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Abstract: In the full load operating range, wind turbines typically use pitch control to maintain rotor

speed and output power at their rated values to guarantee the whole system’s safety. Blade pitch

actuators are subject to physical limitations and safety requirements, which imposes strict constraints

on pitch angle’s amplitude and rate of change. These constraints will bring windup problem to the

integral part of the pitch controller. It leads to deterioration of the pitch control system’s performance

or even the instability problem, especially for large-scale turbines operating in extreme uncertain

wind conditions or suffering from cyber attacks. This paper designs an anti-windup robust pitch

angle control strategy to deal with pitch rate constraint issue to enhance the security of control system.

First, to facilitate controller design, a filtered tracking error technique is employed to transform

the nonaffine form into an affine one. Subsequently, a feedback robust controller based on UDE

is developed to handle the model’s uncertainty and external disturbances. To address the issue of

integral saturation in the pitch system and guarantee its safety, an elliptical bounded constraint is

integrated into the designed UDE strategy. This bounded UDE controller can improve the stability

of power generation quality, reduces the mechanical loads on components and enhance the whole

system’s safety. Finally, the effectiveness of the proposed scheme is verified on the Wind Turbine

Blockset platform in Matlab/Simulink. It can achieve better performance than the traditional method.

Keywords: variable speed wind turbine (VSWT); robust control; integral saturation; system safety;

bounded uncertainty and disturbance estimator (UDE)

1. Introduction

In recent years, environmental pollution has garnered widespread attention from an increasing

number of countries worldwide [1]. As using the traditional fossil energy seriously pollutes the

environment, the global power grid is transforming from traditional fossil energy to clean energy.

Since wind energy is one of clean energy with huge reserves as a renewable energy, wind power is

developing rapidly around the world [2]. According to the forecast published by the International

Renewable Energy Agency (IRENA), wind power will play a main role in power generation by 2050

[3]. Variable speed wind turbines (VSWTs) are widely in modern wind farms, thanks to their higher

power capture efficiency and lower mechanical loads compared with fixed-speed turbines [1]. In

order to improve the quality and quantity of the captured wind power, the height and size of VSWT

are becoming larger and larger, which will increase structural loads, bring safety issue and make the
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system be more fragile to cyber attacks [4]. Therefore, how to develop intelligent control technologies

to achieve safe operation and loads optimization of wind turbines is still a challenging and promising

issue in the field of wind power.

Uneven turbulent winds easily generate fluctuations in power generation, increasing the difficulty

of grid integration. Thus, VSWTs are generally designed to withstand extreme wind conditions but

cannot tolerate high rotor speeds and torques [5], which will avoid damage to VSWT blades and

important turbine components. When the wind speed is at high wind speed stage and its value is

higher than the rated one, the pitch angle is regulated to achieve constant power output control. The

aerodynamic torque can fluctuate a lot when a minor angle variation occurs, and thus pitch angle is

closely related to power output, even minor angle changes can have a significant impact on power

output. Due to the high sensitivity with aerodynamic torque, the randomness and uncertainty of wind

speed bring great challenge for advanced pitch angle control design.

Many control strategies for pitch angle have been proposed by scholars in order to achieve a good

control performance. Proportional-integral-derivative (PID) controllers play an important role in VSWT

pitch angle control. However, due to the great sensitivity of nonlinear aerodynamics to pitch angle, a

constant PI gain cannot achieve an effective control effect. Jason et al. [6] proposes a gain-scheduled PI

blade-pitch controller which measures the sensitive degree between aerodynamic power and different

pitch angles and performs linear regression processing on it. In this way, the gain coefficient is adjusted

according to the real-time pitch angle to achieve a better control effect. However, different types of

turbines need to re-measure the aerodynamic power-pitch angle sensitive relationship, which greatly

narrows its applications in practice. To deal with this, Billel et al. [7] proposes a direct power control

based on PI control using space vector modulation technology, and optimizes the gain of PI control

using a root optimization algorithm, improving the stability of wind turbine power generation. What’s

more, Ibrahim et al. [8] have developed a fractional order PID (FOPID) variable pitch controller

based on oppositional brain storm optimization (OBSO). The parameters of the FOPID controller are

effectively selected by the OBSO algorithm, improving control performance in various aspects.

The above methods do not consider the problem of integral saturation of PI-based pitch controllers,

which can lead to system instability and increase mechanical loads during the actual operation of

wind turbines, especially when they suffer from cyber attacks [9–11]. In wind turbines, the pitch angle

actuator has physical limitations and safety requirements, which restrict the extent and the pitch angle

variable rate. When the controller output exceeds the actuator’s limit, there is a discrepancy between

the actuator input and the controller output. This discrepancy causes the integral effect in the controller

to continually accumulate, leading to integral saturation [12]. This saturation results in a decline in

control function and it may even cause the system to lose the original control [13,14].

In order to address integral saturation, an integral saturation judgment module is typically added.

When integral saturation occurs, applying a reverse gain can obviate the cumulative values of the

corresponding parameters [15]. Nevertheless, the robustness of the system cannot be ensured by

this method. Another approach is to use a more complex anti-integration and saturation design [16],

but this requires additional calculations of system architecture. Leith and Leithead [17] highlight

the problem of blade pitch integral saturation during turbines operation, and several anti-integral

saturation designs were compared. Garelli et al. [18] addresses the issue of pitch rate integral saturation

by adding a module to counteract saturation and adjusting the reference signal. Validation of this

approach is conducted on a small-scale wind turbine. Kanev and van Engelen [19] propose a solution to

integral saturation in controllers by introducing an auxiliary loop to adjust the input signal. However,

these methods involve additional auxiliary anti-integral saturation components, and their effectiveness

in ensuring overall system stability remains uncertain.

Recently, the uncertainty and disturbance estimator (UDE) control theory has achieved great

development in control communities [20]. It shows good performance in dealing with robust control

for nonlinear uncertain systems [21]. Therefore, under the excitation of UDE control strategy, this
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paper develops an anti-windup pitch control scheme for VSWT based on bounded UDE. The specific

contributions of this article are as follows:

• By modeling the wind turbine and using filtered regulation error technique, the control signal is

converted into an affine form that is suitable for controller design. A robust pitch angle controller

based on UDE is utilized to handle uncertainties and disturbances in the system, which improves

the robustness of the overall system and feasibility of the proposed controller for different types

of turbines;
• A constraint coefficient is designed to address the issue of integral saturation in traditional UDE.

Integrating the elliptical bounded constraint with UDE control framework, a bounded UDE

approach is developed. This strategy can improve the stability of power generation quality,

reduces the mechanical loads on components and enhance the whole system’s safety. Moreover,

this controller maintains the traditional UDE method’s robustness and clear system structure

without requiring additional calculations;
• Simulation analysis are carried out by using a professional wind turbine platform to verify the

effectiveness of the proposed control scheme, and it can achieve better control performance

compared with traditional UDE control.

The arrangement of this study is shown as follows. Section 2 establishes the model of VSWT.

Section 3 determines the control objectives and uses filtered regulation error technique to convert

non-affine system into an affine one. Section 4 presents the controller design and stability proof.

Simulation result analysis are carried out in Section 5. Finally, Section 6 offers the conclusion of this

study.

2. VSWT Modelling

The physical model of the VSWT studied in this article is shown in Figure 1. According to Betz

Law [22], the aerodynamic power Pa captured by a wind turbine from flowing air can be expressed as

Pa =
1

2
ρ1πR2Cp(λ, β)v3, (1)

where ρ1 represents the air density, R is the is the radius of the swept area of the wind turbine rotor, v

represents the effective wind speed, λ represents tip speed ratio and β is the pitch angle. The power

coefficient Cp describes the wind power capture efficiency of wind turbines. It is a non-linear function

determined by λ and β. λ can be described as

λ =
Rωr

v
, (2)

with ωr being the rotor speed. In general, the value of Cp (λ, β) can be determined through a large

number of experiments implemented by manufacturers [23]. Moreover, the aerodynamic torque can

be represented as

Ta =
1

2
ρπR3Cq(λ, β)v2, (3)

with Cq(λ, β) being the torque coefficient, whose expression is

Cq(λ, β) =
Cp(λ, β)

λ
(4)
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Figure 1. Physical model of VSWT.

In this research, the dual-mass structure of the VSWT is considered, assuming that the rotor-side

and the generator-side drive shafts are rigid [24]. Furthermore, based on fundamental laws of physics,

the dynamic characteristics of the system can be represented as











Jrω̇r = Ta − Krωr − Tls

Jgω̇g = Ths − Kgωg − Tem

ng =
ωg

ωr
= Tls

Ths

, (5)

where Jr and Jg are respectively the inertial constants of rotor and generator, ωg denotes the generator

speed, Tls and Ths are torques of high-speed and low-speed shafts respectively, Kr and Kg are

respectively external damping coefficients of wind rotor and generator and ng is the ratio of gearbox.

Further, considering that the nonlinear turbine system always operate in an uncertain operating

environment [25], d (t) is introduced to represent the unmodeled dynamics and unknown disturbance.

Therefore, the mathematical model of wind turbines can be simplified as

ω̇r =
1

Jt
Ta −

1

Jt
Ktωr −

1

Jt
Tg + d (t) , (6)

where Jt, Kt and Tg are the lumped terms whose specific expressions are











Jt = n2
g Jg + Jr

Kt = n2
gKg + Kr

Tg = ngTem

(7)

Finally, the output power of the generator in a VSWT can be represented as

Pg = Tgωr (8)

3. Control Objectives

It can be observed from Figure 2 that three regions can be segmented for the operating stage of

VSWT based on different wind speed values (Regions 1-3) [26]. In Region 2, the main control goal is to

capture more energy from the flowing air. The rotor speed is adjusted by controlling the generator

torque to achieve this control goal [27]. In region 3, there are two main control objectives. Firstly, in

this stage, wind energy is relatively large, and the windup issue in the pitch controller will reduce

the stability of the system operation, which is extremely likely to cause safety accidents of the wind

turbine generator. In order to ensure the safe operation of the turbines, the rotor speed and power

generation should be stabilized near their rated values. Secondly, in order to reduce the failure rates of

the wind turbine system, the mechanical loads of its key components should be minimized as much as

possible to extend turbines’ service life.
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Figure 2. Operating regions of VSWT.

In the high wind speed range, the usual practice is to set the approach generator torque Tg to a

fixed value. By controlling the change of the pitch angle β, the rotor speed ωr is stable near the rated

speed ωd to realize the constant power output. The regulation error of rotor speed can be described as

e = ωr − ωd (9)

From (3) and (6), it can be concluded that the control signal β affects the system dynamics in a

non-affine form. This greatly increases the difficulties of designing the corresponding controller. In

order to avoid this problem, the filtered regulation error technology is used to convert the control

signal into an affine form. Thence, the regulation error r is defined as

r = kė + e, (10)

where k > 0. It can be seen that when r → 0, e will also approach 0. The purpose of the controller

designed for this study is to eliminate the adjustment error r and reduce the mechanical impacts of

important parts.

4. Controller Design

4.1. The UDE-Based Controller

According to Equations (4) and (7), the derivative of the adjustment error is derived as follows

ṙ = c
Jt
(Ṫa − Ṫg − Ktω̇r + ḋ (t)) + ( 1

Jt
Ta −

Kt
Jt

ωr −
1
Jt

Tg + d (t))

= f (ωr, v, β) + g(ωr, v, β)β̇ + ϕ(t)
(11)

where

f (ωr, v, β) =
c

Jt

[

∂Ta

∂ωr

(

Ta

Jt
−

Kt

Jt
ωr −

Tg

Jt

)

−
Kt

Jt

(

Ta − Ktωr − Tg

)

]

+

(

1

Jt
Ta −

Kt

Jt
ωr −

1

Jt
Tg

)

, (12)

g (ωr, v, β) =
c

Jt

∂Ta

∂β
< 0, (13)

ϕ(t) =

(

c

J2
t

∂Ta

∂ωr
−

cKt

J2
t

+
1

Jt

)

d(t) +
c

Jt
ḋ (t) +

c

Jt

∂Ta

∂v
v̇, (14)

to compensate for system uncertainties and disturbances, Equations (11) can be rewritten as

ṙ = fd (ωr, vd, β) + gd (ωr, vd, β) β̇ + D(t), (15)
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where D(t) = ( f − fd) + (g − gd) + ϕ(t), Since the wind speed is known, fd and gd can be calculated

by the wind turbine dynamic model as

fd =
c

Jtd

[

∂Tad

∂ωr

(

Tad

Jtd
−

Ktd

Jtd
ωr −

Tg

Jtd

)

−
Ktd

Jtd

(

Tad − Ktdωr − Tg

)

]

+
1

Jtd

(

Tad − Ktd − Tg

)

, (16)

gd =
c

Jtd

1

2λd
ρπR3v2

dc1d

((

−
1

λ2
id

∂λid

∂β
− c3d

)

e
−

c5d
λid +

(

c2d

λid
− c3dβ − c4d

)

e
−

c5d
λid

c5d

λ2
id

∂λid

∂β

)

, (17)

where

∂Tad

∂ωr
=

1

2
ρπR3v2

d

[(

c1d

(

−
1

λ2
id

)

(

∂λid

∂ωr

)

e
−

c5d
λid

(

c2d − c5d

(

c2d

λid
− c3dβ − c4d

))

+ c6d
R

vd

)

λd − Cpd(λd, β)
R

vd

]

/λ2
d (18)

In order for r to approach 0, the filtering error should satisfy the following relationship

ṙ(t) = −kr(t), (19)

where k > 0, the control rate of the control signal is designed to

β̇ = −
1

gd
( fd + kr + D(t)) , (20)

The system uncertainty and disturbance D(t) are unknown, according to the UDE control theory,

it is approximated as

D̂ (t) = D (t) ∗ g f (t)

=
(

ṙ − f0 − g0 β̇
)

∗ g f (t)
(21)

In this formula, g f (t) is a filter with appropriate bandwidth, and "∗" is the symbol for convolution.

Combined with Equation (20), it can be obtained that

β̇ = −
1

gd

(

fd +
(

ṙ − fd − gd β̇
)

∗ g f (t) + kr
)

, (22)

arranging Equation (22) gives

−gd β̇ = fd + ṙ ∗ g f (t)− fd ∗ g f (t)− gd β̇ ∗ g f (t) + kr (23)

Laplace transform is performed on both sides of the equation in Equation (23), simplify and

perform inverse Laplace transform. The pitch angle control rate based on UDE is represented as

β̇ = −
1

gd

(

fd + L−1

(

1

1 − G f (s)

)

∗ kr + L−1

(

sG f (s)

1 − G f (s)

)

∗ r

)

, (24)

where L−1 is the operator for Laplace inverse transformation, and G f (s) usually uses a first-order

low-pass filter, which can be expressed as

G f (s) =
1

τs + 1
(25)

According to Equation (25), Equation (24) can be further deduced as

β̇ = −
1

gd
( fd +

k

τ

∫ t

0
r(ζ)dζ + (

1

τ
+ k)r(t)) (26)
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4.2. Design with Bounded Constraints

In the UDE control signal (26), the integral term generated by the characteristics of the filter

exists in the
(

1
1−G f (s)

)

term. The integral term continuously corrects tracking error to achieve good

steady-state tracking performance. In fact, due to the non-ideal physical structure of VSWTs, the

rate of change in pitch is bounded. When the controller output exceeds the input boundaries of the

actuator, the traditional UDE controller would erroneously update the state, causing the accumulation

of the integral term during the error adjustment process. It will then lead to integral saturation. This

phenomenon will result in a deterioration in control performance, and even a system crash under cyber

attacks. To alleviate the continuous impact of the integral action, a time-varying variable is designed

for Equation (19) as

ṙ(t) = −k0kr(t), (27)

with 0 < k0 < 1. If the controller output is close to the boundary of the pitch angle change rate, k0

should be close to 0 to avoid integral saturation. The pitch angle change rate range can be expressed as

β̇ ∈
(

β̇min, β̇max
)

(28)

The boundary values of the pitch angle change rates, β̇min and β̇max, are both constants, and the

values are determined by the physical limitations and safety requirements of the actuator. In order to

constrain the process, an elliptic relationship can be established between the pitch angle change rate β̇

and the constraint coefficient k0 as

4(β̇ − β̇max+β̇min
2 )

2

(β̇max − β̇min)
2

+ k2
0 = 1 (29)

According to the new filter error dynamics, the pitch angle control rate is modified as

β̇n = −
1

g0
( f0 + (

1

τ
+ k)r(t) +

k0k

τ

∫ t

0
r(ζ)dζ) (30)

Further, in order to realize the desired constraint model, a pitch controller with bounded

constraints is developed for the time-varying constraint coefficients and final controller output as

k̇0 = −k1k0(
4(β̇ − β̇max+β̇min

2 )
2

(β̇max − β̇min)
2

+ k0
2 − 1) +

4k2(β̇ − β̇max+β̇min
2 )

(β̇max − β̇min)
2

k0(β̇ − β̇n) (31)

β̈ = −k1(β̇ −
β̇max + β̇min

2
) · (

4(β̇ − β̇max+β̇min
2 )

2

(β̇max − β̇min)
2

+ k0
2 − 1)− k2k0

2(β̇ − β̇n), (32)

where β̇ is the input of the pitch actuator, k0 is the constraint coefficient of the introduction of the

integral term, k1 and k2 are positive constants. It should be noted that the bounded controller design

only needs to occupy very little computing resources in the achievement of the bounded constraints.

4.3. Proof of Stability

The proof of stability considers the following Lyapunov function candidates

V(t) =
4(β̇ − β̇max+β̇min

2 )
2

(β̇max − β̇min)
2

+ k2
0 (33)
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According to Equations (31) and (32), the derivative of Equation (33) is taken as

V̇(t) = −2k1V2(t) + 2k1V(t) (34)

Further solving Equation (34) gives

V(t) =
1

1 −
(

1 − 1
V(0)

)

e−2k1t
, (35)

where V(0) is the initial state of V(t), through the initial design of V(0) = 1, k0(0) = 1 and β̇(0) =
β̇max+β̇min

2 can be obtained, and then

V(t) = 1 ∀t ≥ 0 (36)

In Equation (33), as long as ∀t ≥ 0, the controller output and constraint coefficients will always

remain within the ellipse defined by Equation (29), ensuring system stability. With the proposed

bounded design, both β̇ and k0 will always remain on the ellipse set, regardless of their changes in

Equation (30). In the steady state, the derivatives of the control signal change rate and the constraint

coefficient will be adjusted to 0, and the tracking error e is zero. At this point, both the pitch angle

and the constraint coefficient will approach a stable point (βe, k0e). The bounded design scheme of the

controller based on UDE is illustrated in Figure 3.

Figure 3. The framework of the bounded UDE pitch angle control method.

Figure 4. The elliptical relationship between the rate of the pitch angle and the constraint coefficients.

5. Simulation Verification

The regulation function of the designed pitch controller is verified on the Wind Turbine Blockset

platform in Matlab/Simulink [28]. The platform focuses on wind power study and provides a very

good help for related technology research. It receives funding from the Danish Energy Agency in the

study program "A Simulation Platform to Model, Optimize and Design Wind Turbines" and has been

extensively utilized in related literature [29–31]. The model used on this platform is 1.5MW VSWT.

Table 1 introduces the primary data used in the study. When the pitch system is subjected to excessive

pitch acceleration, the contact stress of the bearings will increase, resulting in increased friction, wear
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and fatigue [32]. When the run time is long, this may lead to damage and failure of the bearing, which

will affect the normal and safe operation of the entire VSWT and seriously affect the economic benefits

of the wind farm. In an effort to make a reasonable analysis of the influence extent of the controller on

the pitch mechanical shock (PMS), the average pitch angle absolute acceleration of the entire running

time of the fan can be measured. The smaller it is, the smaller the mechanical shock of the pitch control

system. Furthermore, to evaluate blade pitch fatigue (PF) during operation, the following indicators

need to be considered [33]

PF =
∑

Tet
k=1 |β (k + 1)− β (k)|

Tet
(37)

PF measures the average blade pitch variation rate during operation. Clearly, a smaller PF value

indicates less fatigue in the pitch control system [34]. In order to analyze integral saturation states

more intuitively, scheduling parameters are introduced in this study as [35]

r =
satr (u)

u
, r = 1 i f u = 0, (38)

where the numerator is the implemented pitch rate by the actuator, and the denominator is the pitch

rate signal output by the controller. When integral saturation is not present, the value of r is equal

to 1. The parameters for the designed controller are chose as: k = 3, τ = 2.5, c = 4.5, k1 = 18.6 and

k2 = 15.5. In an effort to simulate extreme conditions, the pitch rate suffers from a limitation and the

limited range is set as ±3 deg/s in simulations.

Table 1. Main parameters of the simulation model.

Parameters Value Parameters Value

Air density 1.25 kg/m3 Rated power 1.5 MW
Gearbox ratio 83.531 Generator rated torque 8376 N · m

Wind rotor’s external damping coefficient 45.52N · m/ (rad · s) Generator’s external damping coefficient 0.4 N · m/ (rad · s)
Cut-out wind speed 25 m/s Cut-in wind speed 3 m/s

Inertial constant of generator 90 kg · m2 Rotor radius 40 m
Inertial constant of rotor 4950000 kg · m2 Rated speed 2.1423 rad/s

5.1. Wind Gust

In an effort to demonstrate the validity of the bounded UDE control method in extreme wind

scenarios, the gust model is built as follow [15,36]

v =











16, t < Tin

16 + Ag[1 − cos( 2π(t−Tin)
Dg

)], Tin ≤ t ≤ Tout

16, Tout < t

, (39)

where Tin = 10s, Tout = 17.5s, Ag = 4.5m/s and Dg = 7.5s are the entry time, exit time, amplitude

value and duration of the gust. Figure 5(a) shows the generated gust wind speed. The comparison

of the experimental conclusions of the two controllers when gust is shown in Figure 5b–f. In order

to compare the speed regulation performance and the pitch loads, the performance index is shown

in Table 2. These include the mean absolute error (MAE), standard deviation (ST), mean absolute

percentage error (MAPE), pitch mechanical shock (PMS) and pitch fatigue (PF) from the rated value. It

should be noted that, although the rotor speed’s overshoot is a little bit larger than that of the UDE

control, the speed regulation performance of the bounded UDE is superior to the conventional UDE in

terms of MAE and MAPE, with a reduction of 41.59% and 0.73%, respectively. Figure 5e,f depict the

actuator saturation states and the accumulation of integrators under two control strategies. Evidently,

the bounded UDE eliminates the infinite accumulation of integral terms caused by integral saturation,

and no integral saturation phenomenon occurs. The integrator in traditional UDE methods experiences

significant accumulation, leading the system into an uncontrollable state during this period. The

system remains in this state until the integral term is eliminated. The significant impact of bounded
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constraints can be observed in Figure 5(d), where better control performance is achieved with fewer

blade pitch adjustments. PMS and PF are indicators directly affecting the turbine’s lifespan, and the

bounded UDE reduces them by 40.29% and 36.15%, respectively, compared with the traditional UDE

method. This improvement enhances the safety and extends service life of turbines, which is very

beneficial for wind farm’s economic benefits.

0 10 20 30 40 50 60

Time (s)

10

12

14

16

18

20

22

24

26

28

W
in

d
 S

p
e
e
d
 (

m
/s

) 

(a) Gust wind speed-time relationship

0 10 20 30 40 50 60

Time (s)

1.8

1.9

2

2.1

2.2

2.3

2.4

2.5

R
o

to
r 

S
p

e
e

d
 (

ra
d

/s
) 

Bounded UDE

Traditional UDE

Rated Speed

(b) Rotor speed of two pitch control schemes

0 10 20 30 40 50 60

Time (s)

15

20

25

30

35

P
it
c
h
 A

n
g
le

 (
d
e
g
) 

Bounded UDE

Traditional UDE

(c) Pitch angles of two pitch control schemes

0 10 20 30 40 50 60

Time (s)

-4

-3

-2

-1

0

1

2

3

4

P
it
c
h

 A
n

g
le

 R
a

te
 (

d
e

g
/s

) 

Bounded UDE

Traditional UDE

(d) Pitch angle rate of two pitch control schemes

0 10 20 30 40 50 60

Time (s)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

r

Bounded UDE

Traditional UDE

32 32.5 33 33.5
0.8

0.85

0.9

0.95

1

1.05

(e) The saturation states of the actuators for two pitch control
schemes

0 10 20 30 40 50 60

Time (s)

-1.5

-1

-0.5

0

0.5

1

1.5

2

In
te

g
ra

l 
T

e
rm

 V
a

lu
e

Bounded UDE

Traditional UDE

(f) The integral terms of two pitch controllers

Figure 5. Simulation results of VSWT under gust conditions.
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Table 2. Performance metrics of two controllers under gust conditions.

MAE (rad/s) ST (rad/s) MAPE (%) PMS
(

rad/s2
)

PF (rad/s)

Traditional UDE 0.0339 0.0693 1.6133 1.0000 1.0000
Bounded UDE 0.0198 0.0512 0.8842 0.5971 0.6385

5.2. Step Wind

The designed method’s effectiveness can be testified by the step wind scene [37]. Under the

airflow velocity shown in Figure 6(a), The simulation results of important parameters of the controller

are shown in Figure 6b–d. By analyzing the obtained experiment results, the control performance

indicators are shown in Table 3. It is known that the pitch rate adjustment of the traditional UDE is

rapid. Between 20s and 35s, the pitch rate surpasses the boundary value of the actuator, leading to

integral saturation and consequently causing an increase in the time to reach steady-state. The bounded

UDE eliminates integral saturation, the signals of the controller and the actuator remain synchronized

throughout the operation. During a stable wind speed, the pitch angle under the bounded UDE control

strategy approaches the stable value in a shorter time. Based on the experimental results, the bounded

UDE method, compared to the traditional approach, exhibits a reduction of 6.74% and 0.078% in MAE

and MAPE, respectively. This suggests that the bounded UDE method provides more stable speed

control performance. Similarly, the bounded design demonstrates excellent performance in integral

saturation. In Figure 6(c), the blades of the bounded UDE exhibit no unnecessary pitch adjustments.

Through calculations on mechanical impact and blade pitch fatigue, the proposed strategy in this study

optimizes these aspects by 29.74% and 8.68%, respectively.
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Figure 6. Simulation results of VSWT under step conditions.

Table 3. Performance metrics of two controllers under step conditions.

MAE (rad/s) ST (rad/s) MAPE (%) PMS
(

rad/s2
)

PF (rad/s)

Traditional UDE 0.0178 0.0359 0.8195 1.0000 1.0000
Bounded UDE 0.0166 0.0408 0.7415 0.7026 0.9132
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5.3. Turbulent Wind

The function of the designed controller is tested using long-time turbulent wind in this part

[15,37]. Figure 7(a) displays the wind speed. In the turbulent wind scenario, Figure 7b–d respectively

display the performance of speed regulation and pitch adjustment under different controllers. It

can be observed that, within a short time, the rotor speeds of both control methods stabilize near

the rated values. However, the actual wind conditions in the environment exhibit randomness and

intermittency, as shown between 120s and 140s in Figure 7(a). During this period, the saturation

state indicator r of the conventional UDE proves that the controller’s output signal has exceeded the

actuator’s boundaries. The controller’s state is continuously updated erroneously, and the integral

term keeps accumulating. When the wind speed undergoes a significant abrupt change, the larger

integral term hinders the correct adjustment of the controller’s output signal. As seen in Figure 7c,d,

conventional UDE regains the controller’s tracking capability after the elimination of the integral term.

During the operation of the wind turbine, controller instability can subject the system to substantial

shocks, potentially leading to wind turbine safety accidents. Bounded UDE constrains the unlimited

accumulation of the integral term, ensuring that the actuator saturation state remains within normal

bounds. This approach achieves superior speed tracking with fewer pitch actions. To evaluate the

controller’s performance more clearly, Table 4 provides a detailed analysis of the experiment results.

Compared with traditional UDE, bounded UDE demonstrates a reduction of 1.37% in the MAE and a

decrease of 0.03% in the MAPE. Additionally, fatigue indicators, including a 11.42% decrease in the

PMS and a 5.88% decrease in the PF, clearly indicate that bounded UDE not only ensures enhanced

tracking performance but also reduces the loads on pitch systems.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 February 2024                   doi:10.20944/preprints202402.0416.v1

https://doi.org/10.20944/preprints202402.0416.v1


14 of 17

0 20 40 60 80 100 120 140 160 180 200

Time (s)

12

14

16

18

20

22

24

W
in

d
 S

p
e

e
d

 (
m

/s
) 

(a) Turbulent wind speed-time relationship (b) Rotor speed of two pitch control schemes

0 20 40 60 80 100 120 140 160 180 200

Time (s)

0

10

20

30

40

50

60

P
it
c
h

 A
n

g
le

 (
d

e
g

) 

Bounded UDE

Traditional UDE

125 130 135

10

20

30

(c) Pitch angles of two pitch control schemes

0 20 40 60 80 100 120 140 160 180 200

Time (s)

-4

-2

0

2

4

6

8

P
it
c
h
 A

n
g
le

 R
a
te

 (
d
e
g
/s

)

Bounded UDE

Traditional UDE

125 130 135
-4

-2

0

2

4

(d) Pitch angle rate of two pitch control schemes

0 20 40 60 80 100 120 140 160 180 200

Time (s)

0

0.5

1

1.5

2

r

Bounded UDE

Traditional UDE

120 125 130 135

0

0.5

1

(e) The saturation states of the actuators for two pitch control
schemes

0 20 40 60 80 100 120 140 160 180 200

Time (s)

-1

0

1

2

3

4

In
te

g
ra

l 
T

e
rm

 V
a
lu

e

Bounded UDE

Traditional UDE

125 130 135

0

1

2

3

(f) The integral terms of two pitch controllers

Figure 7. Simulation results of VSWT under under turbulent wind conditions.

Table 4. Performance metrics of two controllers under turbulent conditions.

MAE (rad/s) ST (rad/s) MAPE (%) PMS
(

rad/s2
)

PF (rad/s)

Traditional UDE 0.0511 0.1372 2.9191 1.0000 1.0000
Bounded UDE 0.0504 0.1376 2.8890 0.8858 0.9412
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6. Conclusions

This paper proposes a robust bounded UDE pitch control strategy, which is intended to optimize

the power generation quality of wind turbines at high wind speeds, reduce mechanical fatigues and

enhance turbine’s safety. First, a UDE based pitch control is presented to deal with the uncertainties

of the system. In order to eliminate the integral saturation that occurs in the designed UDE control,

an elliptic bounded constraint coefficient is investigated. As a result, when integral saturation occurs,

the integral action is weakened and the integral saturation is eliminated. Based on the bounded

constrained design, a bounded UDE pitch angle controller is developed. It is worth noting that

the design with bounded constraints will not increase the computational complexity of the system.

Simulation results can prove that the bounded UDE control method has better performance in reducing

the mechanical fatigue of pitch systems with good rotor speed regulation results than conventional

UDE. It will reduce maintenance costs, extend the life of the turbines and enhance the overall system’s

safety.
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