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At present, using structural dynamics models is the most commonly used and effective
method to simulate the dynamic characteristics of large wind turbine. This paper used the
multi-body dynamics method to construct the precise multi-flexible body dynamics model
of a wind turbine coupled with aerodynamics/structure/control. The model can realize
multi-disciplinary co-simulation interactions, and the accuracy was verified by comparing
the numerical simulation data with the measured data. The allowable yaw error of a wind
turbine is typically simplified to two or three fixed values according to the wind speed range,
which cannot often adapt to the high and unsteady change characteristics of wind speed
and direction under special conditions. In this paper, an accurate calculation method of
allowable yaw error threshold based on measured wind speed and the corresponding
optimization strategy of large yaw error are proposed, which not only avoid unnecessary
shutdown and improve the availability, but also reduce the load of yaw bearing and
improve the safety.
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INTRODUCTION

With countries across the world focusing on energy security, sustainable environments and climate
change, it is necessary to accelerate the development and utilization of renewable energy (Lacal-
Arántegui, 2019). As the most widely used and fastest developing new energy power generation
technology, wind power has been developed and applied on a large scale around the world. By the
end of 2020, the cumulative installed capacity of global wind power exceeded 700 million kilowatts,
covering more than 100 countries and regions, with a compounded growth rate of more than 20%
over the past 20 years (deCastro et al., 2019). The 2030 goal for the United States is to provide at least
20% of the nation’s energy supply by renewable energy (Chehouri et al., 2015), and the Chinese
government has a carbon peak plan by 2030. It is estimated that the cumulative installed capacity of
global wind power will continue to grow at a steady rate of approximately 10% per year (Dai et al.,
2018).

The rotor diameter of the wind turbine has increased rapidly in the last 30 years, and this trend
will continue. With the application of extra-long blade, the load control of wind turbine has been put
forward higher requirements, so it is very important to adopt accurate simulation methods. At
present, it is the most commonly used and effective method to simulate the dynamic characteristics
of large wind turbines using a structural dynamics model (Li et al., 2015; Cheng et al., 2018). In early
modeling studies, the mass-spring-damping system was usually simplified to replace the
independent components in the process of establishing the dynamic model of the transmission
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system, so there was a segregation of the transmission chain one-
mass block model, two-mass block model, and three-mass block
model. It was found that the over-simplified model cannot
accurately generate the coupling relationship and dynamic
load among the independent components (Hu et al., 2017; He
et al., 2021). In further research developments, detailed modeling
of wind turbine dynamics models has gradually become the focus
(Wang et al., 2020; Xu et al., 2020).

Yaw system is an important part of wind turbine, which has
larger influence on the load of wind turbine. There are lots of
studies have focused on how to improve the accuracy of the
alignment of the yaw system toward the wind direction (Astolfi
et al., 2020; Bao and Yang, 2021). These research have made
advances, and improves the accuracy of wind control, but its
control parameter of yaw threshold is mostly set according to
experience, and have not considered the negative effects resulting
from frequent yaw changes (Wan et al., 2015; Liu et al., 2021).
Wind turbines usually set a fixed maximum allowable yaw error
value (Campos-Mercado et al., 2020; Dong et al., 2021). When the
actual yaw error is greater than this set value, the emergency stop
command is executed to protect the safety of the wind turbine.

However, the operational wind speed range is large and the wind
speed and direction change continually and unsteadily, so the
fixed yaw error does not often achieve accurate control (Astolfi
et al., 2019; Dai et al., 2021; Liu et al., 2021). Wind direction also
has a great influence on the spatial distribution of turbine wake
characteristics, such as velocity loss and turbulence intensity.
Particularly important is the influence of wind direction on the
usable distance that the wake recovers and expands before it meets
other downwind turbines, which will affect the power loss of these
turbines (Porté-Agel et al., 2013). To avoid an unnecessary
shutdown when the yaw error is large, the allowable yaw
threshold is accurately calculated based on the measured wind
speed and operating environment, and a corresponding
optimization control strategy of large yaw error is proposed in
this paper. Control logic is judged by calculating the yaw error and
yaw threshold value of the wind turbine at a certain wind speed, if
the yaw error is greater than the yaw threshold value, the
operational power is first reduced rather than directly stopped.
Simulation results show that the new strategy not only avoids
unnecessary shutdown and improves availability, but it also
reduces the load of yaw bearing and improves the safety.

TABLE 1 | Wind turbine parameters.

Wind turbine type ZR2.0-122 CT3.0-155

Rotor diameter 122 m 155 m
Rated power 2 MW 3 MW
Design wind zone IEC S IEC S
Cut-in wind speed 2.5 m/s 2.5 m/s
Rated wind speed 8.8 m/s 8.6 m/s
Cut-out wind speed 22 m/s 25 m/s
Design life ≥20 years ≥20 years
Rotor speed 6–12.6 r/min 6–12.6 r/min
Generator type Permanent Magnet Synchronous Generator Permanent Magnet Synchronous Generator
Converter Full-scale Full-scale
Gearbox type Two-stage planetary Two-stage planetary
Gearbox ratio 38.1 40.49
Tower height 120 m 120 m

FIGURE 1 | Multi-body dynamics analysis model.
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MULTI-BODY DYNAMICS MODEL

Multi-body dynamics analysis software Simpack was used to
build an accurate multi-flexible body dynamics model of the
whole wind turbine. Simpack is a general purpose multi-body
simulation software, typically used to simulate the dynamic
behavior of interconnected rigid or flexible bodies under the

action of translational and rotational displacement (He et al.,
2019). The main advantage of Simpack is that it is suitable for full
transient nonlinear analysis. In addition, it is specifically suitable
for analyzing the dynamics of complex systems (Sayed et al.,
2019). Rotor aerodynamics simulation is executed by AeroDyn,
where a force element is used to access the AeroDyn third party
module from the United States National Renewable Energy

FIGURE 2 | Schematic diagram of the topography of the test wind farm.

FIGURE 3 | Setup of the Measurement System.
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Laboratory (NREL). The simulation of the control system is
realized by Matlab and built up in Simulink. Then Simpack
MatSim is used to access the data in MATLAB.

Numerical Modeling
The wind turbine used for study is a 3 MW with the rotor
diameter of 155 m, a new type of medium-speed wind turbine
with a permanent magnet synchronous generator, the wind
turbine is upwind, composed of three blades, and exhibits an
active yaw, variable pitch, and full power variable current variable
speed operation. In recent years, medium-speed permanent
magnet technology has been widely studied and
commercialized by wind turbine manufacturers and has
become the third mainstream technology after direct drive
permanent magnet turbines and high-speed doubly fed wind
turbines. The 3 MW-155 wind turbine is an upgraded product of
a 2 MW-122 wind turbine, and the same design scheme is
adopted in many places. Therefore, the 2 MW-122 wind
turbine which have finished tested was used to verify the
accuracy of the built multi-body dynamics model. Detailed
information of the wind turbines are shown in Table 1.

Simpack used a set of generalized coordinates based on a
generalized Lagrangian coordinate system (X, Y, Z) and Euler
parameters (e0, e1, e2, e3) to establish the equation of motion. A
multi-body system consists of interconnected rigid or flexible
bodies, each of which has translational and rotational
displacements, connected by forces and joint elements that
describe their dynamic and kinematic constraints. Generalized
inertial force is derived from the virtual work principle, inertial
force can be expressed by the mass matrix multiplied by the
acceleration vector plus the nonlinear inertial force and stress
vector. By collecting all generalized forces acting on the

component, an equilibrium equation of the component is
derived. Ultimately, the established multi-body system model
is shown in Figure 1.

Model Validation
To verify the accuracy of the simulation model, field experiments
were carried out to compare the simulation and measured results
under different working conditions. The test prototype was
installed in Tianganghu Wind Farm in Sihong, Jiangsu
Province, China. Figure 2 shows the topographic map of the
wind farm and the location of the measured wind turbine.

The test was carried out in accordance with the IEC TS 61400-
13 standard (Ossmann et al., 2021), and the test setup of the
measurement system is given in Figure 3. The anemometer type
to be used in power performance testing to meet the requirements
given in IEC 61400-12-1, where the distance to the measured
wind turbine is 253 m. The IEC norm requires that anemometer
selection account for turbulence characteristics, terrain induced
inflow angles, and icing conditions on site. The met mast shall
feature redundant wind speed (two top-mounted sensors) and
one wind direction (near the hub height), air temperature, and
pressure measurements within 10 m hub height. A met unit box
will be placed on the flat of the met mast. For measurements
throughout the winter, a heated cup anemometer with calibration
and transformer unit will be used. The data are sampled at 1 Hz
and stored at 10 min mean values, along with the standard
deviation, minimum, and maximum values as used in post
processing. Data shall be retrieved through internet connection
at regular intervals for data validation and further processing.

The data acquisition system was based on a data logger of type
IMC CANSAS-SC16, CANSAS-SC16, CANSAS-DI16 modules,
and an on site PC. The signals of meteorological mast and turbine

TABLE 2 | Statistics of measured data.

bin () Ws
from
[m/s]

ws
to

[m/s]

no.of
sets
[]

Ws
mean
[m/s]

Turb
mean
[%]

min of
power
[kW]

max of
power
[kW]

Std of
power
[kW]

mean
of load
[kNm]

min of
load
[kNm]

max of
load
[kNm]

Std of
load
[kNm]

1 0.0 2.5 12 2.41 19.6 1.27 179.87 15.34 735.23 −48.7 1,358.35 138.99
2 2.5 3.5 136 3.11 11.23 51.97 336.54 22.12 940.87 −8.81 1,860.93 104.16
3 3.5 4.5 300 4.03 9.91 140.38 539.31 31.07 1,138.46 338.23 2,825.66 122.79
4 4.5 5.5 355 4.99 9.14 284.24 1,106.49 61.19 1,601.49 500.78 4,078.71 221.18
5 5.5 6.5 512 5.98 8.41 545.23 1,674.54 99.41 2,391.30 596.28 5,085.05 312.73
6 6.5 7.5 452 6.97 5.91 874.57 2,091.17 105.70 3,185.66 697.83 5,513.30 331.20
7 7.5 8.5 486 8.01 4.68 1,359.3 2,094.67 109.36 4,149.27 1,269.73 5,702.12 358.23
8 8.5 9.5 291 8.95 4.8 1,784.06 2,087.08 107.21 4,627.31 1,184.75 5,709.33 366.39
9 9.5 10.5 149 9.92 7.16 2,015.77 2,122.68 61.33 4,295.33 815.00 5,706.00 484.77
10 10.5 11.5 60 10.96 10.39 2,036.11 2,089.42 31.71 3,778.93 111.29 5,707.06 600.82
11 11.5 12.5 33 12.00 13.01 2,038.48 2084.46 14.00 3,400.16 513.06 5,700.52 705.20
12 12.5 13.5 22 13.02 13.74 2,036.41 2,086.79 19.10 3,204.39 77.26 5,710.19 781.08
13 13.5 14.5 13 14.13 14.07 2,035.59 2,081.54 12.68 2,927.14 −359.08 5,666.93 820.18
14 14.5 15.5 14 15.04 14.02 2,037.90 2,091.17 15.31 2,746.35 −623.66 5,679.08 887.04
15 15.5 16.5 28 16.00 13.75 2,038.86 2,118.88 16.35 2,633.49 −1,430.85 5,612.70 907.38
16 16.5 17.5 26 16.98 12.16 2,040.4 2,127.64 17.43 2,506.00 −1,338.57 5,696.86 956.92
17 17.5 18.5 21 17.98 10.81 2,040.21 2,129.97 19.87 2,357.98 −1,777.63 5,671.85 1,018.83
18 18.5 19.5 7 18.93 8.44 2,039.63 2,122.39 21.14 2,238.02 −1,963.41 5,668.70 1,056.86
19 19.5 20.5 — — — — — — — — — —

20 20.5 21.5 — — — — — — — — — —

21 21.5 22.5 — — — — — — — — — —

22 22.5 100 — — — — — — — — — —
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status signals were connected to CAN-Bus modules and digitally
transmitted to the main unit. The sampling frequency of signals
frommeteorological mast is 1 Hz and fromwind turbine is 50 Hz.
The DAC resolution of IMC is 16 bits, and the cut-off frequency is
2000 Hz. All signals were recorded continuously to the internal
hard disk by IMC devices. The data have been transmitted to a PC
next to the main unit at the same time, and then all stored data are
calculated using the software.

The test was carried out in accordance with the IEC TS 61400-
13 standard, and each 10 min of test results constituted a bin with
a sampling frequency of 50 Hz. The test lasted for about

six months, and a total of 2,917 sets of effective data were
collected (Table 2). The wind speed was taken as an interval
of 1 m/s, and the data were statistically processed. The effective
wind speed ranged from 0 to 19.5 m/s, generally covering all
operating conditions of the wind turbine. Wind speed in the
range of 5–7 m/s accounted for a relatively high concentration of
values.

According to the wind speed and power characteristics of the
wind turbine, the operation of the wind turbine can be divided
into several control areas, such as standby area, start grid-
connection area, maximum wind energy tracking area, speed

FIGURE 4 | Verification of torque control.
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limit area, power limit area, and cut out protection area. The
variable speed operation of the wind turbine is realized by
controlling the output torque of the generator. The controller

generates a required torque in the generator air gap to guide
the wind turbine to accelerate or decelerate so that the wind
turbine operates at the desired speed. When reaching the
limit speed, the torque PI controller will change the given
torque according to the deviation between the set speed of
the generator and the actual feedback value, so that the
speed will not increase. Therefore, typical working
conditions of the torque control stage were selected in
this paper. The wind turbine was started at an average
wind speed of 7.49 m/s without yaw or pitch action. Test

FIGURE 5 | Verification of pitch control.

TABLE 3 | Normal yaw error limit.

30 s Average wind speed
(m/s)

0 5 10 35

Yaw Error Limit (deg) 60 60 45 30
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FIGURE 6 | Novel yaw threshold b calculation method (n � 4).

FIGURE 7 | Calculation process of yaw threshold.
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and simulation time were 240 s, and the comparison is
shown in the figure below.

The pitch control stage is another typical working condition of
the wind turbine, which can comprehensively reflect the control
effect and dynamic response of the wind turbine. When the
generator torque reaches the rated value, the pitch controller will
begin to work. The variable pitch PI controller determines the
given value of the pitch angle according to the speed feedback of

the generator, so as to maintain the speed at the set point. The
wind turbine was stopped at the average wind speed of 10.49 m/s,
yaw and pitch action. The test and simulation time were 240 s,
and the comparison is shown in Figure 5 below.

In the torque control stage, it can be seen from Figures 4A,B
that both speed and power are relatively stable. Before reaching
the grid-connected speed, the maximum error between the
simulation results and measured results reached 10%. After
reaching the grid-connected speed, the simulation data and
measured data quickly converged, in the stable power generation
stage from 180 to 240 s, the mean value of measured power is
1,380 kW, and the mean value of simulated power is 1,435 kW, with
a difference of about 4%, the fluctuation of simulated power is larger.
The simulationmean value of BladeMy is greater than themeasured
value, and the load deviation of other places are very small, less than
3%. In the pitch control stage, it can be seen from Figure 5A,B that
both speed and power show good consistency with small
fluctuations. When the shutdown instructions are executed, the
measured speed and power reduction rate lag behind the
simulation results. In the period of 360–430 s, the mean values of
simulated and measured power are 2036 and 2011 kW, with a
difference of less than 1%. The simulation mean values of Blade
My are about 7% larger than themeasured values, and the variance is
similar. The load trends in other places are also consistent with a
maximum value difference of about 5%. The above results show that
the simulation model built in this paper is accurate.

NOVEL YAW STRATEGY

The allowed yaw error by a wind turbine is usually set to two or
several fixed values (as shown in Table 3), which is based on
experience over time (Germanischer Lloyd, 2010; Chatzopoulos,
2015). It can be seen form Table 3 that when the wind speed is
between 0 and 10 m/s, the corresponding yaw threshold is 60°.
When the wind speed is between 10 and 35 m/s, the yaw
threshold is 45°. When the wind speed is greater than 35 m/s,
the yaw threshold is 30°. Obviously, across the whole operating
wind speed range of a wind turbine, the yaw threshold is
correlated with wind speed.

FIGURE 8 | Large yaw error optimization strategy.

FIGURE 9 | Input data of wind speed and direction.
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The Table 3 is a sort of stepwise threshold, and mutations may
occur in practical applications. For example, when the wind speed
is 10 m/s, the corresponding yaw threshold is 60°, and when the
wind speed is 10.1 m/s, the yaw threshold jumps to 45°. At
present, the rotor diameter of wind turbine is becoming larger,
for the purpose of achieving precise control, the theoretical yaw
threshold should vary with the changes in wind speed, so as to
adapt to the unsteady change of wind speed and direction.

Calculation Method of Yaw Threshold
Before the yaw threshold is calculated, a set of basic values of yaw
error should be determined based on the performance of the wind
turbine and past industrial experience, and then the yaw
threshold can be accurately calculated by interpolation based
on the measured wind speed. According to wind speed c at the
current moment, the yaw threshold b at the moment is obtained
through linear interpolation, and the yaw threshold b changes
dynamically with the average wind speed c. Within a certain wind
speed range of c1∼cn, the yaw threshold can be divided into n + 1
segments, as shown in Figure 6 when n � 4.

Within a certain wind speed range of c1∼cn, the calculation
methodology of wind turbine yaw threshold b is shown in
Figure 7.

Optimization Strategy for Large Yaw Error
By measuring the current wind speed, the yaw threshold and
actual yaw error at different wind speeds were obtained and
compared. When the yaw error is smaller than the yaw threshold,
the wind turbine will generate power normally, and when the yaw
error is greater than the yaw threshold, the wind turbine will limit
power production for t seconds. The yaw deviation is judged
again after t seconds, and if the yaw error is still greater than the
yaw threshold, the shutdown action will be performed, but if the
yaw error is lesser than the yaw threshold, the wind turbine will
return to normal power generation state as shown in Figure 8.
This strategy not only avoids the shutdown under the conditions
of large yaw error and improves availability, but also reduces the
load impact on the yaw bearing and improves the safety.

RESULTS AND ANALYSIS

The actual yaw error and yaw threshold are calculated under
the given change of wind speed and direction (as shown in
Figure 9), with an initial wind speed of 10.67 m/s, which
quickly increased to 25 m/s, while wind direction was stable
after a rapid change of over 60° in 20 s. In simulating the

FIGURE 10 | Control effects comparison under different control strategies.
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system, the simulation time was 100 s, and the dynamic
response of the wind turbine before and after the large
yaw error strategy was optimized was obtained. The
position curve of pitch angle is shown in Figure 9A, the
output power of model is shown in Figure 9B, the ultimate
load on the yaw bearing is shown in Figure 9C, and the
ultimate load on the tower top is shown in Figure 9D.

Based on the conditions of wind speed and direction in
Figure 9, the actual response of the wind turbine
corresponding to three different strategies is shown
Figure 10A. It can be found that the pitch angle of the wind
turbine is basically constant at the beginning and starts to change
around 18 s, and the wind turbine shuts down quickly in normal
control methods (before optimization). When using the large yaw
error optimization strategy, the wind turbine will reduce the
power production, and without trigger the emergency stop
sequence. This sudden shutdown in the case of a large gust
may cause a greater impact on the yaw system. Some
manufacturers in the industry will choose to ignore the
influence of yaw error when calculating the loads, so as to
avoid large extreme values. To compare the influence of this
methodology, this paper also carries out the simulation in this
condition, where it can be found that the wind turbine can avoid
stopping. However, it is not clear whether this action will have an
impact on the operational safety of wind turbines, so it is not
generally recommended. Figure 10B shows that the power was
limited to 2,000 kW when using new strategy, which is consistent
with the settings. Figure 10C gives the yaw bearing loads in three
different cases, and when the new strategy is used, the yaw bearing
loads can be reduced about 50%. This result can provide instructions
for reducing yaw bearing load under special working conditions.
Figure 10D shows the loads on the tower top, where the original
scheme has the minimum load on the top of the tower due to the
shutdown, and when the load of the new scheme is about half that of
the scheme where yaw error is negligible. These phenomena show
that the new strategy is the best solution.

CONCLUSION

This paper used the multi-body dynamics method and
constructed the precise multi-flexible body dynamics model of
a wind turbine. Since the allowable yaw error of a wind turbine
cannot often adapt to the highly variable change characteristics of

wind speed and direction under special conditions, an accurate
calculation method of allowable yaw error threshold based on
measured wind speed and the corresponding optimization
strategy of large yaw error are proposed. The dynamic
response of the wind turbine was then simulated. The main
research conclusions are as follows:

1) The multi-body model of the whole wind turbine established
in this paper can accurately describe the dynamic
characteristics of the system, which can provide a basis for
subsequent yaw strategy research;

2) The precise calculation method of yaw threshold proposed in
this paper can provide inputs for the precise control of the
wind turbine yaw system and match the specification
requirements;

3) The large yaw error optimization control strategy can
effectively avoid the unnecessary shutdown of the wind
turbine under the large yaw error conditions, reduce the
load impact of the yaw bearing, and reduce the ultimate
load on the top of the tower.
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