A\

Ulster
University

Linear active disturbance rejection control for large onshore wind turbines in full wind
speed range

Jia, C., Geng, H., Liu, Y., Wang, L., Meng, E., Ji, J., Chen, Z., Han, L., Chen, L., Guo, D., Liang, J., & Fenghong,
Y. (2024). Linear active disturbance rejection control for large onshore wind turbines in full wind speed range.
Control Engineering Practice, 151, 1-11. Article 106038. Advance online publication.
https://doi.org/10.1016/j.conengprac.2024.106038

Link to publication record in Ulster University Research Portal

Published in:
Control Engineering Practice

Publication Status:
Published online: 08/08/2024

DOI:
10.1016/j.conengprac.2024.106038

Document Version
Publisher's PDF, also known as Version of record

Document Licence:
CC BY-NC

General rights
The copyright and moral rights to the output are retained by the output author(s), unless otherwise stated by the document licence.

Unless otherwise stated, users are permitted to download a copy of the output for personal study or non-commercial research and are
permitted to freely distribute the URL of the output. They are not permitted to alter, reproduce, distribute or make any commercial use of the
output without obtaining the permission of the author(s).

If the document is licenced under Creative Commons, the rights of users of the documents can be found at
https://creativecommons.org/share-your-work/cclicenses/.

Take down policy

The Research Portal is Ulster University's institutional repository that provides access to Ulster's research outputs. Every effort has been
made to ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in
the Research Portal that you believe breaches copyright or violates any law, please contact pure-support@uister.ac.uk

Download date: 09/09/2024


https://doi.org/10.1016/j.conengprac.2024.106038
https://pure.ulster.ac.uk/en/publications/60f91f82-75f8-46a6-b3a3-323d2d593d75
https://doi.org/10.1016/j.conengprac.2024.106038

Control Engineering Practice 151 (2024) 106038

journal homepage: www.elsevier.com/locate/conengprac

Contents lists available at ScienceDirect

Control Engineering Practice

Control
Engineering
Practice

L)

Check for

Linear active disturbance rejection control for large onshore wind turbinesin ="

full wind speed range™

Chengzhen Jia®*, Hua Geng?, Yushan Liu", Lingmei Wang >, Enlong Meng ®, Jiwen Ji®,
Zhengkun Chen”, Lei Han ", Liming Chen ¢, Dongjie Guo ¢, Jiye Liang ¢, Yinping Fenghong

a Department of Automation, Tsinghua University, No. 1 Qinghuayuan Haidian District, Beijing, 100084, China
b Institute of Green Energy and Electric Power Intelligent Control, Shanxi University, No. 63 Nanzhonghuan East Street, Xiaodian District, Taiyuan, 030006, China

¢ School of Computing, Ulster University, 2-24 York Street, Belfast, BT15 1AP, United Kingdom

4 SPIC Shanxi new energy Co., Ltd, No. 705 Changfeng Street, Taiyuan, 030006, China

€ School of Computer and Information Technology, Shanxi University, No. 92 Wucheng Street, Taiyuan, 030006, China
fSchool of Mathematical Sciences, Shanxi University, No. 92 Wucheng Street, Taiyuan, 030006, China

ARTICLE INFO ABSTRACT

Keywords:
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Generator rotor speed
Load force

To achieve real-time estimation and compensation of total system disturbances and improve the control
performance of wind turbines under complex turbulent wind conditions, three one-order LADRCs were used
to reconstruct the wind turbine core control system. A dynamic variable limit LADRC was designed for torque
control, a minimum limit LADRC was applied in pitch control, and a LADRC power controller was designed
for decoupling torque and pitch control. The stability of the LADRCs was proven using the Lyapunov method.
According to the transfer function of wind turbines and empirical equations, the parameters of each LADRC

were tuned. Based on the hardware-in-loop simulation (HILS) test platform, the control algorithm of look-up
table, PID, RISC, and LADRC were constructed by PLC language. Through comparative studies, it was verified
that the algorithm proposed in this paper can reduce generator rotor speed and power fluctuations by about
13.6% and 1.7% at least, and it can also reduce the blade root load force.

1. Introduction

“Carbon neutrality” is the global consensus, and vigorously devel-
oping renewable energy such as wind power is one of the effective
ways to achieve this goal. With the development of large-scale wind
turbines, the flexibility of wind turbine towers and blades has become
increasingly apparent, and their dynamic characteristics have become
increasingly complicated under turbulent wind conditions (Byrne, He-
witt, Griffiths, et al., 2021; Liu, Lei, Yang, et al., 2021; Wang, Cali,
Xu et al., 2021). Furthermore, large-scale onshore wind turbines are
highly susceptible to unpredictable disturbances due to turbulent wind
conditions, making it challenging to establish precise mathematical
models. The ability to withstand disturbances not only impacts control
performance, but also has a significant impact on the load of wind
turbine components, the large load can significantly reduce the lifespan
of the components, and in extreme cases, it can even pose a risk of
the wind turbine tipping over. This places heightened demands on the

anti-interference controls of large-scale wind turbines. To achieve safe,
stable, and efficient control of wind turbines, it is essential to esti-
mate and compensate for uncertain system disturbances and implement
model-free self-disturbance rejection control techniques.

In recent years, scholars have done a lot of research on wind turbine
control, mainly focusing on the following two aspects: torque control
and pitch control. The basic DTU wind energy controller applicable for
pitch-regulated, variable speed wind turbines is reported, and the PID
control method is adopted (Civelek, Cam, Luy, et al., 2016; Hansen &
Henriksen, 2013), it has been used in 10 MW complex nonlinear wind
turbine model. Fig. 1 shows the diagram of the DTU wind energy con-
troller. Due to the error feedback mechanism of PID control strategy,
its ability to combat interference is limited. An adaptive control based
on radial basis function neural network(RBFNN) is proposed including
torque control, pitch control and smooth transition between the two
control loop, the RBF NN control is robust to uncertainty in the wind
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Fig. 1. Diagram of the DTU wind energy controller.

turbine model (Jafarnejadsani, Pieper, & Ehlers, 2013), however, to
ensure effective control, it is crucial to train the RBFNN in advance, as
the training accuracy significantly impacts the control outcome. Below
the rated wind speed, the wind turbine achieves the maximum wind
energy utilization by controlling the electromagnetic torque (Zhou, Yin,
Yang, et al., 2021). In order to overcome the uncertain disturbance
of the system, the sliding mode torque control method is adopted
(Mahnoosh, Seyed, Saeed, et al., 2020; Oscar, Jose, Isidro, et al., 2019),
but eliminating the chatting is a challenge for the application of sliding
mode control(SMC). A ¢, controller is used to minimize the effect
of persistent disturbances in wind turbine systems (Jafarnejadsani &
Pieper, 2015), a NMPC controller is used to maximize the energy
capture and minimize the torque fluctuation of the generator simul-
taneously (Song, Tu, Wang, et al., 2022; Soued, Ebrahim, Ramadan,
et al., 2017), but these model-based controller has high computational
complexity and the control effect is limited by the accuracy of the
system model. Above the rated wind speed, the wind turbine maintains
constant speed and power of the generator through pitch control. An
inverse system control (ISC) method is proposed for power control of
variable pitch wind power systems, however, it is imperative to devise
robust compensation methods to enhance the disturbance rejection
capability of ISC (Geng, Zhou, & Yang, 2010). For power regulation,
an adaptive second order SMC is applied to the nonlinear system as
wind turbine, and significantly enhance the pitch control accuracy and
compensate for model uncertainties and external disturbances (Yin,
Zhang, Jiang, et al., 2019; Zhang & Plestan, 2021), but it is also
facing the defect of dead zone oscillation on the sliding mode surface.
Fractional order proportional integral and derivative (FOPID) controller
is used for pitch angle control (Halil, 2021), but it is sensitive to system
disturbances and has poor robustness. Based on the soft measurement
of wind speed, a feedforward and feedback variable rotor controller
is designed (Pan, Xiong, Zhu, et al.,, 2022), and a composite pitch
control strategy is designed by using lidar wind measurement data,
which further reduces the power and speed fluctuation, and increases
the anti-interference performance of the control system (Jia, Wang,
Meng, et al., 2021), but, forward control places stringent demands on
the system model, any discrepancies in the system model can result in
a deterioration of the anti-interference performance.

Based on the aforementioned research, it is evident that the control
of wind turbines is primarily categorized into two methods: model-
free control and model-based control. Model-free control techniques,
such as PI, FOPID, SMC, RBFNN are employed, while model-based
control techniques, such as NMPC, ¢, ISC, are also utilized. The PI
control needs to cooperate with different filters, such as low-pass filter,
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bandpass filter, notch filter, and so forth. PI control has limitations in
anti-interference. NMPC, ¢, and RBFNN are restricted by PLC computa-
tion, and they are not easily implemented in engineering applications.
Additionally, SMC is prone to chattering on the sliding mode surface.
In conclusion, a new algorithm is necessary that takes into account
advantages related to model-free, ease of engineering implementation,
and avoidance of filtering processes.

At present, some scholars have applied ADRC to the converter
control (Beltran-Pulido, Cortes-Romero, & Coral-Enriquez, 2018; Li,
Zhang, Li, et al.,, 2016) and pitch control (Coral-Enriquez, Cortes-
Romero, & Dorado-Rojas, 2019) of wind turbine. However, there has
been no previous report on the LADRC strategy simultaneously ap-
plied to torque-speed loop and pitch-speed loop control in full wind
speed range. LADRC is model-free, and it views internal and external
disturbances as the total disturbance of the system, and estimates the
disturbance in real time through the ESO (Wu, Li, Liu, et al., 2023;
Wu, Sui, Li, et al., 2024), making it suitable for addressing the control
challenges of nonlinear and strongly coupled wind turbine systems. The
main contributions and novelties of this paper to the existing literature
are as follows:

(1) The torque-speed loop and pitch-speed loop is reconstructed by
using first-order LADRC. A dynamic variable limit first-order LADRC is
utilized to achieve unified torque control in the minimum rotor speed
section, variable rotor speed section, and maximum rotor speed section.
A minimum limit LADRC was applied in pitch control. A LADRC power
controller for decoupling torque and pitch control.

(2) The response characteristics of the closed-loop system are com-
pared and analyzed using the Bode diagram analysis method. It is
demonstrated that the LADRC eliminates the need for complex filtering
links and partially simplifies the core control structure. Additionally,
the LADRC is straightforward to implement in practical engineering
scenarios.

(3) By comparing different control algorithms, the experimental
results show that the LADRC strategy has advantages in reducing the
power, generator rotor speed fluctuations, and it can also reduce the
blade root load force.

Therefore, it is of great significance to use three LADRCs to design
the torque and pitch control loop and investigate its impact on wind
turbines. The main contents include the following aspects. In Section 2,
the mathematical model of the wind turbine is analyzed in detail.
In Section 3, the control loop of wind turbines based on LADRCs is
designed. The parameters of LADRC are tuned based on the transfer
function of wind turbine and empirical equations in Section 4. In
Section 5, a HILS test platform based on Matlab/Simulink, FAST and
Beckhoff PLC is established, and case studies and analysis are carried
out on the test platform. The last section concludes this work.

2. The model of DTU 10 MW wind turbine

The establishment of the multi-body dynamic model for the DTU 10
MW wind turbine was achieved using FAST v8.16. The hub height of
the wind turbine is 119 m, while the rotor diameter is 183.9 m. The
first flap frequency of the blade is 0.61 Hz, the first edge frequency
is 0.93 Hz, and the first fore-aft and side-side mode frequency of the
tower is 0.25 Hz (Bak, Zahle, Bitsche, et al., 2013). The Cp curve for
the wind turbine is shown in Fig. 2. Cp represents the wind energy
capture efficiency. The operation of a wind turbine is a highly complex
and nonlinear process.

If the drive train is modeled as a rigid shaft and the external
damping coefficients of the wind turbine and generator are ignored,
the dynamic characteristics of the drive train can be represented by a
first-order differential equation (Ren, Mao, Song, et al., 2019; Zhang,
Wei, Xu, et al., 2021; Zouheyr, Lotfi, & Abdelmadjid, 2021).
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Fig. 2. Wind turbine Cp schematic.

where, p is air density, R is impeller radius, v is wind speed, Cr is
torque coefficient, A is tip speed ratio, f is pitch angle, J. and Jy
respectively represent the inertia moment of the rotor and generator, n,
is transformation ratio of the gearbox, T, is the electromagnetic torque
of the generator, £ is the rotor speed, 7, is the pneumatic torque.

Below the rated wind speed, the unit will maintain a constant mini-
mum pitch angle. Typically, the pitch angle is set to 0, and formula (1)
can be expressed as Eq. (2).

JQ = fA(Q,0) = n,T,, 2

In this formula, J = J; + né]g is the total inertia moment, f,
represents aerodynamic torque below rated wind speed, which is a
nonlinear function of Q and v.

At wind speeds exceeding the rated wind speed, the electromagnetic
torque 7,,, of the unit remains constant, and the rotor speed is main-
tained at the rated value by adjusting the pitch angle. The Eq. (3) is
got.

JQ = f5(2,0,8) = n, Ty, 3)

In formula (3), f represents aerodynamic torque above the rated
wind speed. The formula (3) can reflect the dynamic characteristics
of generator speed varying with pitch angle, while the pitch actuator
dynamics can be equivalent to Eq. (4) (Bak et al., 2013).

bs + 1
Pg = :

=25+ 4
azs2+bs+lﬂr “)

In formula (4), a = wlo, b= i—i, ¢ is damping rate of pitch system,

wy is natural frequency of pitch system, g, represents the change of the
pitch angle command, f; represents the change of the pitch angle.

The generator rotor speed of the wind turbine varies in response to
changes in wind speed within the impeller plane. Fig. 3 illustrates the
torque-speed control curve, with the green line representing the dual
PI control curve and the yellow line denoting the lookup table control
curve. This is the most critical and core curve in wind turbine control.
In region 1, the rotor speed reaches the minimum grid-connected speed,
and torque increases linearly while maintaining a constant speed. In
region 2, the unit operates according to the optimal blade-tip speed
ratio. In region 3, the unit has reached the rated rotor speed, and
torque increases linearly with a constant speed until the rated torque
is reached. In region 4, constant power control or constant torque
control can be adopted. Constant torque control refers to a control
strategy aimed at sustaining an unchanging electromagnetic torque
value beyond the rated wind speed. On the other hand, constant power
control denotes a control strategy focused on sustaining a consistent
output power value.

It can be observed from Fig. 3 that there exist two links with
fixed slopes in the lookup table control, and the MPPT 1 interval is
smaller than the MPPT 2 interval. As a result, the dual PI control
curve enhances wind energy utilization. The PI controller is commonly
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implemented in current wind turbines. By using generator rotor speed
error feedback as the controller’s input, the disturbances in the system
are not effectively mitigated. Given the limitations of the PID control
algorithm, torque-pitch control of wind turbines is rebuilt using three
LADRGCs.

The main external disturbance faced by wind turbines is wind.
We use TurbSim to generate the turbulent wind files required for
simulation. Fig. 4 shows the wind speed profiles of the impeller plane
at different times. The average wind speed is 15 m/s.

Based on Fig. 4, it is evident that the wind speed is incessantly
changing, and the wind speed across different regions within the tur-
bine surface varies, and the load on the turbine blades is relatively
intricate. Compounded by the nonlinear aerodynamic characteristics
of the blades, necessitating a control algorithm with exceptional anti-
interference and robustness to ensure the wind turbine’s safe and stable
operation.

3. Torque and pitch controller design based on LADRC

Compared to Fig. 1, this article presents a novel control architecture
comprising three LADRCs, as illustrated in Fig. 5. This architecture
includes a torque LADRC controller with dynamic limit values, a pitch
LADRC controller and a power LADRC controller with minimum am-
plitude limitation. By utilizing cabin vibration signals to implement
resistance control on the wind turbine, the tower load force fluctuation
in the flapwise and edgewise direction can be effectively reduced.
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The hub-height wind speed is represented by vp,;,. Opyp denotes the
filtered wind speed, f,;, stands for the minimum pitch angle. P,; and
P, represent the command value of power and the rated power value,
respectively. fpy and fp are the maximum and minimum values of
the power LADRC controller. fp,,. denotes the output pitch angle
command of the power LADRC controller. Q. represents the rated
rotor speed. f; and fy are the maximum and minimum values of
the pitch LADRC controller. f; sprc denotes the output pitch angle
command of pitch LADRC controller. g and f,.; represents the pitch
angle and pitch angle command value, respectively. Q... represents
the rotor speed target value, T,.; denotes the electromagnetic torque
command value. T,,;, and 7,,,, are the maximum and minimum values
of the torque LADRC controller. Q is the estimated rotor speed.
and Vi
cabin.

ancc
denote the vibration values in the x and y directions of the

3.1. Dynamic variable limit LADRC of torque controller

Based on the dynamic characteristics of the torque-speed loop, a
one-order LADRC with dynamic variable limit is utilized to achieve
unified control of the minimum, variable, and maximum rotor speed
sections. The controller block diagram is shown in Fig. 6.

In Fig. 6, uy is the output of the proportional controller, Gy is the
transfer function between torque and rotor speed, Q and ﬁ: represent
the estimation of rotor speed and the total disturbance respectively.
ESO is the state observer of first-order LADRC, u, represents the
control quantity of electromagnetic torque, and kp, is the proportional
parameter, b, is the given non-zero constant.

According to # and &, the dynamic Qiarger> the Ty, and Ty, value
of the first-order LADRC is calculated. The calculation method is as fol-
lows: when € is not greater than (2., + 2,) /2, and Qigrge, TEMAINS
at the minimum value, Q;;roe; = 2, the maximum output limit is k22,
k represents the optimal torque coefficient, and the minimum output
limit is 0. When @ is greater than (2, + 2rye) /2, and Q00 = e
the maximum output limit is P/, and the minimum output is kQ2.
When @ is greater than (2., + 2.4cq) /2, and § is not the minimum
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Fig. 7. The one-order LADRC of pitch controller diagram.

value, Qoo = 24 in case of constant power control, the maximum
and minimum output is P,,./£, in case of constant torque control, the

maximum and minimum output is T} ..

When the generator speed is close to its bounds, these torque limits
will open according to the interpolation factor, the calculation formula
for interpolation factor is as follows (Hansen & Henriksen, 2013).

0 Vx<xp
o (xg,x3x) = a3 x> +apx® +ajx+ay Vxe€ [xo,xl] 5)
1 otherwise
Calculation of coefficients in Eq. (5) is as follows.
—2
3
(x0 = x1)
=3 (xg+x;)

asz =

a, =
(x()_xl)3
6x1xy

(%0 =x) )3
(xo - 3x1) x%
(%0 = x) )3

The minimum generator speed is 300 rpm and rated generator
speed is 480 rpm of the DTU 10 MW wind turbine. The limits are set
to be closed approximately 5% above the minimum speed and start
opening again at 90% and are fully open at 95% of the rated speed. The
switching between partial and full load control of the generator torque
is based on a first order low-pass filtered switching variable ¢ that is
driven by Eq. (5) evaluation using the measured mean pitch angle g.
The time constant is the rotational period at rated speed.

The torque control law is designed as Eq. (7).

(6)

a =

ap =

u -2z
up = A0 A2 (7)
bao

In Eq. (7), zp, ~ f4. After the total disturbance compensation,
the system can be regarded as an integral object, so a proportional
controller is designed for control, as shown in Eq. (8).

AQp Rupg = kpa (‘Qlargel - ZAl) C))

In Eq. (8), zo; = .a,;.
3.2. Pitch LADRC controller with minimum limit

At wind speeds exceeding the rated speed, the dynamic relationship
between the pitch angle and rotor speed is represented by Eq. (3).
Recognizing that the system’s dynamic characteristics become non-
linear at varying wind speeds, LADRC controllers were designed and
implemented to enhance the disturbance rejection of the pitch control.
The structure of this controller is depicted in Fig. 7.

In Fig. 7, two LADRCs provide f sprc @nd Byoner Pitch angle con-
trol commands. After passing through a one-order low-pass filter, the
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minimum required pitch angle value g, at different wind speed is
determined by the nonlinear relationship between wind speed and
pitch angle. Gy represents the single input multiple output wind
turbine model, .(31; and ;‘; represent the estimation of generator speed
and disturbance, respectively. ESO is the state observer of one-order
LADRGC, up, and ug,; represent the control quantity of the pitch angle,
and its calculation method is shown in Eq. (7). k,z and kg, are
the proportional parameters, while by, and by, are given non-zero
constant.

When the wind speed fluctuates near the rated speed, the control
objective of the torque and pitch LADRC controllers is to maintain con-
stant generator rotor speed, but the adjustment methods are different,
one is to adjust the torque, and the other is to adjust the pitch angle.
Therefore, when the wind speed fluctuates near the rated speed, two
LADRC controllers will activate simultaneously, resulting in significant
fluctuations in power and rotor speed. The decoupling of torque control
and pitch control is achieved using a power LADRC controller as shown
in Fig. 7. By optimizing the amplitude of the power LADRC controller,
it can be guaranteed that the pitch angle remains at the lowest possible
value when the generator has not reached its maximum capacity. Once
the unit reaches its maximum power, the pitch angle commences its
operation while maintaining the torque controller’s power command
consistent.

3.3. Control stability analysis

Egs. (2) and (3) are converted into the state space form as follows:
Xy =X, + byu
%= f.d) ©)
Yy =X
where, f represents the differential of the system total disturbance, and

d represents the external disturbance. The ESO of the system is in the
following form:

Zy=2zy+ Ly (y—9) + bou
=L y=N+1.d) 10)
y=1z

Compared with the standard state space expression form, each

coefficient matrix in the equation is as follows: A = [8 (1) ,B= [g”],

c=[ 0,L-= [il] = [21';}"], E = [0], The double poles of the
2 wy 1
observer are located at w,.

For physical control systems, the generator speed is constrained by
mechanical stress limitations, as is the rate of generator speed change.
The magnitude and fluctuation of the principal external disturbance
wind speed are also bounded. Thus, we can proceed with the following
assumptions.

Assuming f(y,d) complies with the Lipschitz continuity condition
within the given domain, there is a constant, denoted as k, such that
‘f(y,d) - f(fz,d)‘ < k| y- 9 |l(Chen, Wang, Sun, et al., 2018).

A subtracting by combining Eq. (9) and Eq. (10) is made, let ¢, =

X| —Zy, &5 = XZZZZ, and Eq. (11) is got.

[él]zwo [—2 1] [e1]+[0]f(y,d>—f@,d) an

éy -1 0] e "1 w,

let Ay = [_2 ! 0] , through the analysis of the characteris-

10 [1
tic equation of the system, A, is Horwitz stable, then there is a positive

definite Hermitian matrix P, and make a satisfy AgP + PA, = -1,

1
e ]
2 2

|-
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Construct the Lyapunov function V(e) = T P, then,

+ f(y,d)—f(ff,d)<

V(e) = —w, (s% + sg) ”

—£ +3z,) (12)

o
According to Lipschitz continuity condition,

fo.d)~ f(5.d)

— (m, +365) < k(e + 32 =T

o o

13

And because —¢ + 3¢, = ZeTPBO, Eq. (13) can be transformed into,

(v, d) = f(D,d -9
25TPBOf(y’ )= fO, )<2k£TPB0”y P a4
wO wO
When w, > 1, there is ”yw_—y“ = ”:—” <l € ||. Meanwhile, due to
| PByk ||> =2 || PByk || +1 > 0, we can get,
V(e) < —w, (2 +€2) + (||1?130k||2 n 1) llell (15)
From Egs. (12) and (15), it can be concluded that,
V(e) = —w, (s% + s%) + (||PBOk||2 + 1) €2 (16)

When w, > ||PB0k||2 + 1, V(¢) < 0, according to the conditions of
Lyapunov asymptotic stability, there are,

lim x;(t) — z;(N =0, i=1,2 17
=00

The system error e = r — y, combined with the control law Eq. (6)
of the one-order LADRC, Eq. (18) can be obtained.

e=[-k))e+[-k, —1]7 18)

In Eq. (18), § = x — z, k, makes the characteristic polynomial of
Eq. (18) satisfy the Routh criterion. At the same time, it can be seen
from Eq. (18), lim,_, 4 |le()|| = 0. According to the Lyapunov’s asymp-
totic stability, the first-order LADRC is not only asymptotic stability,
but also engineering stability.

4. Parameter tuning of LADRC

Based on Section 3.3, it is evident that LADRC comprises two
control parameters: b, and w,. To date, numerous studies have been
conducted on LADRC parameter tuning. A tuning rule was proposed
with the constraint of a specified robustness measure (Wang, Tan
and Cui, 2021; Zhang, Tan, & Li, 2019). In this paper, the open-
loop transfer function was obtained using the open-loop identification
method, which mirrored the dynamic characteristics of the system. By
analyzing the open-loop transfer function, an estimation of the value
of b, was derived. w, was adjusted according to the first-order natural
frequency of wind turbines’ key components.

4.1. Torque LADRC controller tuning

The open-loop disturbance experiment of torque is carried out
for different operating sections under the steady wind speed. The
torque step change is 1000 N-m. The transfer function identification
of torque-speed link is shown in Fig. 8.

We utilize the Matlab system identification toolbox to fit the transfer
functions that can reflect the dynamic characteristics of torque-speed,
achieving a fitting accuracy of over 89%. As wind speed increases, the
cutoff frequency also increases, indicating that the system’s dynamic
response speed to external inputs is accelerated. From the identified
model, it can be observed that the approximate range of b, is [0.00018
0.0004]. Based on the first-order frequency of the wind turbine tower,
the observation bandwidth w,, of the ESO can be determined to be
1.256 rad/s. There is a multiple relationship between w,, and w,,
approximately w,, = (0 ~ Dw,, (Han & Tan, 2021). wy, = 0.5w,, is
taken in this paper.
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Fig. 8. Identification of torque-speed loop. (a) The wind speed is 5 m/s; (b) The wind speed is 7 m/s; (c) The wind speed is 9 m/s; (d) The wind speed is 11 m/s.

Eq. (19) can be obtained by combining Egs. (7), (8) and (9).

21,4.7A0x+w2 b

Zp1(5) = (v )’3" ¥(s) + (H:r 7 uA(s)
0 0
w? bpo >
Zpp(8) = (Mf\: 7 sy(s) - (Sj‘; AA;2 up(s) 19
2w (r(s)—zpa1(5))—2zA0(8)
MA(S) — Ac( bi(l) ) A2

Because the controlled object is simplified as a first-order inertial
link, the model of the controlled object can be expressed as Eq. (20).

W(s) = ~Aruy(s) (20)

where, K, represents the system gain and 7 is the inertia time constant
of the system. Combining Egs. (19) and (20), the closed-loop transfer
function of the system can be obtained as follows.

A2 4+Ays+A3

CanlS) = 555,74 By5r By
Ap = 2K wp,
AZ = 4KALUACI’UA()
— 2
14s = 2K WA WY @1
B = bpot

By =2bpgTwpg + 2bpagTWA: + bpg
— 2
By = 2bpgwpy + 2bpgwac + KAon + 4K WA WA

By = 2K wp,

Wio

In the above formula, A, A,, A; represent the coefficients of each
order of the numerator polynomial, and B;, B,, Bj, B, represent the
coefficients of each order of the denominator polynomial. Take the
closed-loop transfer function of the system under different wind speed
as an example, w,, and b, are tuned, b, = 0.00018, w,, = 1.256. The
Bode plots are drawn in Fig. 9.

It can be seen from Fig. 9 that the selected parameters can ensure
the stable control of the system under different wind. The Bode plots
of the closed-loop system characteristic equation is similar to the
first-order inertial link, which is consistent with Eq. (8).
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Fig. 9. Bode plots of torque-speed loop.

4.2. Pitch LADRC controller tuning

According to Eq. (3), the dynamic characteristics between speed
and pitch angle can be simplified as one order system. The transfer
function of the control object is fitted through the open loop pitch angle
disturbance experiment, the pitch angle step change is 1 degree, the
pitch-speed fitting functions under different wind speeds are shown in
Fig. 10, the fitting accuracy is more than 90%.

As we can see from Fig. 10, with the increase of wind speed, the
inertia of the system gradually decreases, and the response speed of
open-loop system increases. From the identified model, it can be seen
that the approximate range of by is [307 514]. Based on the first-order
frequency of the wind turbine tower, the observation bandwidth wg, of
the ESO can be determined to be 1.256 rad/s. by, = 410, wg, = 0.1wg,
is taken in this paper. Similarly, using formula (19), (20) and (21), we
analyze the bode plots of the pitch-speed closed loop system, as shown
in Fig. 11.

From Fig. 11, it can be seen that only one set of LADRC control
parameters is needed to achieve stable control of pitch angle above
the rated wind speed. So the LADRC control algorithm has strong
robustness.
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Fig. 10. Identification of pitch-speed loop. (a) The wind speed is 12 m/s; (b) The wind speed is 14 m/s; (c) The wind speed is 16 m/s; (d) The wind speed is 18 m/s; (e) The

wind speed is 20 m/s; (f) The wind speed is 22 m/s.
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5. Testing and analysis
5.1. HILS control algorithm test platform

In order to apply the designed control algorithm to practical wind
turbine, the HIL test of control algorithm is an essential step. A test and
verification platform based on the DTU 10 MW wind turbine model and
Beckhoff PLC was built. The platform is built on the open-source soft-
ware FAST, which was called the model through the s-function interface

Power module

HMI .
network switch

Switch indicator

computer

dorsal view

front view

Fig. 12. The physical picture of the test platform.

compiled by FAST v8.16 software. The FAST model contains hundreds
of data output interfaces. The algorithms torque-speed control and
pitch-speed control were implemented using ST and CFC languages.
The exchange of information between the wind turbine model and PLC
was achieved through Modbus TCP. The compilation and download
of the control algorithm were realized using TwinCAT 3 programming
software. The physical picture of the platform is shown in Fig. 12.

In the testing platform, the simulation step of Simulink is 10 ms, and
the control cycle of the PLC controller is also 10 ms. Additionally, the
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Fig. 13. Observer observation effect. (a) Observation effect of torque controller; (b) Observation effect of pitch controller.
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Table 1

10 MW wind turbine parameters.

General properties Parameters
Cut in wind speed 4 m/s

Cut out wind speed 25 m/s
Rated wind speed 11.2 m/s
Rated power 10 MW
Rotor diameter 178.3 m
Hub diameter 5.6 m
Hub height 119 m
Minimum rotor speed 6 rpm
Maximum rotor speed 9.6 rpm

Gearbox ratio 50
Hub inertia about rotor axis 325670.9 kg m?
Generator inertia about HSS 1500.5 kg m?

platform facilitates a hardware reset button, making it convenient to re-
store all system parameters to their initial values. This testing platform
can serve as a solid foundation for conducting tests and analyzing cases
presented in the following chapter. The design parameters of the 10
MW test wind turbine mentioned in the article are presented in Table 1.

5.2. Tracking effect and bode diagram analysis of LADRC ESO

ESO is the central component of the LADRC controller, and its
observation has a direct impact on control effectiveness. The observer’s
observation effectiveness influences the LADRC control effectiveness.
Fig. 13 demonstrates the impact of ESO observation effectiveness on
the system under wind speeds of 6 m/s and 12 m/s, with w, set at
1.256 rad/s.

As shown in Fig. 13, the torque controller and pitch controller
demonstrate superior performance in tracking the actual speed across
a wide range of wind speeds. By implementing LADRC, the need for
low-pass filter in the speed signal is eliminated, enabling direct input
into the system. Fig. 14 further displays the bode diagram of generator
speed filter and ESO.

Based on the bode diagram, it is evident that the amplitude fre-
quency characteristic of the first-order LADRC ESO closely resembles
that of a first-order low-pass filter. However, the generator speed
filter displays superior filtering characteristics due to its utilization of
a second-order low-pass filter and notch filter. This is an area that
requires further improvement in the ESO.

5.3. Control effect under step wind speed

The control algorithms used in the test comparison are shown in
Table 2. The control algorithms can be roughly divided into two cate-
gories: model-free control methods and model-based control methods.
Algorithm 1 (Jonkman, Butterfield, Musial, et al., 2009), algorithm 2
(Lou, Cai, Ye, et al., 2018) and the algorithm proposed in this article
is model-free control methods. Algorithm 3 (Geng et al.,, 2010) is
model-based control methods.

;
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Fig. 14. Bode diagram of different algorithms.

In order to analyze the transient characteristics of the control sys-
tem, the wind speed with step change in different operation intervals
was selected. The system dynamic response is shown in Fig. 15.

As can be seen from Fig. 15(a) and (c), compared with algorithm
2 and the proposed algorithm, the rotor speed of algorithm 1 and
algorithm 3 control method in the minimum speed area is greater than
the minimum speed, while the speed in the maximum speed area is less
than the maximum speed, which reduces the wind energy utilization
of the wind turbine. In terms of speed control, it can be seen from
Fig. 15(a), (c) and (d) that the proposed algorithm has better transient
characteristics than algorithm 2. When the wind speed changes, the
rotor speed fluctuation of wind turbine with the proposed algorithm is
smaller and the rotor speed can reach the stable value faster. In the
variable speed area like Fig. 15(b), the control effect of rotor speed
is relatively close because both algorithm 1, algorithm 2, algorithm 3
and the proposed algorithm adopt the same control law. In Fig. 15(a),
(b), (c) and (d), when the wind speed changes gradually, due to the
presence of the tower drag link, the pitch angle is slightly adjusted
to reduce flapping vibrations in the tower. In Fig. 15(d), the pitch
angle response speed is the fastest using algorithm 3, and the ability to
suppress speed fluctuation is strong, the control effect of the proposed
algorithm in this paper is the second. However, it is limited to the
control effect under steady conditions, and turbulent wind conditions
typically exist during wind turbine operation. Section 5.4 will compare
the control effects of different control algorithms under turbulent wind
conditions.

5.4. Control effect under turbulent wind speed

To approximate actual wind conditions, the TurbSim module in
FAST software was employed to simulate three-dimensional turbulent
wind. The IECVKM turbulence model was adopted, and the turbulence
intensity is 0.05. With turbulent wind conditions having mean values
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Table 2
The control algorithms.
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Control algorithms

Below rated wind speed

Transition region Above rated wind speed

Algorithm 1 Look-up table NaN GSPID(constant torque)
Algorithm 2 PID PID GSPID(constant power)
Algorithm 3 Look-up table PID RISC(constant torque)
The proposed algorithm LADRC LADRC LADRC(constant power)
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Fig. 15. Comparison of control effects under step wind speed. (a) Minimum speed zone control effect; (b) Variable speed zone control effect; (¢) Maximum speed zone control

effect; (d) Rated power area control effect.

of 6 m/s, 8 m/s, 10 m/s, 12 m/s, 14 m/s, 16 m/s, 18 m/s, 20 m/s
and 22 m/s serving as test examples, the control effects are depicted in
Fig. 16.

In Fig. 16, all algorithms can control speed and power stability. In
Fig. 16(a), due to differences in control algorithms, algorithms 1 and 3
maintain high speeds, while algorithms 2 and the proposed algorithm
maintain speeds near the minimum speed for most of the time. This is
because in the minimum speed zone, the control target setting value
for algorithm 2 and the proposed algorithm is the minimum speed
value, as shown in Fig. 4. The proposed algorithm can better suppress
speed fluctuations, with a standard deviation of generator speed of
0.18. By comparison, using the other three control algorithms, the stan-
dard deviation of generator speed is 1.28, 1.22 and 1.28, respectively.
Similarly, the standard deviation(std) of power is 138.5 when using the
proposed algorithm and is approximately 129.98, 145.92 and 130.33
when using the other three algorithms. Algorithm 2 and the proposed
algorithm ensure that the wind turbine has a higher mean power value.
The average output power is 1424.48 kW for the proposed algorithm
compared to approximately 1372.75 kW, 1423.55 kW, and 1372.7 kW
for algorithms 1, 2 and 3, respectively. In Fig. 16(b) and (c), when the
wind turbine operates in the variable speed area, the control effects
of all four strategies are similar and are guided by an optimal control
curve. Above rated wind speed, as shown in Fig. 16(d), (e), (f), (g), (h)
and (i), compared to the other three algorithms, the proposed control

algorithm demonstrates superior performance in limiting speed and
power fluctuations, and pitch angle fluctuations are greater when using
algorithm 3 compared to other algorithms. In Fig. 16(d), the std of
generator speed and power using the proposed algorithm is 5.62 and
63.09, respectively. Under the other three control algorithms, the std
of generator speed is 7.74, 11.76, and 4.78, while the power std is
215.46, 96.08 and 121.11. In Fig. 16(e), The std of generator speed
and power using the proposed algrithm is 3.43 and 84.77, respectively,
under the other three control algorithms, the std of generator speed is
7.05, 8.75, 4.66, the std of power is 201.97, 95.2, 128. In Fig. 16(f), The
std of generator speed and power using the proposed algrithm is 3.35
and 103.05, respectively, under the other three control algorithms, the
std of generator speed is 7.69, 9.08, 5.23, the std of power is 253.67,
116.96, 166.54. In Fig. 16(g), The std of generator speed and power
using the proposed algrithm is 3.52 and 154.69, respectively, under
the other three control algorithms, the std of generator speed is 8.43,
9.82, 5.84, the std of power is 313.8, 165.17, 200.96. In Fig. 16(h), The
std of generator speed and power using the proposed algrithm is 3.81
and 187.13, respectively, under the other three control algorithms, the
std of generator speed is 9.11, 10.39, 6.68, the std of power is 372.64,
204.47, 257.21. In Fig. 16(i), The std of generator speed and power
using the proposed algrithm is 4.04 and 217.34, respectively, under
the other three control algorithms, the std of generator speed is 9.85,
10.98, 7.26, the std of power is 428.2, 242.3, 308.53. To assess the
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Fig. 16. Comparison of control effects under turbulent wind speed. (a) Turbulent wind
with average value of 6 m/s; (b) Turbulent wind with average value of 8 m/s; (c)
Turbulent wind with average value of 10 m/s; (d) Turbulent wind with average value
of 12 m/s; (e) Turbulent wind with average value of 14 m/s; (f) Turbulent wind
with average value of 16 m/s; (g) Turbulent wind with average value of 18 m/s;
(h) Turbulent wind with average value of 20 m/s; (i) Turbulent wind with average
value of 22 m/s.
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Fig. 17. Comparison of control effects under different control algorithm. (a) Wind
speed frequency distribution; (b) Comparison of generator speed and power std.

impact of diverse control algorithms in the entire wind speed range,
we conducted a statistical analysis on pertinent metrics, utilizing the
wind frequency distribution from the actual wind field, as displayed in
Fig. 17.

To verify the control effectiveness of the control algorithm across
the entire wind speed range, we multiply the evaluation indicators’
values in various wind speed ranges by their corresponding frequency
distribution and then sum them up. In Fig. 17(b), it is evident that
the control algorithm presented in this article effectively minimizes
generator speed and power fluctuations. When compared to algorithm
1, it offers a reduction of 13.6% and 2.3% respectively. When compared
to algorithm 2, it offers a reduction of 25.9% and 3.8% respectively.
When compared to algorithm 3, it offers a reduction of 16% and 1.7%
respectively.

5.5. Comparison of blade root load force

Generally, when we analyze the dynamic load of the wind turbine,
the time series length is 10 min, i.e. 600 s. In this part of the test, the
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Fig. 18. Comparison of blade root load under different control algorithm.

turbulence wind in Section 5.4 were selected, then the mean and std
value of each index were calculated. The impact on blade root load of
four different control strategies are compared. The statistical results are
shown in Fig. 18.

In Fig. 18, F, represents the load force in the flapwise direction, and
F, represents the load force in the edgewise direction. It is evident that
the proposed algorithm can effectively decrease the mean load force in
the flapwise and edgewise direction of blade root, achieving a reduction
of 5.1% and 1.5% respectively when compared to algorithm 1 and
algorithm 3. Additionally, the proposed algorithm outperforms others
in reducing load fluctuation in the edgewise direction of blade root by
approximately 1.9%. In the flapwise direction, the load fluctuation of
blade root is basically the same.

6. Conclusion

An wind turbine control system based on LADRC has been proposed
to obtain satisfactory dynamic characteristics and to reduce the power,
generator speed and load force fluctuations. The following conclusions
are obtained:

(1) The amplitude frequency characteristics of the one-order
LADRC’s ESO are comparable to those of a one-order low-pass filter,
and it partially simplifies the design of wind turbine control loop.
To emulate the characteristics of second-order low-pass filtering and
bandpass filtering, an upgrade and enhancement of the ESO structure
is necessary.

(2) Particularly above the rated wind speed, the RISC exhibits the
fastest response speed in terms of pitch angle, followed closely by
LADRC and PID under step wind test conditions. Additionally, the
RISC algorithm also displays the strongest ability to mitigate speed
fluctuations.

(3) Under turbulent wind conditions, the control algorithm pro-
posed in this article based on LADRC has the best performance in
reducing fluctuations in generator speed and power. Simultaneously,
it can also minimize the load fluctuations in the edgewise direction of
blade root, and it can also reduce the mean value of blade root load.

(4) The upcoming research project aims to integrate ISC and LADRC,
leveraging existing model knowledge to optimize the dynamic re-
sponse characteristics of LADRC pitch control and enhance the overall
robustness and interference resistance of the control system.
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