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Abstract

:

Individual pitch control (IPC) is a method to mitigate periodic blade loads in wind turbines, and it is typically implemented using the multi-blade coordinate (MBC) transform, which converts the blade load measurements from a rotating frame into the non-rotating tilt axis and yaw axis. Previous studies have shown that by including an additional tuning parameter in the MBC, the azimuth offset reduces the coupling between non-rotating axes, allowing for higher performance levels for diagonal controller structures. In these studies, the decentralized control of IPC was composed of two identical integral controllers. This work analyzes and compares the improvement that the azimuth offset can provide in different adaptive gain scheduling IPCs where the diagonal controllers can have integral or proportional action with different gains. They are applied to a 15 MW wind turbine simulated with OpenFAST v3.5 software. The controller parameter tuning is addressed as an optimization that reduces blade fatigue load based on the damage equivalent load (DEL) and is resolved through genetic algorithms. Simulations show that only using different controller gains in IPC does not provide significant improvements; however, including azimuth offset in the optimal IPC schemes with integral controllers allows for the greatest DEL reduction with a lower actuator effort.
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1. Introduction


Currently, global warming and climate change are major concerns that are driving efforts to reduce greenhouse gas emissions. Since energy generation accounts for approximately 30% of these emissions, wind energy has been a key renewable energy source from the outset [1]. In 2021, wind power capacity worldwide reached 837 GW, with the USA, China, India, Germany, and Spain representing 72% of it. However, the International Energy Agency forecasts that by 2030, wind power capacity needs to reach 3200 GW to limit the temperature increase to 1.5 °C [2]. In 2021, the EU introduced a plan to lower net greenhouse gas emissions by 2030 by at least 55%. The arrangement incorporates more investment in clean energy, and by 2030, onshore and offshore wind power is expected to produce 25% of the EU’s renewable energy [3]. The main new developments in wind energy technology have involved increasing the size of wind turbines, which has increased energy generation and energy efficiency but has created challenges for maintenance and operation. To make this expansion economically affordable and competitive, the operation of wind turbines must be more efficient.



Currently, new wind turbines are becoming larger and more flexible. Consequently, reducing their fatigue loadings to extend their lifetime has become particularly important. If the structural loads of wind turbines are not relieved, their overall performance may deteriorate or premature failure may occur. Therefore, it is important to understand how structural stresses affect wind turbine output and equipment life. Various deflection modes of towers, rotors, blades, and vibrations of turbine drive trains are the most typical phenomena and can result in different types of structural stresses [1]. From a control viewpoint, the service life of wind turbines can be extended by reducing various structural loads.



Currently, wind turbines with three rotor blades and variable speed and variable blade pitch (VS-VP) on a horizontal axis are the most common. This study focuses on the full-load region, where it is essential to minimize the negative effects of high wind speeds to prevent system damage. Traditionally, wind turbines operating in this region use collective pitch control (CPC) for speed control. However, most modern wind turbines now have independent pitch control (IPC) mechanisms for each blade. IPC can provide advantages because it can help decrease the stress on the rotor blades, hubs, and tower structures without having significant effects on the generated power.



There are two types of blade fatigue loads: in-plane and out-of-plane. These loads primarily arise at integer multiples of the turbine’s rotational speed (n-P) [4]. As illustrated in Figure 1a [5], these components have different directions: The out-of-plane (OoP) component is aligned in the direction perpendicular to the plane of rotation, whereas the in-plane component is aligned in the direction tangential to it. Sensors installed on each blade can measure the bending moment. Nevertheless, as shown in Figure 1b [6], where the OoP moment at the root of the i-th blade is referred to as Myi, the respective rotating coordinate frame of each blade affects these measurements.



Most research on IPC uses the azimuth-dependent multi-blade coordinate (MBC) transform, which converts the blade rotating moments into two components in a non-rotating reference system [7]. In this frame, a multivariable controller in IPC is implemented to decrease these two moment components. Although decoupling between these components is expected, in practical scenarios, there is still coupling in the resulting transformed system [4,8]. Some authors have shown that the decoupling of the fixed-frame multivariable system can be improved by using an azimuth offset as an extra parameter in the reverse MBC transformation. In [7], by introducing an azimuth offset in the MBC transformation, the coupling for the 1P harmonic was minimized, which led to advantages in pitch performance and blade fatigue load reduction. In [9], the authors extended previous work and demonstrated the impact and importance of incorporating an azimuth offset to reduce higher periodic harmonics.



Some studies have combined MBC conversion and control techniques, such as linear quadratic Gaussian control [4], model predictive control [10], and the H∞ technique [8]. Computational intelligence methods, such as artificial neural networks, fuzzy logic, genetic algorithms, particle swarm optimization, decision-making techniques, and statistical methods, are gaining popularity as alternatives to wind turbine control problems. These methods can help improve the performance, reliability, and efficiency of wind turbines by optimizing their control systems, reducing maintenance costs, and increasing their lifespan [11,12]. In [13], Bayesian optimization is used to tune the gains of decentralized integral control and azimuth offset in an IPC scheme to reduce blade fatigue at 1P and 2P loads. The authors demonstrated that their scheme with the azimuth offset outperformed the same scheme without the azimuth offset and the same integral gains. In our previous work [14], we optimized both schemes according to the same cost function and demonstrated that including the azimuth offset provided a reduction of approximately 10% in blade fatigue load and pitch signal effort compared with the optimized IPC scheme without offset. All of these previous studies on IPC force the elements of decentralized control to be pure integral controllers with the same gain. This may be a limitation in achieving better IPC performance that has not yet been addressed.
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Figure 1. (a) Aerodynamic load components on the blades of a wind turbine: perpendicular to the plane of rotation (or out-of-plane) and parallel to it (or in-plane); (b) rotating reference frame of the i-th blade. For the i-th blade, the in-plane moment is symbolized by Mxi and its out-of-plane bending moment by Myi [14]. 
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This work analyzes different simple IPC schemes where the decentralized controllers can have integral or proportional action with different gains. Furthermore, they may include the azimuth offset to improve the IPC response. To perform a fair comparison, all of the parameters of the different schemes are optimized with Gas to minimize fatigue on the OoP blade loads according to the DEL [15]. The proposed schemes are applied to the International Energy Agency (IEA) 15 MW reference wind turbine (RWT), which is simulated with OpenFAST v3.5 and MATLAB/Simulink R2022b software. The IPCs are designed to adaptively adjust their gain as a function of wind speed in the nominal region due to the system’s nonlinearity. The results of all of the schemes are compared with those of a classic baseline CPC PI-controlled turbine without IPC. It is shown that the IPC schemes with integral controllers plus the azimuth offset outperform the other schemes, achieving the greatest reduction in the DEL value of the OoP blade moments using the lowest pitch signal activity. The IPC schemes with proportional controllers exhibit similar performance to the IPC schemes with integral controllers without the azimuth offset. Using different gains in the IPC controllers does not provide advantages compared with the respective IPC schemes with identical decentralized controllers.



The main novelties of this work compared to the available literature are as follows:




	
In closely related previous research [14], IPC schemes with two identical pure integral controllers with and without the azimuth offset were compared. In this work, a study in more detail is performed for simple IPC schemes optimized to minimize the fatigue blade load. Specifically, we check the influence of using integral or proportional controllers, tuning them with different gains and including or not including the azimuth offset in the reverse MBC transform. The improvements that can be achieved considering these features are analyzed qualitatively and quantitatively.



	
The IPC schemes are implemented as adaptive blocks where the controller gains are scheduled according to the mean value of the measured filtered blade moments instead of the wind speed in the above-rated region.



	
Most of the research papers published so far on OpenFAST have concentrated on the 5 MW NREL turbine. However, this study is conducted on a 15 MW turbine, a type of turbine on which not much research has been conducted so far.








The remainder of this article is organized as follows. Section 2 describes the proposed methodology, control schemes, and optimization procedure. Section 3 presents a comparative analysis of the results obtained by the proposed IPC schemes and discusses the improvements achieved by the optimized IPC schemes when the azimuth offset is included. Finally, we summarize our conclusions in Section 4. Before the references, there is a section listing the nomenclature in this work.




2. MBC Transform


This section provides an overview of the IPC and multi-blade coordination (MBC) transformations in three-blade wind turbines for 1P harmonic blade load mitigation. The azimuth-dependent MBC transform is a mathematical technique for integrating and expressing the dynamics of blades in a fixed (non-rotating) frame. With the MBC transform, the rotating blade moments can be converted into two components in a non-rotating reference frame: the tilt Mt and the yaw My moments [7]. In the case of the MBC transform for harmonic 1P, the rotating out-of-plane (OoP) bending moments of the three blades are arranged in the vector M(t) = [M1(t) M2(t) M3(t)]T. This vector is then provided to the forward MBC transform matrix T(ψ) to calculate the azimuth-independent moments in the fixed frame, i.e., Mt(t) and My(t). This is illustrated below:


         M   t   ( t )       M   y   ( t )      = T   ψ   M   t   .  



(1)







The three-element vector Ψ is an array with the azimuthal angle of each blade. The vertical upright position of the blade is represented by a zero value for its angle. The forward transformation matrix is given in:


  T   ψ   =   2   3          c o s     ψ   1     ⁡   c o s     ψ   2     ⁡   c o s     ψ   3     ⁡       sin  ⁡      ψ   1         s i n     ψ   2       s i n     ψ   3          .  



(2)







Then, the tilt and yaw pitch angles, βt(t) and βy(t), respectively, are computed typically by a decentralized control in the IPC block in order to reduce the two components Mt and My. Subsequently, these two non-rotating pitch signals are converted into the rotational reference system to calculate the IPC components in the rotating frame:


         β   I P C 1   ( t )       β   I P C 2   ( t )       β   I P C 3   ( t )      =   T   − 1     ψ +   ψ   o            β   t   ( t )       β   y   ( t )      .  



(3)







This transformation is calculated by means of the reverse MBC transform, T−1, which is given in Equation (4). The parameter ψo is the azimuth offset, which can reduce the coupling effects that remain between the two components in the fixed reference system. Each IPC component is added to the CPC signal βCPC to compute the pitch command value for each blade βi.


    T   − 1   =        cos  ⁡      ψ   1   +   ψ   o           sin  ⁡      ψ   1   +   ψ   o             cos  ⁡      ψ   2   +   ψ   o           sin  ⁡      ψ   2   +   ψ   o             cos  ⁡      ψ   3   +   ψ   o           sin  ⁡      ψ   3   +   ψ   o             



(4)








3. Proposed Methodology


This section explains the proposed methodology: a wind turbine model for testing the method and simulation framework, control system schemes, and an optimization process with GAs.



3.1. Wind Turbine Model and Simulation Framework


The design method proposed in this study is tested on the IEA 15-MW reference wind turbine [16]. This turbine model is co-simulated using MATLAB/Simulink vR2022b and OpenFAST v3.5 software [17]. OpenFAST is an open-source tool created by the National Renewable Energy Laboratory (NREL) for aero-servo-hydro-elastic simulation. The turbine is configured as an offshore monopile wind turbine, and its main specifications are shown in Table 1. The developed control system is simulated with Simulink, while the wind turbine (rotor, blades, tower, etc.) and wind conditions are simulated with OpenFAST. In this study, still water is assumed, so no wave profile is simulated. This turbine has been garnering more interest in the literature lately [18,19], but compared to the NREL 5 MW wind turbine, there are still few studies on this 15 MW wind turbine [20].



This study only considers wind turbines operating in the full-load region, where the rotor blades are subjected to the highest damage due to the periodic blade loads that increase with the average wind speed [21]. In this region, the torque controller reaches saturation at the rated torque while a blade pitch proportional–integral (PI) controller acts on the pitch to maintain the rotor speed around its rated value. Because the OpenFAST wind turbine model does not consider the dynamics of the pitch actuators, they are modeled using a second-order unity gain transfer function with a damping factor of 0.707 and a natural frequency of 3.14 rad/s. The IPC is tuned by optimization to minimize the mean DEL value of the OoP blade moments. Simulations for this optimization are performed with stochastic turbulent wind signals generated using TurbSim v2 [22] within the nominal region. Specifically, five operation points are considered according to the following mean wind speeds: 14, 16, 18, 20, and 22 m/s. The wind profiles are designed according to the IEC standard [23] using a Kaimal turbulence spectrum with a hub turbulence intensity of 10% and a vertical shear with a power-law exponent of 0.2. The sample rate is 200 Hz.




3.2. Control System Scheme


The control system proposed in this study is shown in Figure 2. It has two control blocks: a CPC and an IPC. The control signals of these blocks are combined to provide the total pitch command signal βi for each pitch actuator. As in the full load region, the wind turbine is designed to generate power at the rated power output and the generator torque Tg is set to its nominal value Tg,rated. Therefore, the generated power (Pg) depends only on the generator speed ωg according to Equation (5) [24]. If the wind turbine rotation speed is regulated to its rated value ωg,rated, then the power generated can be maintained at the rated value. The CPC generates the same pitch signal βCPC for all blades to maintain this speed at its rated value and rejects changes in wind speed ν.


Pg,rated = Tg,rated · ωg,rated



(5)







This study does not consider the CPC tuning procedure. We use a pre-designed CPC PI controller that is reimplemented in Simulink based on the reference open-source controller (ROSCO) implementation. We use the tuning parameters presented in [25], which are adjusted by gain scheduling based on the CPC pitch signal.



This work focuses on the design of the IPC block, whose main goal is to reduce blade loads. The proposed IPCs are combined with the pre-designed CPC to run the simulations. The considered IPC scheme is shown in Figure 3. It consists of the MBC transformation for 1P harmonic reduction; a multi-loop control with two controllers, Ct(s) and Cy(s); and the reverse MBC transformation, which can incorporate the azimuth offset ψo. From the OoP blade moments (M1, M2, and M3) measured in the rotating frame, the tilt and yaw moments Mt and My in the non-rotating frame are computed using the MBC transform. A decentralized control scheme with two controllers provides the tilt and yaw pitch signals (βt and βy) to reduce the tilt and yaw moments, respectively. The calculated non-rotating tilt and yaw pitch signals are then transformed into the three different blade pitch angles in the rotating frame using the reverse MBC transform. The decoupling between the pitch and yaw axes can be improved by using the azimuth offset, which can help achieve a greater reduction in the periodic blade loads compared with the IPC schemes without offset (ψo = 0°). Finally, the IPC signal βIPCi and the CPC value βCPC are added to obtain the total command pitch angle for each blade.



In this study, we design and compare six different cases of IPC according to the complexity (the number of degrees of freedom to be tuned) and the type of controller in the IPC scheme (proportional or integral control). When Ct(s) and Cy(s) are proportional (P) controllers, they are equal to unity and kt and ky are proportional gains; when they are integral (I) controllers, Ct(s) = Cy(s) = 1/s and kt and ky are integral gains. In addition, IPC schemes can include the azimuth offset ψo and can force the gains to have the same value. By combining these three factors (P or I controllers, gains with identical or different values, and including the azimuth offset or not), six cases are proposed for evaluation; the two cases with identical gains and P controllers are not considered. The six proposed cases are the following:




	
Control 1 (IPC_P2): The IPC comprises two different P controllers, and no azimuth offset is tuned. Therefore, Ct(s) = Cy(s) = 1, kt ≠ ky, and ψo = 0°. There are only two parameters to be tuned: the controller gains.



	
Control 2 (IPC_P2ψ): The IPC comprises two different P controllers and includes the azimuth offset. Therefore, Ct(s) = Cy(s) = 1 and kt ≠ ky. There are three parameters to be tuned: the controller gains kt and ky and the azimuth offset ψo.



	
Control 3 (IPC_I1): The IPC is composed of two identical I controllers because they are forced to have the same gain; no azimuth offset is tuned. Therefore, Ct(s) = Cy(s) = 1/s, kt = ky, and ψo = 0°. There is only one parameter to be tuned: the common controller gain.



	
Control 4 (IPC_I1ψ): The IPC is composed of two identical I controllers and includes the azimuth offset. Therefore, Ct(s) = Cy(s) = 1/s and kt = ky. There are two parameters to be tuned: the common controller gain and the azimuth offset ψo.



	
Control 5 (IPC_I2): The IPC comprises two different I controllers, and no azimuth offset is tuned. Therefore, Ct(s) = Cy(s) = 1/s, kt ≠ ky, and ψo = 0°. There are two tuning parameters: the controller gains.



	
Control 6 (IPC_I2ψ): The IPC comprises two different I controllers and includes the azimuth offset. Therefore, Ct(s) = Cy(s) = 1/s and kt ≠ ky. There are three parameters to be tuned: the controller gains and the azimuth offset ψo.








Variations in wind speed modify the wind turbine operating point and, consequently, the control performance is affected. In this work, an adaptive control based on gain-scheduled IPC is proposed for the control system to perform properly under different wind conditions. To create a gain adaptive control system for the IPC that can adjust to changes in wind speed, the controller is tuned for the five operating points based on the previously determined wind conditions. Nevertheless, the wind speed is not used as the scheduling variable; instead, as a novelty of this work, we propose using the mean value     M  ¯    of the filtered moments of the blades as the scheduling variable. In the above-rated region, this mean moment practically depends only on the mean wind speed, and the higher the wind speed, the lower the mean moment of the blades. Table 2 shows this relationship for the five operation points in the IEA 15 MW wind turbine. However, it is important to note that the periodic components of these moments, the amplitude of their fluctuations, and their standard deviation increase with wind speed and turbulence; that is why the DEL value of the OoP blade moments also increases, and that is what IPC can help to reduce. Other studies used the mean wind speed as a scheduling variable [26]; however, that requires additional sensors or estimators, whereas the proposed mean moment     M  ¯    can be easily calculated from the measurements of the blade moments used for the IPC.




3.3. IPC Tuning by Optimization


The tuning of the IPC scheme in Figure 3 is performed by an optimization process that aims to reduce blade fatigue loading by considering the OoP blade moments, i.e., the moments on the y-axis of Figure 1b. Damage equivalent load (DEL) is commonly used in wind turbine fatigue testing. It is commonly computed from time domain data to which cycle counting techniques are applied. In the proposed optimization, we calculate the DEL for each OoP blade moment and calculate the mean value; this mean DEL value (    DEL  ¯   (M)) is the fitness or cost function J, i.e., the function to be minimized. This cost function is not analytically assessable because the DEL value is calculated from the time series of the simulation data after the simulation is completed. The MLife script set [27] is used for the post-processing of simulation data to calculate the corresponding DEL. The proposed optimization problem is expressed as follows:


          min  ⁡    D E L  ¯    M   =   1   3      ∑  i = 1   3     D E L   (   M   i    ρ  )       s u b j e c t   t o           s o l u t i o n   o f   t h e   m o d e l     ρ ∈ S        



(6)







The tuning parameters of the IPC define the vector ρ of the decision variables. Depending on the proposed IPC scheme, the dimensionality of the parameter vector varies from one to three. Therefore, the solution space S is restricted to S ∈ ℝ1 for the case with only one gain to be tuned (kt = ky and ψo = 0), S ∈ ℝ2 for the cases with two different gains (kt ≠ ky and ψo = 0) or one gain and one offset (kt = ky and ψo ≠ 0), and S ∈ ℝ3 for the case with two different gains and one offset (kt ≠ ky and ψo ≠ 0). The mean DEL value, which is influenced by the parameter vector ρ, should be reduced while taking into account the dynamic behavior of the wind turbine model and the control system and subjected to the solution space S.



Since the cost function J and the wind turbine dynamic model in OpenFAST are very complex and cannot be evaluated analytically, the proposed optimization is performed using the simulation-based approach depicted in Figure 4. First, the initial values of the decision variables are arranged in the vector ρ0. The optimization procedure then initiates an iterative loop. In this loop, the optimizer runs various simulations in MATLAB using OpenFAST/Simulink, calculates the objective function J, and searches for the optimal solution ρ*. This process results in a nonlinear problem that needs a large amount of calculation and time. In this work, genetic algorithms (GA) are used to perform optimization and improve computational efficiency.



The different IPC schemes are optimized by simulating the IEA 15 MW WT model at the five previously defined operating points. Each simulation lasts for 800 s, with the first 200 s removed to eliminate transient effects. The optimal parameters for each operation point are used to implement the adaptive IPC by a gain-scheduled strategy, which computes the required control parameters by linear interpolation of the optimal parameters as a function of the mean value     M  ¯    of the filtered blade moments.




3.4. Optimization Algorithm


The optimization process proposed in this study is a complex nonlinear problem that demands significant computation work. To enhance computational efficiency, the optimizer in Figure 4 employs a genetic algorithm that is implemented using the MATLAB Global Optimization Toolbox. Among stochastic global search optimization techniques, genetic algorithms are bio-inspired algorithms that emulate the processes of replication, crossover, and mutation that occur in natural selection and inheritance [28]. These optimization methods are designed to solve complex optimization problems that involve evaluating the cost function using simulation data and simulation-based approaches. GA generates new populations from a previous solution using selection, crossover, mutation, and migration criteria [29]. GA is based on improving the initial population so that, in each iteration, the algorithm achieves the best result. A population is made up of individuals called chromosomes, and each chromosome is encoded as an array of parameters, representing a possible solution. For problems with N dimensions, each chromosome is typically encoded as an array of N elements, where the i-th one is the specific value of the i-th parameter. In the proposed optimization, the chromosome consists of the elements of vector ρ, which can be composed of one, two, or three elements (kt, ky, and/or ψo), depending on the IPC case. Figure 5 shows the GA steps for the proposed optimization. These steps are:



	
Initial population: Before optimization, the tuning parameter search range is set manually using a bisection-type procedure, where the range is reduced by eliminating parameter values that cause instability during simulation. The search interval for the gains is [0–0.3] deg/(MN·m·s) for integral controllers or [0–2] deg/(MN·m) for proportional controllers, and the range for the azimuth offset is [0–90] deg. An initial population of 100 individuals is created with parameter values evenly spaced within the defined range; the population size is 200 for the IPC cases with three parameters to be tuned.



	
Fitness assignment: After initialization, every individual in the population or chromosome is assigned a fitness value. When using a simulation-based approach, the fitness value of each member is calculated by running a simulation. The fitness function is equivalent to the cost function J being optimized.



	
Selection: Its purpose is to select the most suitable individuals and pass on their genes to the following generation. This study uses the roulette selection method, which assigns a higher probability of fitness to chromosomes with lower fitness values, making them more likely to be chosen. The fitness probability of the i-th individual is represented by Pi = Ji/    ∑   j = 1    N      J   j       and its corresponding cumulative fitness probability qi =     ∑   j = 1    i      P   j      . Subsequently, a selection is made by considering the previous probability value’s position in the roulette, represented on a cumulative probability of suitability scale. For this purpose, a pseudo-random number r uniformly distributed over the interval [0, 1] is generated. If qk−1 ≤ r ≤ qk, then the k-th candidate is chosen as a parent. In order to reach the required number of parents, the number r is generated multiple times. The best chromosomes are always retained in the population (elite selection). The number of elite individuals in the population is set to 0.05 times the population size.



	
Crossover: This operator creates part of a new population by recombining the selected individuals after sorting and rejecting the chromosomes. For each parent couple (mum and dad), defined in Equation (7), a random gene-crossing point, defined by the random variable α, is chosen before mating. The mom and dad are denoted by subscripts m and d, respectively. The selected parameters pm,α and pd,α are grouped according to Equation (8) to generate new values, pnew1 and pnew2, which appear in the descendants. The parameter γ is a random number within the range of [0, 1]. Then, as shown in Equation (9), the mating process is completed by exchanging other genes (parameters) and obtaining offspring. The crossover fraction is set to 0.75, which represents the fraction of the population created by this operator.







      m o m =           p   m , 1       p   m , 2     ⋯           p   m , α     ⋯     p   m , N               d a d = [         p   d , 1       p   d , 2     ⋯           p   d , α     ⋯     p   d , N         ]      



(7)






        p   n e w 1 , α   =   p   m , α   − γ     p   m , α   −   p   d , α           p   n e w 2 , α   =   p   d , α   − γ (   p   m , α   −   p   d , α   )      



(8)






        o f f s p r i n g   1   =           p   m , 1       p   m , 2     ⋯           p   n e w 1 , α     ⋯     p   d , N                 o f f s p r i n g   2   = [         p   d , 1       p   d , 2     ⋯           p   n e w 2 , α     ⋯     p   m , N         ]      



(9)





	5.

	
Mutation: Transfer a small amount of randomness to new individuals to maintain diversity within the population and avoid locally optimal tracking such as crossover. The mutation probability is set to 0.2.




	6.

	
New individual generation: The process of genetic recombination involves the creation of new populations by recombining the resultant offspring with other mutated offspring. This process is repeated until the termination condition is met. This process stops when the fitness of a particular solution achieves the desired level of fitness, the number of generations reaches a maximum limit, or the population becomes stable. In this work, after reaching 20 generations without changes in the best fitness, the process stops because it has been observed that this number is sufficient for convergence in the proposed optimization.









4. Results and Discussion


This section shows the results of the proposed optimization and the comparative analysis and evaluation of the different IPC schemes. After discussing the optimization results, the proposed controllers are tested in different simulations and the temporal responses of the main variables in the rotating frame are then analyzed. The responses of the variables associated with the fixed frame are also compared. Finally, an analysis of the OoP blade moments and pitch signals in the frequency domain is shown.



4.1. Optimization Results


Table 3 shows the tuning parameters obtained after optimization of the six proposed IPC schemes for the five operation points in the above-rated region, which are discussed and collected in Table 2. The mean DEL values of the OoP blade moments are also shown. The DEL values obtained for the CPC without any IPC are listed, as well as those for the baseline case. A graphical representation of these data is shown in Figure 6, which shows the IPC gains, azimuth offset, and mean DEL values with respect to the mean wind speed. From these data, the following points can be stated:



	
The IPC schemes with integral controllers plus the azimuth offset (IPC_I1ψ and IPC_I2ψ) achieved the largest reductions in the mean DEL value at all operating points evaluated. The average reduction was 41% with respect to the CPC case. The third best scheme was the IPC with P controllers and the azimuth offset (IPC_P2ψ), which showed an average reduction of 35% in the mean DEL value.



	
The IPC schemes with integral action and without the azimuth offset showed the lowest gains and the lowest DEL reductions—only 30% on average. Including the azimuth offset in these schemes allowed the optimal designs to achieve higher gains.



	
The two IPC schemes with integral controllers and the azimuth offset (IPC_I1ψ and IPC_I2ψ) had practically the same azimuth offset values ψo at each operation point. In the IPC scheme with proportional controllers plus the azimuth offset (IPC_P2ψ), the values of ψo were practically zero at all operation points except at 20 m/s. Even so, there did not seem to be much effect on the results when it was set to zero. This is because the integral action adds phase delay, whereas the proportional action does not.



	
On the contrary, if we compare the IPC cases with integral controllers, the inclusion of the azimuth offset allowed an increase in the average DEL reduction of the OoP blade moments of about 10% more compared to the same scheme without the offset. Schemes IPC_I1 and IPC_I2 had an average DEL reduction of approximately 30%, but their respective cases with the azimuth offset (IPC_I1ψ and IPC_I2ψ) had an average reduction of 41%.



	
Of the two best IPC schemes (IPC_I1ψ and IPC_I2ψ), the IPC_I1ψ case could be considered the most advisable, because, having achieved similar results, it had only two parameters to adjust. It does not seem worthwhile to let the integral gains be different (case IPCI2_ψ) since it does not provide significant improvements and requires the three parameters to be tuned. Furthermore, it was observed that the gains of both kt and ky were practically the same at several operating points.







4.2. Simulation Results in the Rotating Reference Frame


The response of the previously designed IPC schemes is evaluated in this section. Three simulations were run with different wind profiles that included a stochastic turbulent component. The mean wind speed varied within the full load region. These different wind conditions were analyzed to study the performance of the proposed adaptive IPCs and their robustness. Wind profiles were created with the assistance of TurbSim in accordance with the IEC 61400-1 standard. The simulation time was 1200 s; however, the first 200 s were removed to discard transient effects in the data. In the first simulation (case 1), the average wind speed component ranged between 14 and 18 m/s. In case 2, the average wind speed varied between 16 and 20 m/s, and in case 3, between 18 and 22 m/s. The most significant variables in both the time and frequency domains were analyzed using the data obtained from each control strategy. Additionally, for each control strategy, various performance indicators related to blade moments, generated power, generator rotational speed, and pitch actuator effort were quantified. In the analysis, a reimplementation of the ROSCO CPC in Simulink without considering IPC was employed as the baseline control for comparison.



Figure 7 shows the simulated time responses of some proposed IPC schemes compared with the baseline CPC for simulation case 2. For clarity, only three IPC schemes are shown: the IPC with two different proportional controllers plus the azimuth offset (IPC_P2ψ), the IPC with two different integral controllers without the azimuth offset (IPC_I2), and the IPC with two identical integral controllers plus the azimuth offset (IPC_I1ψ). Also for clarity, only 250 s of the simulations are shown. Table 4 and Table 5 present several performance indicators of the different control schemes for quantitative analysis; they were calculated for each case from the 1000 s simulation data.



Figure 7 shows the following variables in the rotating reference frame: wind speed, generator angular velocity, generated power, OoP moment of blade 1, and pitch signal of blade 1. The corresponding performance indicators are presented in Table 4, showing the average DEL value of the OoP blade moments, the average normalized actuator travel (NAT) of the pitch signals, the standard deviation (STD) of the generated power, and the STD of the generator rotational speed. The average NAT of the pitch signals is a measure of the average total traveled pitch angle and is defined as follows:


    N A T  ¯    β   =   1   3     ∑  i = 1   3        1   T     ∫  0   T            β  ˙    i   ( t )       β  ˙    m a x       d t       .  



(10)







There were no significant differences, neither qualitatively nor quantitatively, between the control schemes in either the power generated or the generator speed, which indicates that the IPCs do not affect the response of the CPC loop. The STDs of Pg and ωg of the different control schemes were practically the same in each case. The average Pg, not shown in Table 4, was also the same for the different schemes. The average generated power was 15.015 MW for case 1, 15.037 MW for case 2, and 15.021 for case 3.



In contrast, there were significant differences in the variables mainly related to the IPC loop. The baseline CPC showed the greatest oscillations of the OoP blade moment, whereas the IPCs managed to considerably mitigate the amplitude of these oscillations, as shown in Figure 7. Similar responses were obtained from the other simulation cases. Quantitatively, the CPC had the highest     DEL  ¯   (M) value for all cases, as shown in Table 4. All the proposed IPC schemes reduced these DEL values. In simulation cases 1 and 2, the IPC schemes with integral controllers plus the azimuth offset achieved a greater reduction in the DEL value of 30% compared to the CPC, whereas those same IPC schemes without the azimuth only achieved a reduction of approximately 15–20%. With proportional controllers in the IPC, the reduction in the DEL was 25%, and the inclusion of the azimuth offset did not improve this value. In simulation case 3, the two IPC schemes with integral controllers and azimuth offset achieved a DEL reduction of 40%. This reduction was only 27% for IPC schemes with integral controllers without azimuth offset and 32% for IPC schemes with proportional controllers.



The IPC schemes achieve this reduction in the DEL at the cost of greater control effort on the pitch actuators compared with the CPC. Figure 7 shows this greater activity in the pitch signal of blade 1. This is also indicated by the average normalized actuator travel indices (    N A T  ¯   (β)) shown in Table 4, which increased from values of around 5% to between 40% and 50%. If we compare the IPC schemes with each other, the schemes with integral controllers plus the azimuth offset are the ones that, in addition to the greatest reduction in DEL, had the lowest NAT values, which were between 2% and 4% lower than those of the IPC schemes without the azimuth offset. The IPC schemes with proportional controllers showed the highest NAT values, which were as much as 10% higher than those of the other IPC schemes.




4.3. Simulation Results in the Non-Rotating Reference Frame


This section analyzes the internal variables of the IPC in the non-rotating reference system for the simulations performed in the previous section. Figure 8 shows the temporal response of these variables for simulation case 2. These variables are the tilt and yaw moments (Mt and My) obtained by the MBC transform, the tilt and yaw pitch signals (βt and βy), and the evolution of the adaptive gains kt and ky of the controllers and the adaptive azimuth offset ψo. As in Figure 7, for clarity, only three IPC schemes and only 250 s of simulation are shown. Table 5 shows the mean values and STDs of the moments Mt and My for the three simulation cases.



The CPC without IPC showed an average component of the moments Mt and My far away from zero, which negatively impacted the DEL value of the OoP blade moments. IPC schemes significantly reduced the mean of these moments by approximately 99%, especially the IPC with integral controllers. The IPC schemes that reduced these mean values the most were those with integral controllers plus the azimuth offset (IPC_I1ψ and IPC_I2ψ), as shown in Table 5. The IPCs with proportional controllers required much higher activity of the pitch signals in the non-rotating frame (βt and βy) to reduce these moments and still showed higher mean values of these moments. The IPC adaptive gains kt and ky agree with the calculations in the previous section. The IPC schemes with proportional controllers showed higher gains than the IPC schemes with integral controllers, and their azimuth offset values were much lower than those of the IPC schemes with integral action. Among the IPC schemes with integral controllers, those with the azimuth offset had higher controller gains.




4.4. Frequency Response


Next, three of the proposed IPC schemes and CPC were compared in the frequency domain. For blade 1, Figure 9 shows the Fourier spectrum of the OoP blade bending moment M1 on the left and the pitch signal β1 on the right. The IPC schemes significantly decreased the large peak of the 1P component of the OoP moment M1 around the frequency of 0.126 Hz when compared with the CPC scheme. The IPC_I1ψ virtually removed this peak. Regarding pitch signals, CPC without the IPC did not display 1P peaks; however, all IPC schemes showed a significant peak associated with the 1P pitch component, which was primarily responsible for the greater pitch effort.



Based on the analysis performed in this section, when the IPC schemes are optimally tuned to decrease the DEL of OoP blade moments, we can state the following: (1) The IPC schemes with integral controllers without the azimuth offset had roughly the same performance as the IPC schemes with proportional controllers (with or without the azimuth offset), (2) using identical or different gains in the decentralized controllers of IPC did not have a significant impact, (3) including the azimuth offset in the IPC schemes with integral actions helped to reduce the DEL value by a further 10%, and (4) including the azimuth offset in the IPC schemes with proportional controllers did not show significant improvements.





5. Conclusions


In this study, we analyze and compare the real improvements that can be achieved with different types of adaptive controllers with the azimuth offset and different controller gains in different IPC schemes tested on a 15 MW wind turbine model, which is simulated with OpenFAST v3.5 software. The problem of controller parameter tuning is addressed as an optimization where the fatigue load on the blade is minimized according to the DEL and solved by genetic algorithms. The proposed IPC schemes are implemented as an adaptive block where the gains and azimuth offset have scheduled values according to the mean value of the filtered moments of the blades. In addition, the IPC schemes are combined with a pre-defined CPC. Several simulations are performed to compare the proposed IPC schemes. Specifically, we analyze the impact of three aspects: using proportional or integral controllers, using two identical or two different gains in the decentralized controllers of the IPC, and including or not including the azimuth offset in the reverse MBC transform. There is previous research on the impact of including the offset or not in the control; however, we have not found any works in the literature that simultaneously analyze the impact of the three factors considered here on control performance.



The simulation findings show that the proposed methodology is robust and adaptable to wind conditions and that it may be utilized to improve the structural integrity of blade wind turbines without sacrificing power generation efficiency. The IPC schemes proposed in this work significantly decrease the out-of-plane (OoP) blade moments when compared to not using IPC but at the cost of greater pitch actuator effort. A comparison of the proposed IPC schemes demonstrates that:




	
The optimal IPC solution with proportional controllers (with or without the azimuth offset) produces a similar reduction in DEL values as the optimal solution of IPC with integral controllers without the azimuth offset; however, the proportional controllers produce higher pitch signal activity.



	
The IPC schemes with integral controllers and the azimuth offset outperform the other schemes because they achieve the lowest DEL values of the OoP blade moments with minor pitch activity.



	
Using different gains in the controllers of the IPC does not provide significant improvements; however, it requires an additional tuning parameter in the optimization procedure and, consequently, a higher computational cost.








Therefore, we can conclude that the most advantageous IPC scheme is the IPC_I1ψ case—that is, the IPC with two optimal identical integral controllers plus an optimal azimuth offset—because it surpasses the response of the other optimized IPC schemes and requires only two parameters to be tuned. This IPC scheme can achieve an additional reduction of approximately 10% in the DEL value of the OoP blade moments with the lowest pitch actuator effort in comparison with the other IPC schemes.



Future research is required to deal with the trade-off between the two main conflicting objectives in IPC: blade load reduction and pitch actuator effort. Future work will also address the analysis of more advanced controllers in the IPC scheme, such as multi-loop PI or PID controllers, H∝ control, and decoupling control.
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Abbreviations


The following abbreviations, acronyms, and symbols are used in this manuscript:



	CPC
	Collective pitch control



	DEL
	Damage equivalent load



	GA
	Genetic algorithm



	I
	Integral



	IEC
	International Electrotechnical Commission



	IPC
	Individual pitch control



	IPC_P2
	IPC with two different proportional controllers and no azimuth offset



	IPC_P2ψ
	IPC with two different proportional controllers and the azimuth offset



	IPC_I1
	IPC with two identical integral controllers and no azimuth offset



	IPC_I1ψ
	IPC with two identical integral controllers and the azimuth offset



	IPC_I2
	IPC with two different integral controllers and no azimuth offset



	IPC_I2ψ
	IPC with two different integral controllers and the azimuth offset



	MBC
	Multi-blade coordinate



	NAT
	Normalized actuator travel



	NREL
	National Renewable Energy Laboratory



	OoP
	Out-of-plane



	P
	Proportional



	PI
	Proportional–integral



	ROSCO
	Reference open-source controller



	RWT
	Reference wind turbine



	STD
	Standard deviation



	VS-VP
	Variable speed, variable pitch



	Ct
	Tilt moment controller



	Cy
	Yaw moment controller



	J
	Cost function



	kt
	Gain of tilt moment controller



	ky
	Gain of yaw moment controller



	Mi, Myi
	Out-of-plane moment of blade i



	Mxi
	In-plane moment of blade i



	Mt
	Tilt moment (in the nonrotating frame)



	My
	Yaw moment (in the nonrotating frame)



	Pg,rated
	Rated generated power



	Pg
	Generated power



	S
	Solution space



	Tg
	Generator torque



	Tg,rated
	Rated generator torque



	T(ψ)
	MBC transform matrix



	T−1
	Reverse MBC transform



	kt
	Gain of tilt moment controller



	ky
	Gain of yaw moment controller



	s
	Laplacian variable



	t
	Time



	βi
	Pitch command value of blade i



	βCPC
	Pitch angle provided by the CPC



	βIPCi
	IPC component for pitch signal of blade i



	βt
	Tilt pitch angle (in the nonrotating frame)



	βy
	Yaw pitch angle (in the nonrotating frame)



	ρ
	Decision variable vector



	ψi
	Azimuth angle of blade i



	ψo
	Azimuth offset



	ψ
	Vector with the three azimuth angles



	ν
	Mean wind speed



	ωg
	Rotational generator speed



	ωg,rated
	Rated rotational generator speed
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Figure 2. IPC + CPC control scheme for the above-rated region. The CPC supplies a common pitch command angle for the blades to control the rotational speed of the generator at its rated value. The IPC computes an individual action for each blade to decrease the blade moments. Both control actions are combined to provide the total command signals for each pitch actuator of the wind turbine [14]. 






Figure 2. IPC + CPC control scheme for the above-rated region. The CPC supplies a common pitch command angle for the blades to control the rotational speed of the generator at its rated value. The IPC computes an individual action for each blade to decrease the blade moments. Both control actions are combined to provide the total command signals for each pitch actuator of the wind turbine [14].



[image: Applsci 14 00183 g002]







[image: Applsci 14 00183 g003] 





Figure 3. General scheme of the IPC with the azimuth offset in the reverse MBC transform and a decentralized control composed of the controllers Ct(s) and Cy(s). The forward MBC transformation T(ψ) transforms the 1P harmonics of the OoP blade load moments to a fixed reference system. Then, a decentralized control loop reduces the computed tilt- and yaw-axis moments. By using the reverse MBC transform, these control signals are converted to the rotating frame to obtain the final IPC signals βIPCi. The gains of the decentralized controllers and the azimuth offset are adapted by scheduled values according to the mean value of the filtered moments of the three blades. 






Figure 3. General scheme of the IPC with the azimuth offset in the reverse MBC transform and a decentralized control composed of the controllers Ct(s) and Cy(s). The forward MBC transformation T(ψ) transforms the 1P harmonics of the OoP blade load moments to a fixed reference system. Then, a decentralized control loop reduces the computed tilt- and yaw-axis moments. By using the reverse MBC transform, these control signals are converted to the rotating frame to obtain the final IPC signals βIPCi. The gains of the decentralized controllers and the azimuth offset are adapted by scheduled values according to the mean value of the filtered moments of the three blades.



[image: Applsci 14 00183 g003]







[image: Applsci 14 00183 g004] 





Figure 4. Simulation-based optimization process: First, parameters are initialized, and then, the optimizer in MATLAB performs iterative co-simulations in OpenFAST/Simulink until the optimal parameters that minimize the cost function (the mean DEL of the blade moments) are found. 
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Figure 5. GA steps: population initialization; computation of individual fitness based on the cost function; selection, which is the process for choosing the best individuals and discarding others; generation of a new population by mating the chosen candidates (crossover) and supplying randomness to the new offspring (mutation); and assessment of the new individuals. Iterations continue until the stopping condition is fulfilled [14]. 
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Figure 6. Graphical representation of the optimization results shown in Table 3: controller gains kt and ky, azimuth offset, and mean DEL value of the OoP blade moments with respect to the five mean wind speeds considered in the nominal region. The units of kt and ky gains are in deg/(MNm) for the IPC_P2 and IPC_P2ψ cases. 
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Figure 7. Time responses in the rotating reference frame of wind speed (ν), generator angular velocity (ωg), generated power (Pg), OoP moment of blade 1, and pitch signal of blade 1 for simulation case 2 from 250 s to 500 s. 






Figure 7. Time responses in the rotating reference frame of wind speed (ν), generator angular velocity (ωg), generated power (Pg), OoP moment of blade 1, and pitch signal of blade 1 for simulation case 2 from 250 s to 500 s.



[image: Applsci 14 00183 g007]







[image: Applsci 14 00183 g008] 





Figure 8. Time responses of the IPC variables in the non-rotating reference frame: tilt moment (Mt), yaw moment (My), tilt pitch signal (βt), yaw pitch signal (βy), controller adaptive gains (kt and ky), and adaptive azimuth offset (ψo) for simulation case 2 from 250 s to 500 s. The units of kt and ky gains are in deg/(MNm) for IPC_P2ψ. 
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Figure 9. Frequency domain response of the out-of-plane blade moment and pitch signal for blade 1 using Fourier spectra. 






Figure 9. Frequency domain response of the out-of-plane blade moment and pitch signal for blade 1 using Fourier spectra.



[image: Applsci 14 00183 g009]







 





Table 1. IEA 15 MW RTW properties.
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	Property
	Value





	Power rating
	15 MW



	Rotor orientation, configuration
	Upwind, 3 blades



	Cut-in, rated rotor speed
	5 rpm, 7.56 rpm



	Cut-in, rated, cut-out wind speed
	3 m/s, 10.59 m/s, 25 m/s



	Drivetrain
	Low speed, direct drive



	Rated generator torque
	19,786,767.5 Nm



	Electrical generator efficiency
	95.756%



	Rotor, hub diameter, hub height
	240 m, 7.94 m, 150 m



	Rotor nacelle assembly mass
	1,070,000 kg



	Tower mass
	860,000 kg



	Blade pitch angle limits
	0–90 deg



	Pitch slew-rate limits
	2 deg/s



	Generator torque slew-rate limits
	4,500,000 Nm/s










 





Table 2. Relationship between mean wind speed and mean OoP blade moment for the IEA 15 MW RTW operating in the nominal region.
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	Mean Wind Speed (m/s)
	Mean OoP Blade Moment (MNm)





	14
	34.94



	16
	28.68



	18
	24.03



	20
	20.33



	22
	17.23










 





Table 3. Optimization results for different IPC schemes at the five operation points. For each IPC scheme and each operation point, the following elements are listed: the mean DEL value of the OoP blade moment, the decentralized controller gains kt and ky, and the azimuth offset ψo. The mean DEL values for CPC without IPC are also shown.
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Control Scheme

	

	
Wind Speed (m/s)




	
14

	
16

	
18

	
20

	
22






	
CPC

	
     DEL  ¯    (M) (MNm)

	
24.07

	
23.08

	
25.06

	
30.8

	
25.39




	
CPC +

IPC_P2

	
     DEL  ¯    (M) (MNm)

	
16.91

	
14.97

	
17.26

	
22.06

	
13.84




	
kt (deg/(MNm))

	
18.94·10−2

	
19.22·10−2

	
23.72·10−2

	
8.4·10−2

	
14.21·10−2




	
ky (deg/(MNm))

	
31.61·10−2

	
17.12·10−2

	
11.53·10−2

	
4.2·10−2

	
25.36·10−2




	
ψo (deg)

	
0

	
0

	
0

	
0

	
0




	
CPC +

IPC_P2ψ

	
     DEL  ¯    (M) (MNm)

	
16.9

	
14.9

	
17.23

	
20.87

	
13.84




	
kt (deg/(MNm))

	
17.35·10−2

	
17.13·10−2

	
23.65·10−2

	
9.6·10−2

	
14.66·10−2




	
ky (deg/(MNm))

	
29.07·10−2

	
21.97·10−2

	
11.54·10−2

	
11.2·10−2

	
25.69·10−2




	
ψo (deg)

	
0.55

	
0.17

	
5.66

	
19.36

	
0.01




	
CPC +

IPC_I1

	
     DEL  ¯    (M) (MNm)

	
17.00

	
16.27

	
18.74

	
22.32

	
16.73




	
kt (deg/(MNms))

	
2.98·10−2

	
2.5·10−2

	
0.93·10−2

	
0.77·10−2

	
0.49·10−2




	
ky (deg/(MNms))

	
2.98·10−2

	
2.5·10−2

	
0.93·10−2

	
0.77·10−2

	
0.49·10−2




	
ψo (deg)

	
0

	
0

	
0

	
0

	
0




	
CPC +

IPC_I1ψ

	
     DEL  ¯    (M) (MNm)

	
14.32

	
14.67

	
16.33

	
17.22

	
13.45




	
kt (deg/(MNms))

	
5.74·10−2

	
9.19·10−2

	
13.82·10−2

	
9.07·10−2

	
11.63·10−2




	
ky (deg/(MNms))

	
5.74·10−2

	
9.19·10−2

	
13.82·10−2

	
9.07·10−2

	
11.63·10−2




	
ψo (deg)

	
85.86

	
74.8

	
61.05

	
79.89

	
76.52




	
CPC +

IPC_I2

	
     DEL  ¯    (M) (MNm)

	
16.8

	
16.25

	
18.23

	
20.07

	
15.96




	
kt (deg/(MNms))

	
3.39·10−2

	
2.21·10−2

	
1.93·10−2

	
2.79·10−2

	
0.068·10−2




	
ky (deg/(MNms))

	
1.82·10−2

	
1.08·10−2

	
0.21·10−2

	
0.14·10−2

	
1.86·10−2




	
ψo (deg)

	
0

	
0

	
0

	
0

	
0




	
CPC +

IPC_I2ψ

	
     DEL  ¯    (M) (MNm)

	
14.32

	
14.61

	
16.12

	
17.22

	
13.45




	
kt (deg/(MNms))

	
5.73·10−2

	
19.4·10−2

	
11.65·10−2

	
8.93·10−2

	
12.28·10−2




	
ky (deg/(MNms))

	
5.76·10−2

	
12.9·10−2

	
20.14·10−2

	
9.55·10−2

	
11.01·10−2




	
ψo (deg)

	
88.75

	
75.33

	
62.27

	
77.50

	
76.85











 





Table 4. Performance indicators of variables in the rotating reference frame for the control schemes were calculated from the simulation data for each simulation case. The table shows the average DEL value of the OoP blade moment (    DEL  ¯   (M)), the average normalized actuator travel of the pitch (    N A T  ¯   (β)), the STD of the generated power, and the STD of the generator angular velocity.
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Control Scheme

	
     DEL  ¯    (M) (MNm)

	
     N A T  ¯    (β) (%)

	
STD(Pg) (MW)

	
STD(ωg) (rpm)




	
Case 1

	
Case 2

	
Case 3

	
Case 1

	
Case 2

	
Case 3

	
Case 1

	
Case 2

	
Case 3

	
Case 1

	
Case 2

	
Case 3






	
CPC

	
23.67

	
25.62

	
29.68

	
4.91

	
4.38

	
4.07

	
0.46

	
0.60

	
0.80

	
0.23

	
0.30

	
0.40




	
CPC + IPC_P2

	
17.55

	
18.79

	
20.45

	
48.9

	
52.5

	
50.61

	
0.46

	
0.61

	
0.81

	
0.23

	
0.31

	
0.41




	
CPC + IPC_P2ψ

	
17.50

	
18.71

	
19.72

	
50

	
52.3

	
51.57

	
0.46

	
0.61

	
0.81

	
0.23

	
0.31

	
0.41




	
CPC + IPC_I1

	
18.80

	
21.94

	
21.68

	
41.6

	
44.6

	
46.45

	
0.46

	
0.61

	
0.80

	
0.23

	
0.31

	
0.40




	
CPC + IPC_I1ψ

	
16.60

	
17.25

	
17.51

	
38.8

	
43.4

	
49.45

	
0.46

	
0.60

	
0.81

	
0.23

	
0.30

	
0.41




	
CPC + IPC_I2

	
18.77

	
20.3

	
21.63

	
41.0

	
42.2

	
46.64

	
0.46

	
0.60

	
0.80

	
0.23

	
0.30

	
0.41




	
CPC + IPC_I2ψ

	
16.66

	
17.18

	
17.47

	
39.6

	
43.8

	
49.47

	
0.46

	
0.61

	
0.81

	
0.23

	
0.30

	
0.41











 





Table 5. The mean values and STD values of the non-rotating moments Mt and My were calculated from the simulation data for each simulation case.
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Control Scheme

	
       M  ¯    t     (MNm)

	
STD(Mt) (MNm)

	
       M  ¯    y     (MNm)

	
STD(My) (MNm)




	
Case 1

	
Case 2

	
Case 3

	
Case 1

	
Case 2

	
Case 3

	
Case 1

	
Case 2

	
Case 3

	
Case 1

	
Case 2

	
Case 3






	
CPC

	
6.678

	
7.516

	
9.282

	
3.84

	
3.89

	
4.17

	
2.582

	
3.298

	
3.568

	
3.50

	
4.02

	
4.17




	
CPC + IPC_P2

	
−0.208

	
−0.252

	
0.118

	
2.86

	
3.15

	
3.62

	
−0.294

	
−0.067

	
−0.207

	
2.73

	
3.22

	
3.55




	
CPC + IPC_P2ψ

	
−0.209

	
−0.27

	
0.158

	
2.86

	
3.15

	
3.61

	
−0.219

	
0.588

	
1.202

	
2.70

	
3.19

	
3.42




	
CPC + IPC_I1

	
−0.015

	
−0.038

	
0.024

	
3.37

	
4.53

	
4.36

	
0.039

	
−0.072

	
0.100

	
3.46

	
4.61

	
3.97




	
CPC + IPC_I1ψ

	
−0.004

	
−0.008

	
−0.006

	
2.56

	
2.76

	
3.25

	
−0.011

	
−0.002

	
−0.013

	
2.24

	
2.45

	
2.89




	
CPC + IPC_I2

	
−0.06

	
−0.032

	
0.018

	
3.30

	
3.52

	
3.83

	
−0.015

	
0.247

	
0.188

	
3.91

	
4.84

	
4.43




	
CPC + IPC_I2ψ

	
−0.002

	
−0.004

	
−0.003

	
2.64

	
2.86

	
3.24

	
−0.008

	
−0.007

	
−0.011

	
2.33

	
2.59

	
2.87
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