = KP∆ω(s) + Ki
∆ω(s)

s
+ Kds∆ω(s) (3)

The inverse Laplace transformation of Equation (1) can be obtained:

∆ω(s)s = A∆ω(s) + B∆β(s) + Bd∆v(s) (4)

The simplification of (3) and (4) can be obtained:

∆ω(s)(1− BKd)s2 + (−A− BKp)s + (−BKi) = sBd∆v(s) (5)

In the formula, the values of KP, KI and KD are known in the formula, and the L-M
method is adopted to identify the values of A, B and Bd. For the variation in generating
power, the values of K1 and K2 can also be obtained using the L-M method, and the dynamic
state equation of the system may be obtained.

3.2. Verification of Floating Wind Turbine Model

In order to verify the accuracy of the model established above, a wind speed of
18 m. s−1 is selected. Under the condition that the established system model is the same
as the input of FAST, the output comparison is shown in Figures 1 and 2, indicating that
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the established model is basically correct. It can be seen from the identified model that the
generation power is related to the variation of rotational speed and pitch angle; the smaller
the fluctuation of the wind wheel speed and pitch angle, the smaller and more stable the
generating power fluctuation, Therefore, in the process of variable pitch control, as long
as the fluctuation of pitch angle and speed becomes smaller, the generating power can be
guaranteed to be stable.
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Figure 1. Comparison of generator speed between the base output of FAST and the output of the
simplified model.
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Figure 2. Comparison of henerator power between the base output of FAST and the output of the
simplified model.

3.3. Design of Disturbance Adaptive Control Based on Genetic Algorithm Fractional PID
State Feedback

When the floating wind turbine is generating electricity, the adaptive interference
control is used to eliminate the influence of the wind speed fluctuation, the pole assignment
method is generally used for the feedback matrix, and the block diagram of the system
state and disturbance adaptive control is shown in Figure 3. Although the pole assignment
method can make the system stable, the control effect is not obvious. A disturbance
adaptive pitch control, based on fractional order PID state feedback based on a genetic
group algorithm is proposed.
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The mathematical model of the state observer can be expressed as:
·
∧
x(t) = A

∧
x(t) + Bu(t) + k(y(t)−∧y(t))
∧
y(t) = C

∧
x(t)

(6)

The interference model can be expressed as:{ ·
zd(t) = Fzd(t)
ud(t) = θzd(t)

(7)

In Equation (7), F and θ are known given matrices and their values are determined by
the realization form of interference, where ud is the disturbance and zd is the component of
the disturbance. 

·
∧
x(t) = A

∧
x(t) + Bu(t)+Bd

∧
ud(t) + kx(y(t)−

∧
y(t))

∧
y(t) = C

∧
x(t)

(8)

{
·

zd(t) = Fzd(t) + kd(y(t)−
∧
y(t))

ud(t) = θzd(t)
(9)

After the interference model is introduced, the system state observer and the interfer-
ence state observer can be expressed as:

·
e(t) = (A− KC)e(t) (10)

The error between the estimated value and the actual value of the system can be
expressed as:

Among them A =

[
A θBd
0 F

]
, C =

[
C 0

]
, K =

[
Kx
Kd

]
.

If the values of KP, KI and KD are properly selected, the system error can be changed
to 0. Only by observing the value of A and C vector can the position of poles configured by
the state observer (A− KC) be in the complex plane, so that the response curve can quickly
reach a stable state.
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Considering the interference of the system, the system feedback rule can be obtained
as follows:

u(t) = Gx(t) + Gdzd(t) (11)

According to the feedback rule, we can obtain:

·
x(t) = (A + BG)x(t) + (BGd + θBd)zd(t) (12)

The disturbance feedback matrix Gd of the system can be calculated from the equation,
and as long as (BGd + θBd) is small enough, anti-jamming control can be accomplished.
For a linear time-invariant system: { ·

x = Ax + Bu
y = Cx

(13)

The feedback control quantity combined with feedback control and PID control can
be expressed:

Gx(t) = x(t)(KP + KI dsλ +
KD
sµ ) (14)

Combined with the pitch control of the floating fan:

Gx(t) = KD
·

∆Ω + (KIsλ +
KD
sµ )∆Ω (15)

For KP, KI , KD, λ and µ, a genetic algorithm is used to optimize the parameters.

3.4. PID Parameter Optimization Based on Genetic Algorithm

The genetic algorithm’s purpose is to introduce the biological evolutionary principle
of “survival of the fittest” into the population formed by parameters so that the selected
fitness value can be continuously copied, crossed and mutated in the genetics, in order
to screen individuals, retain the high fitness value and form a new population. The new
generation of the population inherits the information of the previous generation and is also
better than the previous generation. The individual fitness value keeps getting higher and
higher with each iteration until the requirements are met. The genetic algorithm is simple
and can obtain the optimal solution.

The steps of genetic algorithm optimization are as follows.

1. Initialize the parameter population and set the population size, number of vari-
ables, genetic algebra, maximum number of iterations, crossover probability and
mutation probability.

2. Set the parameter range of KP, KI , KD, λ, µ to (0.01, 0.2), (0.01, 0.2), (0.01, 1), (0, 1), (0, 1).
3. Use a binary encoding method for convenient genetic operation and obtaining the

optimal solution after decoding.
4. Determine the individual evaluation method, namely the individual fitness function.
5. When the parameters are optimized and the fitness of individuals of the population

is not equal to the average fitness, use the fitness allocation function to allocate the
fitness. Use the selection operator, cross probability operator and mutation probability
operator to operate the population and generate the next-generation population.

6. When the parameters converge or reach the target value, the optimal parameters of
the system are obtained. The flow chart of the genetic algorithm optimization of PID
parameters is shown in Figure 4.
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3.5. Determination of Fitness Function

In order to meet the performance requirements of the floating fan pitch control, the
absolute error time integration performance index is used as the minimum objective
function for parameter selection. The square term of the control input is added to the
objective function to prevent excessive control. The following formula is selected as the
optimal index for parameter selection:

J =
∞∫

0

(w1|e(t)|+ w2u2(t) + w4ts)dt (16)

The penalty function is used to avoid an overshoot of the system. When e(t) < 0, in
this case, the optimal index is modified to:

J =
∞∫

0

(w1|e(t)|+ w2u2(t) + w3|e(t)|+ w4ts)dt (17)

where e(t) is the error of generator speed, u(t) is the change of pitch angle output by the
controller, ts is the rise time, and w1, w2, w3, and w4 are weighted values. Additionally,
w1 ≤ w3. The difference between w1 and w3 is too large, which can reduce the overshoot
of the system. The values of, w1, w2, w3, w4 are, 0.999, 0.001, 100, and 0.1, respectively.
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The optimization parameter is to obtain the minimum value of the objective function. The
reciprocal of the objective function J is selected as the fitness function. The fitness function
is shown in the following formula:

F = 1/J (18)

4. Simulation Experiment

The wind spectrum uses the KAIMAL spectrum and the wave spectrum uses the PM
spectrum. The wind speed and wave height are shown in Figures 5 and 6. The wind speed
is selected as 18 m.s−1, the wave elevation is 5 m, and under the same input condition, the
contrast experiments are carried out under FAST basic variable pitch control and fractional
order PID state feedback disturbance adaptive variable pitch control, respectively.
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Figure 6. PM spectral wave height.

4.1. Study on Control Effect of Floating Wind Turbine

We mainly analyzed the results of wind turbine speed and power generation.
Figures 7 and 8 compare the rotational speed and generating power of the floating wind
turbine under the two control modes, respectively. Compared with the FAST base control,
the disturbance adaptive control with fractional PID state feedback significantly reduces
the fluctuation of the rotational speed of the floating wind turbine, although the generating
power of the two control methods can be stabilized at about 5 MW. Compared with the
FAST base control, under the disturbance adaptive control with fractional PID state feed-
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back, the generating power is more stable and the generating power overshoot is smaller.
A detailed comparison of the rotational speed and generating power of the wind turbine is
shown in Table 3. Because the generating power and rotational speed of the floating wind
turbine are basically stable after 100 s, data from 100 s to 600 s are selected for analysis.
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Table 3. Control effect parameters under different controllers.

Parameter Fast Base Control Adaptive Disturbance Control Based on
Fractional Order PID State Feedback

Rotational speed/(r·min−1)
Maximum 13.41 13.01
Minimum 10.69 11.55

Standard deviation 0.504 0.286

Generating Power/(kw)
Maximum 5384 5168
Minimum 4593 4868

Standard deviation 152.38 60.42

As can be seen from Table 3, under the disturbance adaptive control with fractional
PID state feedback and the FAST basic control, the standard deviation of the rotational
speed is 0.286 and 0.504, respectively. Compared with the FAST base control, under the
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disturbance adaptive control with fractional PID state feedback, the standard deviation
of the rotational speed is reduced by 43.25%. Under the disturbance adaptive control
with fractional PID state feedback and the FAST base control, the standard deviation of
the generating power is 60.42 and 152.38, respectively. Compared with the FAST base
control, under the disturbance adaptive control with fractional PID state feedback, the
standard deviation of the generating power is reduced by 60.35%. This can be summarized
as follows: under the disturbance adaptive control with fractional PID state feedback, the
fluctuation of rotational speed and generating power is smaller, the generating power is
more stable and the control effect is better.

4.2. Stability Analysis of Floating Wind Turbine

Under the combined action of wind and wave loads, the floating wind turbine will
produce a six-degree-of-freedom motion, including translation and rotation. Translation
includes pitch, sway and heave; rotation includes pitch, roll and yaw.

The load acting on the system will change in the process of varying the pitch of the
floating wind turbine, which will affect the stability of floating wind turbine. Therefore, it is
of great significance to consider the stability of floating wind turbine platform in the design
and development of the method for varying the pitch control of the floating wind turbine.
Figures 9 and 10 are the comparison of the surge displacement and pitch angle under
the two control algorithms. Specific data analysis is shown in Table 4. Under the FAST
base control, the standard deviation of the surge displacement and pitch angle are 0.835
and 0.603, respectively. Under the disturbance adaptive control with fractional PID state
feedback, the standard deviations of the surge displacement and pitch angle are 0.859 and
0.552, respectively. Compared with the FAST base control, under the disturbance adaptive
control with fractional PID state feedback, the surge distance standard deviation is increased
by 2.87% and the pitch angle standard deviation is reduced by 8.46%. Figures 11 and 12 are
the comparison of the sway displacement and roll angle under the two control algorithms;
the specific data analysis is shown in Table 5. Under the FAST base control, the standard
deviation of the sway displacement and roll angle is 0.138 and 0.267, respectively. Under
the disturbance adaptive control with fractional PID state feedback, the standard deviation
of the sway displacement and roll angle are 0.137 and 0.253, respectively. Compared with
the FAST base control, under the disturbance adaptive control with fractional PID state
feedback, the standard deviation of the sway displacement decreases by 0.721.44% and the
standard deviation of roll angle decreases by 5.24%. Figures 13 and 14 show the comparison
of the heave displacement and yaw angle of the two control methods, and the specific data
analysis is shown in Table 6. Under the FAST base control, the standard deviations of the
heave displacement and yaw angle are 0.410 and 0.211, respectively. Under the disturbance
adaptive control with fractional PID state feedback, the standard deviations of the heave
displacement and yaw angle are 0.426 and 0.20, respectively. Compared with the FAST
base control, under the disturbance adaptive control with fractional PID state feedback, the
standard deviation of heave control is increased by 3.76% and the standard deviation of roll
control is reduced by 5.21%. The results show that under the disturbance adaptive control
with fractional PID state feedback, the fluctuation of the floating wind turbine platform in
the four degrees of freedom of pitch, roll, sway and yaw decrease, while the fluctuation of
surge and heave increase. The control algorithm also plays a certain role in maintaining the
stability of the floating wind turbine platform.
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Figure 9. Comparison of surge displacement under two different control algorithms.
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Figure 10. Comparison of pitch displacement under two different control algorithms.

Table 4. Comparison of heave displacement and heave angle under two control algorithms.

Parameter Fast Base Control Adaptive Disturbance Control Based on
Fractional Order PID State Feedback

Surge/(m)
Maximum 8.053 8.155
Minimum 4.234 4.181

Standard deviation 0.835 0.859

Pitch/(◦)
Maximum 4.855 5.107
Minimum 1.591 1.802

Standard deviation 0.603 0.552
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Figure 11. Comparison of heave displacement under two different control algorithms.
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Figure 12. Comparison of sway angles under two different control algorithms.

Table 5. Comparison of sway displacement and roll angle under two control algorithms.

Parameter Fast Base Control Adaptive Disturbance Control Based on
Fractional Order PID State Feedback

Sway/(m)
Maximum −0.034 −0.058
Minimum −0.64 −0.621

Standard deviation 0.138 0.137

Roll/(◦)
Maximum 0.709 0.664
Minimum −0.502 −0.450

Standard deviation 0.267 0.253
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Figure 13. Comparison of roll angles under two different control algorithms.
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Table 6. Comparison of heave displacement and yaw angle between two control algorithms.

Parameter Fast Base Control Adaptive Disturbance Control Based on
Fractional Order PID State Feedback

Heave/(m)
Maximum 1.343 1.3
Minimum −1.149 −1.109

Standard deviation 0.410 0.426

Yaw/(◦)
Maximum 0.561 0.547
Minimum −0.352 −0.293

Standard deviation 0.211 0.200

5. Conclusions

Taking the 5 MW floating OC4 wind turbine of NREL as the research object, this
paper designs a variable pitch control under disturbance adaptive control, based on the
fractional order PID state feedback optimized by a genetic algorithm. Having carried out
the corresponding simulation experiment, we can draw the following conclusions:



Energies 2023, 16, 821 14 of 15

(1) Compared with the FAST base control, the speed fluctuation of the wind wheel of
the floating wind turbine on the sea is lesser; it can be quickly adjusted to changes in
wind speed.

(2) Compared with the FAST base control, the power fluctuation of floating wind turbine
is smaller, and the overshoot is smaller and more stable.

(3) Compared with the FAST base control, the surge and heave fluctuation increase,
while the fluctuation of the other four degrees of freedom decreases. The control
algorithm also plays a certain role in maintaining the stability of the floating wind
turbine platform.
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