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Abstract. In wind power generation, the wind energy loss caused by yaw and other factors is as
high as 50%, which directly leads to the difficulty of greatly improving The efficiency of wind
power generating in producing electricity. The development of yaw control system restricts the
progress of wind energy utilization, The purpose of this study is to investigate the application
and influence of automatic steering of offshore wind turbines in practice. This paper proposes
that the automatic yaw system of offshore wind turbine can improve the efficiency of wind power
generation. The outcomes of the experiment demonstrate that the wind resources can be fully
utilized and the power generation efficiency of the offshore fan can be improved by enabling the
offshore fan to automatically turn according to the wind direction. The research has a certain
value for the development of new energy power generation technology. In this paper, the method
of Simulink simulation experiment is used to demonstrate that the yaw system can improve the
wind energy utilization coefficient of offshore fan.
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1. Introduction

The topic of reaching the carbon peak has gained increasing attention from the scholarly community as
well as the general public in recent years, and it has had a major impact on The Times' evolution. The
use of new energy generation has gradually become the mainstream of the world. The utilization rate of
wind power generation is increasing, and by the end of 2023, the total global wind power generation has
reached 1,021GW, of which offshore wind power is 75GW and continues to rise. Analysis of wind
resources, wind farm layout, wind turbine design, control technology, and wind farm siting are all
included in wind energy technology. The wind turbine control system has grown in importance as a
means of ensuring the wind energy conversion system's stability and effectiveness, and control
technology is essential to the wind turbine's overall stable and effective functioning [1].

2. Analysis

2.1. Basic principle of offshore fan

Typically, an offshore wind farm has a specific quantity of wind turbines and transmission equipment..
Wind turbines convert wind energy into electricity, and transmission systems deliver electricity to
substations. Wind turbine is a power generation device of wind farm. A single wind turbine includes
blades, fans, tower and foundation parts. The working principle of the fan is the principle of
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aerodynamics [2]. The lift force generated by the pressure difference between the front and back sides
of the blades is used to rotate the fan and pass through the gearbox to drive the wind turbine rotor,
transforming wind energy into the rotor's kinetic energy in the generator, and finally transforming the
rotor's kinetic energy into electrical energy output.

2.2. Wind energy theory
According to the expression of wind energy:

1
E= 5pAv3 (1)

Where, V is the wind speed, p is the air density, and A is the swept area of the wind wheel.

It can be seen that the size of the wind energy and the airflow density is proportional to the cube of
the swept area through the wind wheel and the airflow velocity. p and v are correlated with altitude,
geomorphic conditions, geographical location and other factors.

2.3. Wind wheel theory

According to the Bates limit [3], the energy that the wind turbine absorbs from the surrounding air has
a limit, and the power consumption part is the kinetic energy of rotation retained in the wake portion.
The power reduction is mainly caused by energy conversion, and the specific value depends on the
model of the wind turbine and generator used, so the wind energy utilization coefficient of the wind
turbine in practical applications is Cp<0.593

2.4. Characteristic coefficient of the fan
Wind energy utilization coefficient Cy: the degree of energy that The wind energy efficiency coefticient
expresses how much power a wind turbine can produce from the natural wind.

Blade tip speed ratio A: In order to represent the state of the wind wheel under varying wind velocities,
the ratio of the PI speed of the blade tip to the wind speed is measured, which is called the blade tip
speed ratio.

Torque coefficient Cr and thrust coefficient Cr: In order to easily compare the torque and thrust
generated by the wind turbine under the action of the air flow, the variable A is generally made into a
curve of torque and thrust.

2.5. Leaf element momentum theory

Leaf element momentum theory is composed of two parts, specifically, momentum theory and leaf
element theory. The leaf element is divided into many micro segments along the wind turbine blade. It
is assumed that the mutual flow on each blade element is independent, that is, the blade element can be
regarded as a two-dimensional airfoil. In this case, the aerodynamic characteristics acting on each blade
element can be integrated along the radial direction to obtain the aerodynamic characteristics of the
entire wind turbine [4].

3. Control theory and model

3.1. Fan yaw control principle

Making sure the wind wheel is correctly aligned with the direction of the wind is the function of yaw in
the wind system, the most basic component is the yaw bearing connecting the main frame and the tower
barrel, the active yaw drive is usually used in the upwind wind turbine, sometimes also used in the
downwind wind generator, it is equipped with a number of yaw motors, each of which is used to drive
a tiny gear that is meshing with a large gear, which is attached to the yaw bearing. An active yaw system,
which is frequently employed in downwind wind turbines, controls this process with a wind direction
monitor installed on the wind turbine nacelle [5].
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3.1.1. Adaptive control

Because the speed of the wind, wind turbine acceleration, and paddle angle have a nonlinear relationship,
the dynamic performance of wind turbine depends on wind speed to a large extent. The controller is
designed with the lowest sensitivity to these parameter changes so that it can adapt to system parameter
changes. Systems with fluctuating characteristics, particularly those with rapid or broad fluctuations,
can also benefit from these adaptive control approaches. The Adaptive management scheme ongoing
measures the values of the system parameters and then changes the dynamic characteristics of the control
system to ensure that the desired performance standards are always met.

3.1.2. Optimal control

Changes in the input signal balance variations in the system output in an optimal control system, which
operates in the temporal domain. Optimal control is originally a multi-variable method, which makes it
suitable for the control design of variable speed wind turbines. The control problem has been defined
by optimal control theory. according to the performance metric, which is usually a result of the mistake
between the control command and the actual response of the system, and then uses mature mathematical
methods to determine the values of the design parameters, so that the value of the performance index is
maximum or minimum. The optimal control algorithm usually needs to detect the state variables of the
system or the state observer based on the machine model.

3.2. Power control of wind turbine

3.2.1. Generator model
The wind power producing the system's power management component generally includes: wind speed
model, pneumatic model, generator part, gearbox part and frequency converter part.

The wind turbine studied in this paper is an asynchronous generator, whose output power varies
according to the slip rate, and the slip rate is controlled by adjusting the frequency converter, so as to
achieve variable speed constant frequency [6].

Coordinate transformation: Both the stator and three windings can be compared to the rotor of a
three-phase asynchronous motor, and After coordinate transformation, the two-phase stationary
coordinate system and the three-phase stationary coordinate system can be equivalent., and then the two-
phase stationary coordinate system is equivalent to the rotating two-phase coordinate system with
rotation speed ®; =0 [7].

Mathematical model of asynchronous generator:
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Where: uy, ugq are the stator voltage at coordinate dg, isq and igq are the stator current, ; isthe
rotation speed at coordinate d,, ® is the asynchronous motor speed, Ty is the load torque, Ry is the
stator winding resistance, ¥4 and ¥, are the rotor flux, L, is the mutual inductance between the

stator and the rotor equivalent winding, L, is the self-inductance of the stator equivalent two-phase
winding. L, is the self-inductance of the equivalent two-phase winding of the rotor, n, is the pole
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number, T, is the electromagnetic time constant of the rotor, T, = L,/R, is the equation of state, and
J; is the moment of inertia of the asynchronous motor unit.

3.2.2. Gearbox system
The simplified model of the gearbox system is shown in the figure. The wind turbine shaft and generator
shaft are respectively installed on the left and right sides of the gear, and the tooth ratio is the speed ratio
of the left and right sides of the gear [8]. The simulation model is simplified, ignoring the energy
consumption in the transmission process of the actual operation of the gearbox.
Gearbox drive system dynamic model:
_t =Ty — NgearTG (3)

(Jrot + NéearJG) d

Where w,; isthe speed of the wind wheel, J; is the moment of inertia of the generator, J,; is the
moment of inertia of the wind wheel, and Tg is the load torque.

dwrot

3.2.3. Motor side inverter control model
Since the collector ring connects the motor side frequency converter with the winding asynchronous
motor, the model of the motor side frequency converter in the dq coordinate system is:

( . dird Lm .
| Uy = lrdRr + GLrT — g (—EUG + (DSGlerd>
{ t dlr 1ts (4)
k Uy = igR; + GLrTq + 0w Lyiggig
t

Where, Ug 1is the power grid voltage.

If the load remains constant, the rotor current does not change. When the additional electromotive
force is added to the circuit, the synthetic electromotive force of the rotor loop is reduced, so the rotor
current and electromagnetic torque are correspondingly reduced, the load torque remains unchanged,
and the motor speed is reduced.

The ideal electromagnetic power is:

Pem = SPern + (1 = 8)Pepy )

Where, P,,, is electromagnetic power; sP,,, is the slip power.

3.3. Side wind and yaw error

Side wind Vj is perpendicular to the wheel shaft and perpendicular to the surface. It occurs because of
yaw errors or sudden changes in wind direction. For the forward blade, it increases the tangential
velocity. The speed of the tangential of the receding blade decreases. Note that tangential velocity is
mostly affected by the cosine period disturbance that is responsible for yaw inaccuracy [9].

3.4. Yaw motion

In addition to causing the turning moment, yaw motion also affects the blade speed. If the position of
the blade is vertical and there is a yaw rate, The blade will support the speed. qdyq, due to yaw rotation
(dyqw is the distance from the tower shaft to the center of the wind turbine). The speed will rise by
rqgsin(f) if the flapping angle causes the blade to tilt away from the axis of revolution. This impact is
absent when the blade is in the horizontal position and is strongest when the blade is upright, up, or
down.

3.5. Yaw stability

Any pure sinusoidal response results in a net torque around the yaw axis. The sinusoidal periodic
response is affected by rotational motion, yaw error, wind shear and gravity. First of all, it should be
pointed out that both vertical wind shear and gravity on the curved blade tend to cause the wind wheel
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to deviate from the wind in the same direction [10]. That means the wind wheel will be subjected to the
side wind from the negative direction. The sideways wind caused by the yaw error attempts to turn the
wind wheel back in the other direction.

3.6. Output power prediction

The output power of wind turbines varies with the wind speed, and each wind turbine has its own unique
power curve. This curve can be used to predict power generation without taking into account the specific
technicalities of other parts. The power output at the hub height as a function of wind speed is displayed
on the power curve.
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wind speed, m/s

Figure 1. Classical curvature curve of wind turbine

3.7. Turbine power control: stall, variable pitch or pneumatic surface

At high wind speeds, stall control takes advantage of acrodynamic lift reduction at high angles of attack
to reduce torque. For the stall to work, the rotor speed must be independently controlled. The stall-
controlled wind turbine blades are fastened to the hub to form a simple connection. However, stall
control is characterized by a relatively large wind speed to achieve maximum power. Stall-controlled
wind turbines always use a separate braking system to ensure that the fan can be shut down when various
conditions occur.

The blade of a variable blade wind turbine can rotate around its long axis and change its paddle Angle.
Changing the paddle Angle also changes the Angle of attack relative to the wind and the torque generated.
However, the wheels become more complex and need to be equipped with variable pitch bearings. In
addition, a variable pitch execution system must be used.

Yaw control makes the wind wheel deviate from the wind direction to reduce the power, and the
wheel hub must be able to withstand the rotating load caused by the yaw movement, but its structure is
relatively simple.

4. Simulation analysis

In order to verify the control strategy proposed in this paper, a simulation model is built in
Matlab/Simulink, and the rated power of the wind turbine is 1.8MW. Figure 1 shows the real wind speed
during a certain period of time.
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Figure 2. Real wind speed during a certain period of time
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Figure 3.(a) shows the speed waveform of the fan under different wind speeds. In the figure,
waveform A is the speed waveform under maximum power tracking control method, and waveform B
is the speed waveform under wide speed operation control. Figure 3. (b) is the steering Angle waveform,
and the waveform in the figure is the steering Angle waveform under the tracking control approach with
greatest power; Figure 3.(c) is the output power waveform of the wind turbine, waveform A is the power
waveform under the maximum power tracking control method, waveform B is the power waveform
under the wide speed operation control. Figure 4. shows the working state of the fan at different wind
speeds.
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Figure 4. Fan working state

It can be seen from Figure 3.and Figure 4. that, compared with no steering Angle control, under the
steering Angle control of maximum power point tracking, the steering Angle adjustment is gentle and
the generating power is higher, which is due to the coordinated control of steering Angle and generator
speed under this method. Between the cut wind speed and cut wind speed, the control of the maximum
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power point tracking steering Angle ensures that the fan is automatically aligned to the wind direction,
minimizes wind turbine deterioration and keeps efficiency at its highest level across a broad range of
wind speeds to maximize wind energy harvesting.

5. Conclusion

An adaptive control strategy of steering angle-speed coordination based on optimal control is proposed
for offshore wind turbines. This strategy does not rely on the mathematical model of the offshore fan,
and effectively avoids the bad influence of modeling errors and unmodeled dynamics on the control. By
improving the adaptive control method of optimal control, the multi-input and multi-output controller is
designed to smooth the output power, reduce the steering Angle regulation frequency, and relieve the
operating pressure of the steering mechanism. Finally, based on Matlab/Simulink simulation, a 1.8MW
fan is simulated under the actual wind conditions. The effectiveness of improving the adaptive control
method by integrated iterative learning control is verified by comparison. The design of steering Angle
- speed coordinated control strategy controller has better performance of power regulation.

The actual fan operation is more complex and more factors need to be considered. Therefore, there
are still many aspects to be further studied, and the follow-up work can be improved from the following
aspects: In the design of the controller for the control range below the rated wind speed, only the full
power output of the fan is considered, and the lower limit power output of the rated wind speed is not
considered. Further research on the fan power limited control strategy is needed.

In the design of the controller, this paper only pays attention to the fluctuation of power, the change
of speed and steering Angle, and does not consider the load of the mechanical parts of the fan and the
fatigue load of the transmission system tower. In the actual operation of the fan, the influence of all
aspects should be considered comprehensively, and the overall optimal control objective should be
established to achieve the overall optimal control of speed, power, mechanical load, etc.

The output power fluctuations generated during the operation of wind turbines can also be suppressed
by energy storage devices such as wind turbines and batteries, and the energy storage system can also
be applied to the frequency regulation of wind power systems and the compensation of active power,
which will also be an aspect worth studying in the future.
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