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 Abstract 

 

 This article presents a robust control design scheme based on a bounded uncertainty 

estimator (BUE) for a variable-speed wind turbine (VSWT). The considered horizontal-axis 

VSWT model is three-bladed, which consists of nonlinear and uncertain dynamics. The robust 

controllers based on the uncertainty disturbance estimator (UDE), including integral action, 

face the issue of integral windup for the plant with input constraints. A BUE-based controller 

design for torque and the pitch region of VSWT is proposed to resolve the integral windup 

issue and uncertainties. The error dynamics is designed by introducing a variable (time-

varying), which dynamically moves on an ellipse to ensure the input constraints. The 

simulation study demonstrates the effectiveness of the robust controller designed for VSWT. 

The proposed controller's performance has been analyzed through a comprehensive 

simulation study and a comparative evaluation with a conventional controller based on UDE 

for VSWT. The proposed BUE-based controller has a defined structure and parameter 

selection recommendations using particle swarm optimization. The VSWT operation's robust 

performance using the proposed BUE-based control scheme has improved significantly 

compared to a few existing control schemes. 
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 1. Introduction 

 

The adoption of variable-speed wind turbines (VSWTs) has garnered considerable 

interest as a viable and sustainable source of renewable energy [1]. This is attributed to their 

capacity to capture wind energy from any direction and their compact design, rendering them 

particularly appealing for diverse applications, including urban settings. Nevertheless, the 

intricate aerodynamic and mechanical attributes of VSWTs introduce substantial challenges 

when it comes to ensuring their dependable and effective operation [2-11]. Among these 

challenges, the control of VSWTs in different regions to achieve specific objectives stands out 

as particularly critical due to its high degree of nonlinearity. The VSWT has four operational 

regions, including the regions with low-speed (Region-I), medium-speed (Region-II), high-

speed (Region-III), and furling speed (Region-IV), respectively, as shown in figure 1. The 
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VSWT is stopped until the cut-in wind speed is reached in Region-I, then operates at a 

constant tip-speed ratio to maximize the power coefficient in Region-II. The VSWT operates 

at a lower power coefficient in Region-III and remains shut down after the cut-out wind speed 

in Region-IV [12]. 

 

Figure 1. Regions of operation for the VSWT [20] 

 

Numerous researchers have contributed to the field of control applications of VSWT in 

various studies [1-13]. Some researchers have proposed the use of a proportional-integral-

derivative (PID) controller to maximize power output in the torque control region, while 

others have applied a PID-based pitch control scheme to achieve a constant power output [5]. 

To obtain the output power in a wind energy conversion system (WECS), it is crucial to 

measure the peak power with the aid of a maximum power point tracking (MPPT) controller, 

which is essential for any type of generator in use [6]. In situations with significant 

fluctuations in wind speed, a controller that tracks the MPP around the operational region is 

needed to increase the energy a wind turbine produces. The ideal generator speed must be 

determined to achieve the maximum energy output feasible, regardless of wind speed. This 

MPPT method is typically utilized when wind speeds are between certain ranges [7]. 

However, wind turbine models have a high degree of uncertainty and disturbance due to 

changing wind speeds, tower dynamics, nacelle dynamics, pitch angle, and other factors, 

making control of the wind turbine more challenging. Therefore, developing a control law 

that can maintain system functionality despite major interruptions is crucial [8]. 

A range of both traditional and unconventional control methods is employed to provide 

robustness to control systems design [9-12]. In the case of actual dynamic systems, 

performance would inevitably be impacted by unmodeled dynamics, parameter drifts, 

uncertainties, and external disturbances, making precise disturbance rejection a major goal for 

modern closed-loop control industrial systems [12]. Although proportional-integral-derivative 

(PID) control is commonly used, its performance is limited due to the need for adaptive 

tuning [13]. An optimal controller based on model predictive control has been proposed for 

the torque and pitch control regions of the VSWT, which works well but is highly dependent 

on cost-weight function optimization [15]. Quantitative feedback theory (QFT) in robust 

control is unsuitable for more complex wind turbine systems because it necessitates a 

thorough mathematical understanding of the system. Although linear approaches based on 

QFT have been studied for the two-mass VSWT model, their stability is only local and may 

be compromised by unstructured perturbations and uncertainty [16]. 



 

UNEC Journal of Engineering and Applied Sciences, vol.5, No.2, 2025 

29 
 

Various studies have explored nonlinear control strategies aimed at optimizing the 

power output of wind turbines [17-28]. For instance, backstepping control has been applied to 

VSWTs, while feedback linearization techniques have been used to control pitch under 

nonlinearities and uncertainties [17-18]. The sliding mode control (SMC) algorithm offers 

another avenue for enhancing VSWT and controller resilience. This is evident in the 

utilization of a high-order optimum scheme to craft a fractional terminal SMC-based 

controller, intending to maximize energy capture and minimize mechanical loads. Researchers 

have even utilized a homotopy singular perturbation technique to devise an SMC-based 

control approach for wind turbines [19]. This study introduces a robust control design 

technique to elevate the performance of VSWT operations. 

The inherent model of VSWT is often influenced by unknown factors such as tower 

vibrations, friction, and uncertain wind speeds, posing challenges for precise measurement. 

Consequently, the proposed approach integrates a nonlinear feedback control alongside a 

modified uncertainty disturbance estimator [20] with particle swarm optimization (PSO) 

based tuning of controller parameters to attain robust VSWT performance [29]. The 

simulation study validates the efficacy of the recommended nonlinear control method, 

showcasing improved operational efficiency and satisfactory robustness of the VSWT when 

faced with internal and external uncertainties compared to the standard wind turbine 

controller.  

Additionally, it has been demonstrated that the controller recommended in this study 

outperforms (i) a standard wind turbine controller (SWTC) [15], (ii) a proportional-integral 

(PI) controller [13], and (iii) a QFT-based controller [23]. The proposed control scheme is 

based on a modified formulation of the approach presented in [29]. The approach has been 

extended to the rotor speed control problem with matched uncertainty. The proposed control 

formulation has required only the output, whereas [21,29] considered the control reliant on all 

the state variables. This simplification shows the reduction in complexity during the proposed 

scheme implementation.  

The major highlights of the contributions of this paper are as follows: (i) an ellipse-

based design is presented to guarantee the boundedness of VSWT inputs subjected to the 

input constraints; (ii) the suggested controller eliminates the requirement for the strict 

assumptions found in earlier designs by inheriting the robustness of traditional approaches 

and offering precise instructions for parameter choices; (iii) integral windup is prevented by 

adding a second time-varying variable to the error dynamics, which gets closer to zero as the 

controller output gets closer to its limits; (iv) the development of a dynamic controller with a 

boundedness design guarantees that the time-varying variable and the controller output 

remain inside the specified ellipse; (v) the obtained results demonstrate the boundedness, 

stability, and performance analysis compared to conventional UDE-based controller and other 

controllers to show the proposed design's effectiveness. 

The structure of the manuscript is outlined in the following way. Section 2 presents the 

dynamical model of the VSWT. The control goals are defined in section 3, whereas section 4 

describes the development of the robust controller using the BUE and PSO approach. The 

stability of the proposed method is analyzed in section 5. Finally, the results of the robust 

controller based on the BUE design are discussed in section 6, followed by the conclusions in 

the last section. 

 

 2. Modelling of Variable Speed Wind Turbine 

 

The dynamic model of a VSWT comprises aerodynamic, rotor mechanics, tower, and 

electrical generator models. Rotor blades transform wind kinetic energy into mechanical 

energy through aerodynamic torque, transferring it to the generator through a gearbox. The 

tower's movement influences the perceived wind speed of the rotor, calculated by considering 

tower velocity and actual wind speed. Pitch and torque actuation models optimize rotor speed 
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for maximum power extraction, and pitch actuation adjusts blade angle to control 

aerodynamic torque, while generator actuation applies an electrical counter torque for power 

extraction.  

The VSWT model expressed in the above equations can be represented by a block 

diagram below (figure 2). 
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Figure 2. Dynamical model of VSWT 

 

2.1 Mechanical Model of VSWT 

The VSWT system has been mechanically modeled using differential equations in 

references [15,24].  
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Where 

 𝑃𝑟 = (1/2)𝜌𝜋𝑅2𝑣3
𝑤𝐶𝑝(𝜆, 𝜃) (2) 

 

where  

𝐶𝑝(𝜆, 𝜃) = (0.5 − 0.0167(𝜃 − 2)) 𝑠𝑖𝑛
𝜋(𝜆+0.1)

18−0.3(𝜃−2)
− 0.00184(𝜆 − 3)(𝜃 − 2) (3) 
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where  

                                                           𝐶𝑡(𝜆, 𝜃) =
𝐶𝑝(𝜆,𝜃)

𝜆
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𝑑

𝑑𝑡
𝜃 + 𝜔𝑛

2𝜃𝑟𝑒𝑓 (10) 

 

 
𝑑

𝑑𝑡
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1

𝜏𝑇
𝑇𝑔 +

1

𝜏𝑇
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 (11) 

 

2.2 State-Variable Model of VSWT 

The dynamical equations of the VSWT model given in (1)-(11) can be rewritten as, 

 

 𝑥̇𝑣(𝑡) = 𝑓𝑣(𝑥𝑣, 𝑡) + 𝐵𝑣𝑢𝑣(𝑡) 
𝑦𝑣(𝑡) = 𝐶𝑣𝑥𝑣(𝑡) (12) 

 

where  

 

𝑥𝑣(𝑡) ∈ ℜ
8 = [𝜔𝑟 𝜔𝑔 𝛿 𝑇𝑔 𝜉 𝜉̇ 𝜃 𝜃̇]

𝑇
, 𝑢(𝑡) ∈ ℜ2 = [𝑇𝑔.𝑟𝑒𝑓 𝜃𝑟𝑒𝑓]𝑇, 𝑦(𝑡) = 𝜔𝑟, 

 

and  
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, 𝐵𝑣 =
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, 

 

𝐶𝑣 = [1 0 0 0 0 0 0 0] 
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2. 

 3. Problem statement 

 

This section introduces the problem statement for the development of a robust controller 

of VSWT for the torque and pitch control regions. In the region of torque control (RTC), the 

optimal value of tip-speed ratio can be calculated to extract maximum power (by varying the 

generator torque where the pitch angle remains constant) as, 

 

 𝜆𝑜𝑝𝑡 =
𝜔𝑟𝑜𝑝𝑡𝑅

𝜈𝑤
 (13) 

 

and the maximum power can be obtained at a peak point 𝐶𝑝(𝜆𝑜𝑝𝑡, 𝜃𝑜𝑝𝑡)𝑝𝑚𝑎𝑥
. 

Similarly, in the region of pitch control (RPC), the rated/nominal value of power can be 

obtained to achieve invariable power (by varying the pitch angle, where generator torque 

remains constant) as 

 



A.K. Pandey et al.: Development of bounded uncertainty estimator based robust control  scheme ... 

32 

 

 𝑇𝑔.𝑟𝑒𝑓(𝑛𝑜𝑚)
=

𝑃𝑒𝑛𝑜𝑚

𝜔𝑔𝑛𝑜𝑚

 (14) 

 

3.1 Uncertain Model of VSWT 

The plant model (9) with uncertainty can be stated as, 

 

 𝑥̇𝑣(𝑡) = 𝐴𝑣𝑥𝑣(𝑡) + 𝐵𝑣𝑢𝑣(𝑡) + [𝑓𝑣(𝑥𝑣(𝑡), 𝑢𝑣(𝑡)) + ϒ𝑑(𝑡)] 
 

𝑦𝑣(𝑡) = 𝐶𝑣𝑥𝑣(𝑡) 
(15) 

 

where 𝑓𝑣(𝑥𝑣(𝑡), 𝑢𝑣(𝑡)) is the nonlinearity of the VSWT plant, along with uncertainty, ϒ𝑑(𝑡) 

represents the bounded disturbance as |ϒ𝑑(𝑡)| < 𝛥0. The second term of (13) represents the 

matched uncertainty presented in the VSWT plant, which is defined as 𝛹𝑑(𝑥𝑣, 𝑢, 𝑡) =
𝑓𝑣(𝑥𝑣(𝑡), 𝑢(𝑡)) + ϒ𝑑(𝑡). Also, the plant input is subjected to the interval constraint 𝑢𝑣 ∈

(𝑢𝑣𝑚𝑎𝑥𝑣𝑚𝑖𝑛
). 

 

3.2 Control Objectives 

The purpose of this study is to create a BUE-based robust controller for VSWT that has 

the following features. 

(i) The measured rotor speed approaches the reference model, which corresponds to the 

rated rotor speed for RPC and the optimal rotor speed for RTC. 

(ii) The tracking error of the plant's output state and the reference model asymptotically 

approaches zero. 

(iii) Subject to interval restrictions on the torque and pitch control input variables, the 

tracking performances satisfy the plant input. 

(iv) The utmost power output achievable from the prevailing wind conditions 

To achieve the aforementioned goals, a robust controller architecture has been 

developed, and it will be described in more detail in the following section. 

 

 4. Robust controller design 

 

The UDE design approach [20] has been expanded here to account for both matched 

uncertainty and the affine system since the VSWT model (15) is affine. A stable and strictly 

proper filter is taken into consideration. 

 

4.1 Design of reference model 

The settings of the parameters to extract the most power from the available wind are 

provided by the dynamic characteristics of a certain VSWT. The aero-dynamical model (3) 

can be used to determine this. According to figure 3, the 𝜆 − 𝐶𝑝 
characteristic for the VSWT 

(22) has been computed. 

 

 
 

Figure 3. Tip speed ratio 𝜆 Vs. Power Coefficient 𝐶𝑝 curve 
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The aforementioned curve at 𝐶𝑝𝑚𝑎𝑥
 =0.55 yields the value of 𝜆𝑜𝑝𝑡 = 9.5 (figure 3). As a 

result, the reference model with the requisite characteristics has been determined to be the 

optimal rotor speed [24], 

For RTC  

𝑦𝑟(𝑡) = 𝜔𝑟,𝑜𝑝𝑡 = (𝑣𝑤/𝑅)𝜆𝑜𝑝𝑡 (16) 

 

For RPC 

 𝑦𝑟(𝑡) = 𝜔𝑟,𝑟𝑎𝑡𝑒𝑑 (17) 

 

4.2 Uncertainty Disturbance Estimator (UDE)-Based Robust Controller Design [20] 

Consider a filter 𝐺𝑓𝑣
(𝑠) that is stable, rigorously proper, and has a gain of unity and a 

phase-shift of zero over the range of 𝛹𝑑(𝑥𝑣, 𝑢, 𝑡). Consequently, the unknown phrase can be 

𝛹𝑑(𝑥𝑣, 𝑢, 𝑡) approximately described as, 

 

 𝛹̂𝑑(𝑥𝑣, 𝑢, 𝑡) = 𝛹𝑑 ∗ 𝑔𝑓𝑣
(𝑡) (18) 

 

where symbol * represents the convolution operator and 𝒈𝒇𝒗
(𝒕) is the impulse response of the 

low-pass filter 𝑮𝒇𝒗
(𝒔) given by  

 

 𝐺𝑓𝑣
(𝑠) =

1

1+𝜏𝑣𝑠
 (19) 

 

where 𝜏𝑣 > 0 ensures the filter's bandwidth and covers the spectrum of 𝛹𝑑(𝑥𝑣, 𝑢, 𝑡).  

The reference and plant output tracking error is considered as, 𝑦̃𝑣(𝑡) = 𝑦𝑟(𝑡) − 𝑦𝑣(𝑡), 

whereas the dynamics of tracking error are assumed to be  

 

 𝑦̇̃𝑣(𝑡) = 𝐾𝑣𝑦̃𝑣(𝑡)     (20) 

 

The tracking error dynamics are given by, 

 

𝐶𝑣𝐵𝑣𝑈𝑣(𝑠) =
1

1−𝐺𝑓𝑣
(𝑠)

(𝑠𝑌𝑟(𝑠) − 𝐶𝑣𝐴𝑣𝑋𝑣(𝑠) − 𝐾𝑣𝑌̃𝑣(𝑠)) − 𝐶𝑣(𝑠𝑋𝑣(𝑠) − 𝐴𝑣𝑋𝑣(𝑠))
𝐺𝑓𝑣

(𝑠)

1−𝐺𝑓𝑣
(𝑠)

   (21) 

 

and the UDE-based control law [20] is given as, 

 

 𝑢𝑣(𝑡) = [𝐶𝑣𝐵𝑣]
+ [𝑦̇𝑟(𝑡) − 𝐶𝑣𝐴𝑣𝑥𝑣(𝑡) + (

1

𝜏𝑣
(1 − 𝐾𝑣𝜏𝑣)𝑦̃𝑣(𝑡) − 𝐾𝑣 ∫ 𝑦̃𝑣𝜉 𝑑𝜉

𝑡

0
)] (22) 

Where 

[𝐶𝑣𝐵𝑣]
+ = [(𝐶𝑣𝐵𝑣)

𝑇(𝐶𝑣𝐵𝑣)]
−1(𝐶𝑣𝐵𝑣)

𝑇. 

 

The control law (22) is a combined controller that relies on uncertainty estimation. It is 

considered robust because the control signal 𝑢𝑣(𝑡)has been constructed using an estimate of 

uncertainty, which includes nonlinearity, parametric variation, and disturbances. Figure 4 

depicts the block diagram of the UDE-based robust control of VSWT [20]. 

The UDE-based controller (20) uses two terms involving the filter design (i) 1/ (1 −

𝐺𝑓𝑣
(𝑠)) (which always includes integral action) and (ii) 𝑠𝐺𝑓𝑣

(𝑠)/ (1 − 𝐺𝑓𝑣
(𝑠)) (excludes 

integral action, because of the 𝑠 term in the numerator). The filter's role is crucial in 

estimating uncertainties and disturbances and achieving good control performance [29]. The 

integral action of the first term is used to achieve tracking performance of the rotor speed. 

However, if the VSWT plant is subject to interval constraints on inputs, it might cause an 

integral windup. One solution to this problem is an anti-windup design, as reported in [28]. 
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However, in the proposed work, the boundedness design is considered for developing the 

proposed control scheme to deal with integral windup, disturbances, and uncertainties. 
 

 
 

Figure 4. Block diagram of the UDE-based robust control scheme for VSWT 

 

 

4.3 Bounded uncertainty disturbance estimator-based robust controller design: 

If the plant inputs are constrained in the robust controller (22) designed for VSWT, the 

integral windup continuously affects the rotor speed tracking. For the mitigation of this effect, 

an additional term 𝐾0(𝑡) is augmented in the error dynamics (20), given by 

 
 𝑦̇̃𝑣(𝑡) = 𝐾0(𝑡)𝐾𝑣𝑦̃𝑣(𝑡) (23) 

 

where the time-varying term is varying as 0 < 𝐾0(𝑡) ≤ 1. 

The error dynamics of VSWT given in (27) and (17) have been compared, resulting in 

 

 𝐾0(𝑡)𝐾𝑣𝑦̃𝑣(𝑡) = 𝑦̇𝑟(𝑡) − 𝐶𝑣𝐴𝑣𝑥𝑣(𝑡) − 𝐶𝑣𝑓𝑣(𝑥𝑣, 𝑢, 𝑡) − 𝐶𝑣𝐵𝑣𝑢𝑣(𝑡) − 𝐶𝑣ϒ𝑑(𝑡) (24) 

 

 𝐶𝑣𝐵𝑣𝑢𝑣(𝑡) = 𝑦̇𝑟(𝑡) − 𝐶𝑣𝐴𝑣𝑥𝑣(𝑡) − 𝐾0(𝑡)𝐾𝑣𝑦̃𝑣(𝑡) − 𝐶𝑣𝛹𝑑(𝑥𝑣, 𝑢, 𝑡) (25) 

 

Replacing the unknown term 𝛹𝑑(𝑥𝑣, 𝑢, 𝑡) with its estimate (25) results 

 
 𝐶𝑣𝐵𝑣𝑢𝑣(𝑡) = 𝑦̇𝑟(𝑡) − 𝐶𝑣𝐴𝑣𝑥𝑣(𝑡) − 𝐾0(𝑡)𝐾𝑣𝑦̃𝑣(𝑡) − 𝐶𝑣(𝑥̇𝑣(𝑡) − 𝐴𝑣𝑥𝑣(𝑡) − 𝐵𝑣𝑢𝑣(𝑡)) ∗ 𝑔𝑓𝑣

(𝑡) 

  (26) 

Taking the Laplace Transform of (26) gives 

 
 𝐶𝑣𝐵𝑣𝑈𝑣(𝑠) = 𝑠𝑌𝑟(𝑠) − 𝐶𝑣𝐴𝑣𝑋𝑣(𝑠) − 𝐾0(𝑠)𝐾𝑣𝑌̃𝑣(𝑠) − 𝐶𝑣(𝑠𝑋𝑣(𝑠) − 𝐴𝑣𝑋𝑣(𝑠) − 𝐵𝑣𝑈𝑣(𝑠)) ∗ 𝐺𝑓𝑣

(𝑠) (27) 

𝐶𝑣𝐵𝑣𝑈𝑣(𝑠) =
1

1 − 𝐺𝑓𝑣
(𝑠)

(𝑠𝑌𝑟(𝑠) − 𝐶𝑣𝐴𝑣𝑋𝑣(𝑠) − 𝐾0(𝑠)𝐾𝑣𝑌̃𝑣(𝑠)) 

  

      −𝐶𝑣(𝑠𝑋𝑣(𝑠) − 𝐴𝑣𝑋𝑣(𝑠))
𝐺𝑓𝑣

(𝑠)

1−𝐺𝑓𝑣
(𝑠)

 (28) 

 

Substituting (19) in the expression of (28) results in 

 

𝐶𝑣𝐵𝑣𝑈𝑣(𝑠) = (1 +
1

𝜏𝑣𝑠
) (𝑠𝑌𝑟(𝑠) − 𝐶𝑣𝐴𝑣𝑋𝑣(𝑠) − 𝐾0(𝑠)𝐾𝑣𝑌̃𝑣(𝑠)) − 𝐶𝑣(𝑠𝑋𝑣(𝑠) − 𝐴𝑣𝑋𝑣(𝑠))

1

𝜏𝑣𝑠
 (29) 

 

𝐶𝑣𝐵𝑣𝑈𝑣(𝑠) = 𝑠𝑌𝑟(𝑠) − 𝐶𝑣𝐴𝑣𝑋𝑣(𝑠) − 𝐾0(𝑠)𝐾𝑣𝑌̃𝑣(𝑠) +
1

𝜏𝑣
𝑌𝑟(𝑠) −

1

𝜏𝑣𝑠
𝐾0(𝑠)𝐾𝑣𝑌̃𝑣(𝑠) −

1

𝜏𝑣
𝐶𝑣𝑋𝑣(𝑠) (30) 
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𝐶𝑣𝐵𝑣𝑈𝑣(𝑠) = 𝑠𝑌𝑟(𝑠) − 𝐶𝑣𝐴𝑣𝑋𝑣(𝑠) − 𝐾0(𝑠)𝐾𝑣𝑌̃𝑣(𝑠) +
1

𝜏𝑣
𝑌𝑟(𝑠) −

1

𝜏𝑣𝑠
𝐾0(𝑠)𝐾𝑣𝑌̃𝑣(𝑠) −

1

𝜏𝑣
𝑌𝑣(𝑠) (31) 

 

where 𝑌𝑣(𝑠) = 𝐶𝑣𝑋𝑣(𝑠). 
 

 𝑈𝑣(𝑠) = [𝐶𝑣𝐵𝑣]
+ [𝑠𝑌𝑟(𝑠) − 𝐶𝑣𝐴𝑣𝑋𝑣(𝑠) +

1

𝜏𝑣
(1 − 𝐾0(𝑠)𝐾𝑣𝜏𝑣 −

𝐾0(𝑠)𝐾𝑣

𝑠
) 𝑌̃𝑣(𝑠)] (32) 

 

Where 
 

[𝐶𝑣𝐵𝑣]
+ = [(𝐶𝑣𝐵𝑣)

𝑇(𝐶𝑣𝐵𝑣)]
−1(𝐶𝑣𝐵𝑣)

𝑇 and 𝑌̃𝑣(𝑠) = 𝑌𝑟(𝑠) − 𝑌𝑣(𝑠). 
 

Taking the inverse Laplace Transform of (32), the robust control law is obtained as, 

 

𝑢𝑣(𝑡) = [𝐶𝑣𝐵𝑣]
+ [𝑦̇𝑟(𝑡) − 𝐶𝑣𝐴𝑣𝑥𝑣(𝑡) + (

1

𝜏𝑣
(1 − 𝐾0(𝑡)𝐾𝑣𝜏𝑣)𝑦̃𝑣(𝑡) − 𝐾𝑣 ∫ 𝐾0(𝑡)𝑑𝑡

𝑡

0 ∫ 𝑦̃𝑣𝜉 𝑑𝜉
𝑡

0
)] (33) 

 

Preventing integral windup can be achieved if the additional term 𝐾0(𝑡) moves toward 

zero when the above control law (33) approaches the bounds 𝑢𝑣 ∈ (𝑢𝑣𝑚𝑎𝑥𝑣𝑚𝑖𝑛
). This 

condition can be retained if the designed 𝑢𝑣 and 𝐾0(𝑡) can always move and remain on an 

ellipse as depicted in figure 5. 

 

 
 

Figure 5. Illustration of the bounded 𝑢𝑣 and 𝐾0(𝑡) 

 

The above condition can be expressed as, 

 

 

( )
( )

min max

max min

2

2

02

4
2

1

v v

vf

v v

u u
u

K t
u u

+ 
− 

  + =
+

 (34) 

 

Suppose that 𝑢𝑣𝑓 represents the final control element. The desired ellipse (34) can be 

achieved,  

 

 

( )
( ) ( )( )

min max

min max

max min

2

2 2

1 0 2 02

4
2

1
2

v v

vf

v v

vf vf vf v

v v

u u
u

u u
u u K t K t u u

u u
 

 + 
 − 

+   = − − + − − −  
  − 

 
 

 (35) 
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( )
( )

( )
( )( )

min max min max

max min max min

2

2

2

0 1 0 0 02 2

4 4
2 2

1

v v v v

vf vf

vf v

v v v v

u u u u
u u

K K K t K t u u
u u u u





 + +   
 − −   
    = − + − + − 

− − 
 
 

 (36) 

 

where 𝜌1 and 𝜌2 are the positive constants.  

The VSWT plant order does not affect the boundedness design (35) and (36), which 

doesn't cost many computational resources. The following Lemma is used to analyse the 

boundedness of the suggested design (35) and (36). 

 

4.5 Stability analysis 

The boundedness of the proposed control law design (35) and (36) with 𝐾0(𝑡) and 𝑢𝑣𝑓 

can be regulated within (34), considering the input constraint under the range (𝑢𝑣𝑚𝑎𝑥𝑣𝑚𝑖𝑛
). 

Considering the Lyapunov function candidate as follows, 

 

 ( )
( )

( )

min max

max min

2

2

02

4
2

v v

vf

v

v v

u u
u

V t K t
u u

+ 
− 

 = +
+

 (37) 

 

The derivative of (37), along with (35) and (36), yields 

 

 𝑉̇𝑣(𝑡) = −2𝜌1𝑉
2(𝑡) + 2𝜌1𝑉(𝑡) (38) 

 

The solution of the above differential equation can be obtained as, 

 

 𝑉𝑣(𝑡) = [1 − 𝑒−2𝜌1𝑡 {1 −
1

𝑉(0)
}]

−1

 (39) 

 

During the design of 𝑉𝑣(0) = 1 initially with 𝐾0(0) = 1 and ( ) min max0
2

v v

vf

u u
u

+
= , results 

𝑉𝑣(𝑡) = 1,  ∀𝑡 ≥ 0. 

According to expression (37), it always holds the expression (34), and the final control 

element remains within the range (𝑢𝑣𝑚𝑎𝑥𝑣𝑚𝑖𝑛
). 

Remarks:  

 

( )n

Reference

eq 23 ( )n

Controller

eq 33 ( )n

VSWT

eq 13

( )n

Estimator

eq 24( )n

Filter

eq 26
Final

Control

Element

( )n

Boundedness

Design

eq 35 & (36)

vf
g

d


ˆ
d



r
y

d


vf
uw

v v
y

v
y

+
−

v
u

 
 

Figure 6. Block diagram of the proposed BDE-based robust control scheme for VSWT 
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For the proposed BUE-based robust control design (figure 6), the trajectory of the 𝑢𝑣𝑓 

and 𝐾0 will start and remain on the ellipse (34), disregarding the changes in the final control 

element. Expressions (35) and (36) will regulate to zero when the rotor speed tracking error 

tends to zero. Thus, 𝑢𝑣𝑓 and 𝐾0 converge to the equilibrium points (𝑢𝑣𝑓𝑒  and 𝐾0𝑒
), when 

𝑢̇𝑣𝑓 = 0 and 𝐾̇0 = 0. The average of the confined interval is started in boundedness design 

and Lyapunov theory-based analysis for dealing with more general interval input constraint 

after comparing the schemes, are shown in section 5. 

 

4.6 Optimization of controller parameters 

In this study, PSO is employed to optimally tune the design parameters of the proposed 

controller for VSWT [29]. It is a stochastic, population-based optimization technique inspired 

by the social behavior of birds and fish. It has become a widely adopted approach for solving 

nonlinear, high-dimensional, and non-convex optimization problems due to its simplicity, 

flexibility, and global search capability. The objective is to enhance system robustness and 

tracking accuracy while minimizing tracking errors. A cost function based on the integral of 

squared tracking error, control effort, or a multi-objective performance index is defined as the 

optimization criterion. The PSO algorithm iteratively refines the controller parameters to 

minimize this cost function under system nonlinearities and parameter uncertainties. By 

leveraging PSO for controller tuning, the proposed robust control frameworks achieve 

superior dynamic performance and resilience, which is well-suited for real-time control of a 

highly unstable VSWT system. 

In PSO, a group of candidate solutions, known as particles, traverse the search space to 

locate the optimum of a given objective function. Each particle adjusts its trajectory based on 

its own best-known position and the best-known positions of its neighbors. The dynamic 

adjustment of particle velocity and position is governed by both individual cognition and 

swarm cooperation, which enables efficient exploration and exploitation of the solution space. 

Initialization: Randomly initialize the positions and velocities of all particles in the n-

dimensional search space. Set a personal best 𝑃𝑏𝑒𝑠𝑡 and a global best 𝐺𝑏𝑒𝑠𝑡. Define control 

parameter bounds and maximum iterations. 

Evaluate Fitness: For each particle, compute the fitness using a performance index  

 

 𝐽 = ∫ (𝑒𝑇𝑄𝑒)𝑑𝑡
𝑇

0
 (40) 

 

where 𝑒 is the state error vector. 

Update Personal and Global Bests: If the current fitness is better than the previous 𝑃𝑏𝑒𝑠𝑡 

update, it. Update 𝐺𝑏𝑒𝑠𝑡 if any particle outperforms the current global best. 

Update Velocity and Position: The position and velocity of each particle are updated at every 

iteration according to the following equations. 

Update each particle's velocity: 

 

 𝑣𝑖
𝑘+1 = 𝑤𝑣𝑖

𝑘 + 𝑐1𝑟1(𝑝𝑖 − 𝑥𝑖
𝑘) + 𝑐2𝑟2(𝑔̄ − 𝑥𝑖

𝑘) (41) 

 

Update position: 

 

 𝑥𝑖
𝑘+1 = 𝑥𝑖

𝑘 + 𝑣𝑖
𝑘+1 (42) 

 

where 𝑥𝑖
𝑘 and 𝑣𝑖

𝑘 are the position and velocity of the 𝑖𝑡ℎ particle at iteration 𝑘; 𝑝𝑖 is the 

personal best position of the particle; 𝑔̄ is the global best position among all particles; 𝑤 is the 

inertia weight; 𝑐1 and 𝑐2 are acceleration coefficients; 𝑟1 and 𝑟2 are random numbers 

uniformly distributed in [0,1]. 
Boundary Check: Ensure updated positions remain within predefined bounds. 
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Termination Check: If the maximum number of iterations is reached or the solution 

converges, terminate; otherwise, go to evaluate fitness. 

 

 5. Simulation study 

 

After analyzing the VSWT system (22) with parameters specified in table 3 [14], [30], a 

robust control approach for VSWT has been developed (figure 6). The simulations have been 

carried out using the proposed scheme in MATLAB under different conditions, and the results 

are presented below. To simulate the VSWT plant with the new control scheme, the following 

design parameters are selected as listed in table 1. 

 
Parameters For RTC For RPC 

Initial conditions [1.26 0 0 0 0 0 0 0]  [0.5 0 0 0 0 0 0 0] 

Speeds of wind 
𝑣𝑤 = 4𝑠𝑖𝑛(0.1𝑡) + 7 

(wind speed 3 m/s to 11 m/s) 

𝑣𝑤 = 7 𝑠𝑖𝑛(0.1𝑡) + 18 

(wind speed 11 m/s to 25 m/s) 

Reference model (23) 𝜔𝑟𝑜𝑝𝑡
= (9.5/63){4 𝑠𝑖𝑛(0.1𝑡) + 7} 𝜔𝑟𝑟𝑎𝑡𝑒𝑑

= 1.26 

Controller design parameters 

obtained using PSO 

𝜏𝑣 = 0.001, 𝐾𝑣 = 0.1663, 𝜌1 = 1000, 

𝜌2 = 1000
 

𝜏𝑣 = 0.001, 𝐾𝑣 = 0.1663, 𝜌1 = 1000, 

𝜌2 = 1000
 

 

Table 1. Proposed control design parameters 

 

   
  

a) b) 
 

Figure 7. Rotor speed tracking a) for TCR (𝜔𝑟𝑜𝑝𝑡
,  𝜔𝑟); b) for PCR (𝜔𝑟𝑟𝑎𝑡𝑒𝑑

, 𝜔𝑟) 

                                           

a)                                                                             b) 
 

Figure 8. Control input a) for TCR (𝑢1 = 𝑇𝑔,𝑟𝑒𝑓); b) for PCR (𝑢2 = 𝜃𝑟𝑒𝑓) 
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a)                                                                            b) 

 

Figure 9. Final control element a) for TCR (𝑢1 = 𝑢𝑣𝑓); b) for PCR (𝑢2 = 𝑢𝑣𝑓) 

 

   
 

a)                                                                            b) 

 

Figure 10. Time varying gain a) for TCR (𝐾0); b) for PCR (𝐾0) 

 

Figures 7-10 show the tracking performance of VSWT when the suggested robust 

controller is implemented without taking uncertainty/disturbance and control effort into 

account. The study presents the results that have been attained. The rotor speed measurements 

obtained from figure 7a demonstrate that the RTC implementation accurately tracks the 

reference model (16) of the VSWT system to achieve optimal power. Similarly, the response 

obtained from the RPC implementation in figure 7b indicates that the measured rotor speed 

attains the rated value of the rotor speed specified in the reference model (17) for steadily 

maintaining optimal power. The control inputs of VSWT are depicted in figure 8 for RTC and 

RPC. Figure 9 reveals that the final control elements (𝑢𝑣) are within the actuator limits (i.e., 

|𝑢2| ≤ 7.12656 × 104 N-m, 0 < 𝑢1 ≤ 25deg) [24]. Also, the time-varying term 𝐾0 is plotted 

in figure 10, showing its boundedness in both operating regions. The outcomes support the 

proposed control scheme's ability to produce precise and efficient performance for the VSWT 

system without uncertainties. 

Remarks: To test the proposed scheme's effectiveness, it was implemented under 

various initial conditions and wind trajectories. The same level of performance was 

consistently achieved in all cases. The proposed control scheme was also assessed for its 

robustness, and the findings are detailed in the subsequent section of the study. A comparison 
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of the suggested robust control scheme's performance to that of other existing schemes was 

also done. 

 

 6. Comparative robust performance analysis  

 

The study compared the proposed controller (35) designed specifically for VSWT with 

three different existing control schemes. These schemes include standard wind turbine control 

(SWTC) [22], proportional-integral (PI) control [23], and QFT-based control [24]. For each 

working region (RTC/RPC), a distinct standard control scheme was used, and it is described 

in the following sections. 

(i) SWTC Scheme [22] 

The proposed scheme's ability to extract power was compared with SWTC to justify its 

performance. The RTC SWTC law is presented below. 

 

 𝑢2 = 𝑇𝑔𝑟𝑒𝑓
= (𝐾𝑜𝑝𝑡𝑒2

2 − 𝐷𝑡𝑒2)/𝜂𝑔 (43) 

 

Where 

𝐾𝑜𝑝𝑡 = 0.5𝜋𝜌𝑅5𝐶𝑜𝑝𝑡
3

𝑝𝑚𝑎𝑥
 and 𝑒2 = 𝜔𝑟𝑜𝑝𝑡

− 𝜔𝑟. 

 

(ii) PI Controller [23] 

A standard PI controller was developed, and its performance was compared in order to 

assess the performance of the proposed controller (35) for RPC. The PI control law for RPC is 

shown below. 

 

 𝑢1 = 𝜃𝑟𝑒𝑓 = 𝐾𝑝𝑒1 + 𝐾𝑖 ∫ 𝑒1 𝑑𝑡
𝑡

0
  (44) 

 

where 𝑒1 = 𝜔𝑟𝑟𝑎𝑡𝑒𝑑
− 𝜔𝑟 and the PI controller gains 𝐾𝑝 = −1.024 and 𝐾𝑖 = −1.01.  

(iii) QFT-Based Controller [24] 

In this study, the QFT control approach, which addresses the needs of RTC and RPC, 

was employed. The torque control law for RTC based on QFT is shown below. 

 

 𝐺𝑡(𝑠) =
−37420𝑠2−486900𝑠−233.7

𝑠2+1.291𝑠
≡ 𝑢2 (45a) 

 

where 𝑢1 = 0. 

Similarly, the pitch control law for RPC based on QFT is provided below. 

 

  𝐺𝑝(𝑠) =
−249700𝑠2−2971000𝑠−7855

𝑠2+1.118𝑠
≡ 𝑢1                          (45b) 

 

where 𝑢2 = 40680.17(N-m). 

The results are discussed below, along with the comparative responses that were 

provided. 

As demonstrated in figure 11, the VSWT's tracking performance with the proposed 

controller is both smoother and faster, resulting in substantial improvement compared to other 

existing schemes. Additionally, the quality of tracking with the proposed controller is 

superior, as indicated by the considerably smaller tracking error in comparison to the 

responses obtained from other existing schemes. In order to evaluate the effectiveness of the 

proposed control scheme, the impact of parameter uncertainties on the VSWT model has been 

investigated. The uncertainties range from ±5% to ±15% for both control regions in the 

VSWT model.  
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a)                                                                    b) 

 

Figure 11. Rotor speed tracking errors a) for TCR (𝜔𝑟 − 𝜔𝑟𝑜𝑝𝑡
), b) for PCR (𝜔𝑟 − 𝜔𝑟𝑎𝑡𝑒𝑑) 

 

Operating 

Regions 

Controllers 

(Equation no.) 

RMS value of tracking errors (rad/s) 

Without 

Disturbance 

With 

Disturbance 

With ± (5 to 

15)% Parametric 

Uncertainties 

With Disturbance 

and ±(5 to 15)% 

Parametric 

Uncertainties 

TCR for 

Torque Control 

Operation 

SWTC [22] 

eqn (40)  
0.3735 0.3873 0.4088 0.4126 

QFT-Based 

Controller [24] 

eqn (42a)  

0.0251 0.1337 0.0276 0.1267 

UDE-based 

controller [20] 

eqn (22)  

0.0017 0.0132 0.0036 0.0104 

Proposed BDE-

based controller 

eqn (33) 

0.0015 0.0126 0.0027 0.0101 

PCR for Pitch 

Control 

Operation 

PI Controller [23] 

eqn (41)  
0.2618 0.2705 0.3816 0.3916 

QFT-Based 

Controller [24] 

eqn (42b)  

0.2557 0.2605 0.1663 0.1938 

UDE-based 

controller [20] 

eqn (22) 

0.0062 0.1054 0.0987 0.1083 

Proposed BDE-

based controller 

eqn (33) 

0.0059 0.1048 0.0979 0.1069 

 

Table 2. RMS value of the rotor speed tracking errors for VSWT  

 

The parameters selected as the affected model parameters are given by, 𝐷𝑡 ∈
(2.0213 𝑡𝑜 2.2234) × 103, 𝐷𝑠  ∈  (8.3478 𝑡𝑜 8.7651) × 107, 𝐾𝑠 ∈
 (8.7354 𝑡𝑜 9.1721) × 108, and 𝐾𝑡 ∈  (1.6547 𝑡𝑜 1.9029) × 108. Additionally, an external 

disturbance in the VSWT plant has been considered, where the disturbance is represented by 

𝑑𝑖 = 0.1 𝑠𝑖𝑛(𝑡), where 𝑖 = 1,… ,8. The performance of the VSWT model under the 

aforementioned uncertainties has been analyzed through simulation using the proposed 

control scheme as well as existing control schemes. The simulation results demonstrate that 

the proposed control scheme outperforms the existing control schemes in terms of 

performance, although the detailed responses are not presented here due to space limitations. 

The numerical results of all the responses have been tabulated in table 2. 

Using root-mean-square (RMS) values under the effect of parametric uncertainties and 

external disturbances, table 2 compares tracking errors for various control strategies. The 

proposed control scheme outperforms SWTC, PI, and QFT controllers in terms of tracking 
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errors. Moreover, the proposed control scheme is shown to be robust under a wide range of 

uncertainties (±5% to ±15%) and external disturbances. Additionally, the response of power 

versus varying wind speed has been plotted for VSWT using the proposed controller and 

compared with SWTC, PI, and QFT controllers. 

The responses shown in figure 12 demonstrate that the proposed controller achieves a 

higher maximum power compared to other controllers. Therefore, it can be concluded that the 

proposed control method provides greater power capacity than the existing controllers and 

also exhibits robust performance overall.  

 

 
 

Figure 12. Power output vs. wind speed curve (SWTC & PI) 

 

To demonstrate the effectiveness of the proposed bounded UDE-based controller (33), 

its performance is analyzed in situations where the controller output remains within the 

specified bounds. The results confirm that it achieves behavior similar to the conventional 

UDE controller (22). Both the bounded and conventional UDE controllers are compared using 

the same parameter settings. Furthermore, any reduction in 𝐾0 can be compensated by 

appropriately designing 𝐾𝑣 in the controller. 

 

 7. Conclusion 

 

This paper presents a comprehensive VSWT model incorporating aerodynamics, 

parametric uncertainties, external disturbances, and tower dynamics to realistically capture 

wind turbine behavior. A BUE-based robust controller is developed to effectively handle 

uncertainties and varying wind conditions, resulting in improved power generation, rotor 

speed regulation, and reduced control effort. Simulation study demonstrates satisfactory 

results in terms of uncertainty estimation and enhanced control performance, leading to 

increased power output. The proposed controller successfully maximizes power extraction in 

region tracking control (in TCR) and maintains stable rated power in rated power control (in 

PCR), highlighting its potential for practical VSWT applications. While the results are 

promising, future work may focus on advanced uncertainty estimation methods, machine 

learning-based adaptive control, and validation under wider operating conditions. 
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Appendix 

 
Symbols Parameters Values 

𝜌 Air density 1.225
𝑘𝑔

𝑚3 

𝑃𝑜,𝑛𝑜𝑚
 Nominal power output 5 × 106𝑊 

𝑛𝑔 Gear box ratio 97 

𝜔𝑟,𝑛𝑜𝑚 Optimal angular velocities of the rotor 1.26
𝑟𝑎𝑑

𝑠
 

𝜔𝑔,𝑛𝑜𝑚 Nominal angular velocity of the generator 122.91
𝑟𝑎𝑑

𝑠
 

𝜔𝑔,𝑚𝑖𝑛 Minimum angular velocity of the generator 70.16
𝑟𝑎𝑑

𝑠
 

𝑗𝑟 Moment of inertia (rotor side) 5.9154 × 107𝑘𝑔𝑚2 

𝑗𝑔 Moment of inertia (generator side) 500 𝑘𝑔𝑚2 

𝑘𝑠 Spring constant 8.7354 × 108
𝑁𝑚

𝑟𝑎𝑑
 

𝑑𝑠 Damping coefficient 8.3478 × 107 

𝑅 Radius of blade 63𝑚 

𝐻 Height of the tower 90𝑚 

𝑚𝑡 Mass constant of the tower 4.2278 × 105𝑘𝑔 

𝑘𝑡 Spring constant 1.6547 × 106
𝑁𝑚

𝑟𝑎𝑑
 

𝑑𝑡 Damping constant 2.0213 × 103 

𝜔𝑛 Natural frequency of the actuator 0.88
𝑟𝑎𝑑

𝑠
 

𝜁 Damping of pitch actuator 0.9 

𝜏𝑇 Time constant 0.1𝑠𝑒𝑐 

|𝑇𝑔,𝑟𝑒𝑓| 
Reference generator torque 7.12656 × 104

 
|𝜃𝑟𝑒𝑓| Reference pitch angle 0 < 𝑢1 ≤ 25 

𝐶𝑝 Performance coefficient --- 

𝐶𝑝𝑚𝑎𝑥
 Maximum performance coefficient --- 

𝜈𝑤 Speed of wind --- 

𝜈𝑤
𝑟  Relative wind speed --- 

𝜆 Tip speed ratio --- 

𝜆𝑜𝑝𝑡 Optimal tip speed ratio --- 

𝐹𝑡 Thrust force --- 

𝐶𝑡 Coefficient of thrust --- 

𝛿 Twist --- 

𝑇𝑔 Generator torque --- 

𝜉 Displacement of the nacelle --- 

𝜉̇ Velocity of the tower --- 

𝜔𝑟 Angular velocity of the rotor --- 

𝜔𝑟,𝑟𝑎𝑡𝑒𝑑 Rated angular velocities of rotor --- 

𝜔𝑔 Angular velocities of the generator --- 

𝜃 Pitch angle of the blade --- 

𝜃𝑜𝑝𝑡 Optimal pitch angle --- 

𝑃𝑜 Power output --- 

 

Table 3. VSWT System Parameters [14] 


