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MopaenupoBaHue cucTeMbl ynpaBrieHUs1 pbiICKaHUEM BETPOTYPOUHDI

Su KOiicyn, E.B. Conomun, I"H. PsaBkun

OHeprusi BeTpa — BaXKHBII KOMIIOHEHT BO300HOBIAEMON SHEPreTUKH, MPEJICTaBIAIONMI 000l METOI MPOU3BOACTBA MEKTPOIHEPTHHU C
HanOoIee TIIATENHHO MPOXYMAHHBIMH, BEICOKOPA3BUTBIMH TEXHOJIOTHSIMH U IIMPOKMMH KOMMEPYSCKHMH nepcrektuBamu. ObecrieueHue
CTabMIIBHOTO ¥ 3(QPEKTUBHOr0 MPeoOpa3oBaHys SJHEPIUH BETPA C MOMOIIBIO BETPSHBIX TypPOUH 3aBUCHT HE TOJBKO OT HaJEKHOCTH CaMOro
000pyZI0BaHUS, HO ¥ OT CHCTEMBI YIPABICHUS TypOMHAMH, 4TO, B CBOIO O4epe/lb, CIIOCOOCTBYET JOITOCPOYHOM Oe30ImacHoil U HaIeKHOH
pabote Berponapka. Takum 00pa3oM, cHcTeMa yIpaBJIeHHs BETPAHBIMU TypOUHAMY — IVIaBHBIH PEAMET NCCIIE0BAHNS HACTOSIIEH PaboThI.
Kirouom k 3¢ pexTuBHOM 1 cTabmIbHOM paboTe Beel crucTeMbl TpeoOpa3oBaHusI SJHEPTUH BETPA SBIISICTCS TEXHOJIOTHS YIIPABIICHHS, BKITIO-
Jaromas B cedsl peryaupoBaHie PHICKAHHs, YIIPABICHUE YIJIOM HAKJIOHA JIOMACTEeH M OTCIIEKUBAHME TOYKM MAaKCHMAaJIbHON MOIIHOCTH.
CucreMa aKTHBHOTO PBICKAHHS — OJMH M3 IIIaBHBIX KOMIIOHEHTOB CHCTEMBI YIIPABICHHSI BETPOTEHEPATOPOM C TOPH30HTAIBHON OCBHIO.
C nenpio yCTpaHeHUsI HEONPE/IeCHHOCTH BIIMSIHUSI HAIPAaBJICHNsI BETPa Ha MOIHOCTh TYpOUHBI IPOBEpeHa KOMOMHHUPOBAHHAs CHCTEMa
ynpasiieHHs pbickaHueM. [locpecTBOM aKTUBHOM CHUCTEMBI PBICKAHMS M CHCTEMBI CIIEKEHUS 32 TOYKOM MaKCUMalbHOH MOLIHOCTHU IIO-
JIO)KEHUE TYPOUHBI 1 CKOPOCTD BPALIEHHS POTOpA PEryIUPYIOTCsl TAKUM 00pa3oM, 4TO [O3BOJISIIOT BETPOBOIl TypOHHE TOUHO OTCIICKUBATD
HaIpaBJICHUE BETPa M, B HANOOJBIIEH CTEIICHH, YIaBIMBAaTh YHEPIHIO BETPA.

Knrouesvie cnosa: cucteMsl IpeoOpa3oBaHyst JHEPTUH BETPA M PHICKAHUS, BETPOTeHEPaTop ¢ TOPU3OHTAIBHOMN OCHIO.
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Simulation of the Wind Turbine Yaw Control System
Y. Yusong, E.V. Solomin, G.N. Ryavkin

Owing to its being an important component of renewable energy, wind energy is a kind of power generation method with the most mature, highly
developed technologies and broad commercial prospects. The stable and efficient conversion of wind energy by wind turbines depends not only
on the reliability of the wind power generation equipment itself, but also on the wind turbine control system, which, in turn, contributes to long-
term safe and reliable operation of the wind farm fleet. It is exactly the wind turbine control system that is the main subject of this study. The key
to efficient and stable operation of the entire wind energy conversion system is the control technology, which includes yaw control, pitch angle
control, and maximum power point tracking control. The active yaw control system is one of the important components of a horizontal axis wind
turbine's control system. To eliminate the uncertainty of wind direction influence on the turbine power output, a composite yaw control system has
been checked. By using an active yaw system and maximum power point tracking system, the turbine position and its rotation speed are adjusted
to enable the wind turbine to accurately track the wind direction and capture the wind energy to the fullest extent.
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L. Introduction that is valued for its non-polluting, renewable nature.
The key to the efficient and stable operation of the whole

With global warming and the increasing scarcity of wind energy conversion system (WECS) is the control

non-renewable resources such as international crude oil,
governments, especially developed countries, are paying
increasing attention to the development and utilization
of emerging green and environmentally friendly energy
sources [1]. Wind energy is an exploitable energy source
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technology [2]. When the wind speed is unstable in the
natural environment, the control strategy of the wind
turbine can be divided into three types according to different
types of control components: generator/converter control,
pitch control, and yaw control. Compared with the first two
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control strategies, the purpose of studying yaw control is to
implement the self-correction of wind and wind deviation
in the engine room safely and efficiently [3].

Statistics show that there are two problems with wind
turbines, one is fatigue damage to the root of the blades and
the other is yaw characteristics [4]. The aerodynamic and
dynamical characteristics of the yawing units are the least
understood area at present, and there are problems with
both free yawing units and yawing motor-driven units.
For further research of WECS, it is necessary to build
mathematical models of the yaw system and analyze them
quantitatively [5].

The yaw system is a unique system for wind turbines
[6]. The yaw drive keeps the rotating surface of the wind
turbine perpendicular to the wind direction to ensure that
the blades capture the maximum sweep area. In wind
energy conversion systems, the function of the yaw control
system is to align the wind direction quickly and smoothly
when the direction of the wind velocity vector changes,
so that the wind turbine gets the maximum amount of
wind [7]. Among the existing yaw control systems, there
are mainly passive yaw systems and active yaw systems.
Small and medium-sized wind energy conversion systems
using passive yaw of the rudder or rudder wheel; large
grid-connected wind energy generation systems use wind
sensors and yaw motors to actively yaw [8].

Yaw misalignment (deviation between rotor axis and
wind direction) is one of the reasons that a wind turbine
does not provide maximum output energy [9]. It reduces
the wind velocity component acting perpendicularly to the

Turbine output power (W)

rotor plane and thus, reduces the effective swept area to
the wind direction [10]. The energy loss depends on the
yaw error and wind speed. The average annual energy
loss due to yaw error starts from 2.7% and can reach up
to 11% for the average yaw error of 20°[11]. Therefore,
if the turbine is to fully capture the power of the wind,
it should be correctly oriented to the inflow of the wind.
Fig. 1 shows the effect of the yaw angle on wind turbine
output power [12].

According to Fig. 1, it can be seen that the yaw angle
has a great influence on the output power of the wind
turbine. When the wind speed is constant at 9 m/s and
the yaw angle is 15°, this is a considerable part of the
output power of the turbine has been reduced by about
10.53%; at an angle of 30°, the output power is reduced by
approximately 36.84%, which is extremely unfavorable
for wind power plants, so we need a yaw system to avoid
these losses and improve power generation efficiency,
which requires us to study stability, reliability and
efficient yaw control system.

At present, the mainstream wind turbines in the world
all use horizontal axis wind power generation. The yaw
system is indispensable as its unique mechanism. The
stability of the yaw system operation determines the benefit
of the wind turbine and also determines the wind turbine
service life [13]. To ensure that the yaw system can operate
as stably as possible and improve the power generation
and economic benefits of wind turbines, in recent years,
people have done a lot of research and analysis on active
yaw control algorithms mainly used in large wind turbines.
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Fig. 1. Turbine output power affected by the yaw angle
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The aviation system has completed the wind strategy and
algorithm, and the representative research results are:

Reference [14] proposed a combined maximum power
point tracking (MPPT) and active yaw control strategy for a
wind energy conversion system. For the implementation of
the MPPT control, the rotor speed is required, while for the
implementation of the yaw control, only the measurement
of the wind speed is needed because the wind direction,
and therefore the yaw angle, can be estimated from the
error between the optimum and the real mechanical power
at the shaft, and simulation experiments show that the
controller can effectively reduce the number of yaw actions
when the wind direction does not change much. Reference
[15] proposed a method for the indirect estimation of
the yaw-angle misalignment, the yaw angle is indirectly
determined by the error between the actual rotor speed and
that obtained by the optimal tip-speed ratio of the MPPT
algorithm. the proposed yaw error estimation method is
cost-effective, it can be applied at any power range of wind
turbines. Reference [16] proposed a yaw control strategy
based on rotational speed control based on the wind
measurement data of LIDAR. The experimental results
show that this method can effectively reduce wind error
when the wind speed is lower than the rated wind speed.
Reference [17] used LIDAR to detect the wind speed and
wind direction 150 m directly in front of the impeller and
optimized the pitch control and yaw control scheme based
on this data. However, due to the high cost of LIDAR wind
measurement technology, the application in wind turbine
control is still in the experimental stage.

At present, in practical applications, the control method
of setting the “yaw tolerance angle” is generally adopted
for the yaw control of wind turbines. To avoid frequent
movement of the cabin, when the cabin wind error exceeds
the yaw tolerance only when the angle is set, the unit will
yaw the wind. This method has low control accuracy and
directly affects the wind energy utilization rate of the
unit. Because of this situation, this paper starts with the
operation of the wind turbine, model, and simulate the
control system of the wind turbine yaw system, using the
proposed yaw control strategy.

Based on the typical yaw system and MPPT system,
this paper analyzes the control strategy of the wind energy
conversion system and establishes the corresponding
control model in the Matlab/Simulink, which is applied to
the Siemens 3.6-120. By establishing a simulation model
of the system and conducting simulation experiments, it is
possible to verify the influence of the application of the yaw
system on improving the efficiency of power generation.

II. Wind turbine characteristics

The wind turbine is used to convert wind energy
into mechanical energy. Because the wind speed passing
through the wind turbine cannot be zero, the energy
possessed by the wind cannot be fully utilized. In other

BectHnk MOW. Ne 1. 2021

words, only a part of the energy of the wind may be
absorbed and become the mechanical energy of the blade.
The equation of mechanical power obtained from the wind
turbine is indicated in the following equation [2]:

P:%pA\pr (%.6,7). (1)

Where: p is the air density; v is the wind speed; 4 is the
swept area of the wind turbine; C, is the power coefficient.

Based on Betz's law [2], the turbine only can extract
a maximum of 16/27 (59.3%) of the kinetic energy from
the wind. So it’s important to make the coefficient as big
as possible, the following equation is a generic equation to
calculate wind turbine coefficient:
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In this equation:

The coefficient C, — C, and x are defined by specific
turbines, in this turbine set: C,=0.5176, C,= 116, C,= 0.4,
C,=5,C, =21, C,=0.0068; 0 is pitch angle, A is the tip-
speed ratio, y is the yaw angle.

This paper intends to select the feasibility of a Siemens
SWT-3.6-120 onshore wind turbine test for the WECS. The
basic parameters of the wind turbine are as follows.

At a specific wind speed, there must be an optimal
speed for the wind turbine to output maximum mechanical
power. At this optimal speed, the relationship between the
maximum mechanical power output and the wind speed
forms the optimal tip speed ratio relationship. Therefore,
to make the wind turbine output the maximum mechanical
power, the wind turbine needs to maintain the optimal tip
speed ratio. The goal of yaw system control is to adopt
corresponding control strategies and methods when
the wind direction changes, and use the yaw motor to
effectively change the position of the fan in time to capture
the maximum power (Table I).

Table I
Main parameters of 3.6 Mw wind turbine
Variable Value
Blade number 3
Turbine radius, m) 60
Gearbox ratio 1:119
Rated power, Mw 3.6
Rated wind speed, m/s 12.5
Maximum power coefficient (C) 0.44
OHEPIETUKA
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III. Yaw control system

As the most important structure, the yaw control
system, also known as the wind control device, has two
main functions: one is to cooperate with the unit control
system, when the direction of the wind speed vector
changes, the yaw control system can be stable and quickly
align the wind direction, so that the wind turbine can get
the maximum wind energy [18]. The second is to ensure
that the turbine cable will not be broken due to excessive
unidirectional winding. When the cable is entangled in
the engine room, it can automatically unwind the cable to
ensure the safe operation of the turbine [8].

There are two main types of yaw systems: active yaw
and passive yaw [9]. The action process of the passive
yaw system is mechanical convection. The passive wind
method is adopted through the rudder and engine room.
The maximum efficiency of wind energy cannot be used,
so the power generation efficiency is relatively low, so it is
generally used for small wind turbines. Active yaw usually
uses electric or hydraulic drag to perform the wind action,
and grid-connected wind turbines usually use the form of
the gear drive [19]. The active yaw system is an automatic
control system. It needs to measure the wind speed and
direction in real-time, and then adjust the direction
according to the magnitude of the strong wind and the
angle of the wind direction and the normal of the wind
wheel to realize the windward control of the wind turbine.
The yaw system is a servo system, and its composition and
working principle are shown in Fig. 2.

The typical principle of the yaw system is shown in
Fig. 2. The wind turbine adopts active yaw to the wind.
The wind direction sensor element converts the changed

Wind

wind direction signal into an electrical signal and transmits
it to the yaw motor control subroutine of the main control
system. After comparison, the controller sends a clockwise or
counterclockwise yaw command to the yaw control system.

To get more energy from the wind, the wind energy
conversion system in this paper uses a composite control
method which includes two control strategies, namely
yaw control and MPPT. The yaw control system is used
to eliminate the influence of the yaw angle on the output
power, and the MPPT is used to maintain the turbine blade
tip speed ratio at the optimal state, thereby outputting the
maximum power. The block diagram of the control strategy
is shown in Fig. 3.

Working principle of yaw system: the outer loop of the
yaw control system of the wind turbine first calculates the
real-time output torque of the wind turbine through the
measured real-time wind speed, and then compares with
the optimal torque of the wind turbine to determine the
control strategy to adjust the working state of the wind
turbine. The inner loop of the turbine yaw system compares
the detected wind direction signal with the yaw mechanism
yaw position and sends a control signal to the yaw motor
through the yaw controller to adjust the wind angle to
achieve the best wind energy capture of the turbine.

According to the proposed control strategy and
the selected wind turbine, the corresponding model is
established in Matlab/Simulink, as shown in Fig. 4, mainly
including wind turbine, MPPT, yaw control system.

IV. Yaw motor and controller

The yaw system is composed of the yaw control
mechanism and the yaw drive mechanism. The yaw control

Direction WECS Yaw
Controller Controller

Yaw | Wind

Actuator Turbine

Nacelle Position

Yaw Encoder

Fig. 2. The typical yaw control strategy
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Fig. 3. The proposed yaw control strategy
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mechanism includes wind direction sensor, yaw controller,
unwinding sensor, and other parts, and the yaw drive
mechanism includes yaw bearing, yaw drive device, yaw
brake (or yaw damping device) and other parts. This paper
studies the modeling and simulation of the yaw system of
wind power generation. The yaw motor is an asynchronous
AC motor, and the vector control method is used to control
the operation of the motor [20]. The electrical system
modules in Matlab/Simulink (Power System) are used to
construct an asynchronous motor vector control simulation
model, and the dynamic performance of the entire wind
power generation system is simulated [21].

The so-called vector control is to use the rotor magnetic
field orientation and the vector transformation method
to achieve complete decoupling of the AC motor speed
and flux control and achieve the same speed control
performance as the DC motor [22, 23]. The overall design
block diagram is shown in Fig. 5. The system uses a double
closed-loop control scheme: the speed loop is composed
of a PI regulator, and the current loop is composed of a
current hysteresis regulator. According to the idea of
modular modeling, the control system is divided into
sub-modules with independent functions, which mainly
include: AC motor module, vector control module, Parker
transformation module, coordinate transformation module,
current hysteresis control module, speed control Module,
torque calculation module, and voltage inverter module
[24]. Through the organic integration of these functional
modules, a simulation model of the AC motor control
system can be built-in Matlab/Simulink, and a double
closed-loop control algorithm can be realized.
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Fig. 5. Vector control of AC motor

Now from the above figure, the Simulink model for
vector control strategy can be developed in Simulink
which is shown in Fig. 6.

Next is the complete vector control model of AC motor,
including DC source, inverter, vector controller, induction
motor, Fig. 7.

V. Simulation results

The proposed control strategy has been implemented
using Matlab/Simulink. A wind turbine with a blade radius
of 60 m has been simulated along with a gearbox with
a gear ratio of 119. For yaw motor, a 3-phase, induction
motor has been considered.
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Fig. 6. Simulation model for vector control strategy
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Fig. 7. Simulation model for yaw motor
The system’s initial conditions are: wind speed set as power still is 0.71x10° W. After MPPT controller adjusting,
6 m/s, yaw angle is 0, according to the simulation results, the system goes back to steady-state, tip speed ratio goes
it can be seen that tip speed ratio is 8, the output power is back to 8, the output power reaches to 3.32x10° W, which
0.71x10° W (Fig. 8). is the optimal output power when wind speed is 10 m/s.
The wind speed changes from 6 to 10 m/s at 1 second, As for the yaw control system, using a wind direction
there still no yaw angle changes. At the changing moment, sensor to get the yaw angle, and using the vector control
the system data are: tip speed ratio decreases to 5, output method to drive yaw motor. When the simulation begins,
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Fig. 8. The response of the WECS to a step change of the wind speed 6 to 10 m/s ( just MPPT operate)
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the wind speed set as 6 m/s, yaw angle is 0, but at 1 second,
yaw angle changes to 12°, the simulation results are shown
below.

Fig. 9 shows when yaw error occurs, the yaw motor
drives the wind turbine to align with the wind direction
to obtain the most energy from the wind until there no
yaw error, thus the system goes back to steady-state, the
turbine output power goes back to 0.71x10° W again.
According to the simulation data, it can be seen if there
no yaw control system, the output power reduced by
10% (yaw angle is 12°), after the yaw control system
adjusting, the output power will go back to optimal
value again.

According to Fig. 10, it can be seen, when wind
direction changes, the yaw angle occurs, so the yaw
control system starts to work until the yaw angle is
eliminated. During this process, the yaw angle is
decreasing because the turbine is driven to align with
the wind direction until the swept area of the turbine is
perpendicular to the wind direction, and the yaw control
system stop.

Fig. 11 is showing the proposed control system
simulation results, which verified the feasibility of the
proposed control system. The wind speed and direction
both changed during this process. It can be seen that the
nacelle tracks the wind direction successfully, which means

the control system is helpful to improve the efficiency of
power generation.

From the simulation results, it can be seen that the
wind speed changes from 6 to 10 m/s in 1 second, and
the yaw angle changes 0 to 12° in 2 seconds. When
that change happens, both cause a reduction in power
generation efficiency, which is extremely unfriendly to
wind power plants. Thus the control system is used to
eliminate these bad effects and improve the efficiency
of power generation. At 2 seconds, when the yaw angle
occurs, the output power is decreased to 3.11x10° W,
losing about 6.4% energy.

The data of several experiments are summarized in
table 2.

VI. Conclusions

This paper model and simulate the yaw control system
of the wind turbine, and controls the wind turbine based on
the generator output power and the wind direction sensor.
The simulation results show that the control strategy can
effectively improve the wind turbine power generation
efficiency. This control strategy requires generator output
power and wind direction as input data. Compared with
other control strategies, it is easier to update the existing
wind turbine control system, so it can be applied to various
types of generator sets.
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Fig. 9. The response of the WECS to a step change of the yaw angle 0 to 12° ( just yaw system operate)
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Fig. 11. Simulation results of the WECS operation with wind speed and direction change
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Table 11
Summarised results of simulations
Simulation 1 Simulation 2 Simulation 3
Variable Initial | Change Steady Initial Change Steady | Initial | Change | Steady
value moment moment value moment moment value moment | moment
Wind speed, m/s 6 10 10 6 6 6 6 10 10
Wind direction, °© 0 0 0 0 12 12 0 12 12
Tip speed ratio 8 5 8 8 8 8 8 5 8
Output power, Mw 0.71 1.70 3.32 0.71 0.65 0.71 0.71 3.11 3.32
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