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Wind energy production is still a challenge, and improving the engineering practices in wind turbine design is crucial to overcome it. In a control co-design approach, as opposed to sequential design, one considers the interaction between subsystems and applies control concepts in the design process to obtain an optimal solution. This paper investigates control co-design optimization of a wind turbine blade and tower, where the power efficiency is aimed to be maximized while minimizing the system's total mass. Furthermore, bounds on the design parameters are defined to constrain structural loads to admissible values. The power efficiency can be improved by reducing the root mean squared value of the generator speed tracking error, and the mass can be modified by the tower thickness. A mixed control architecture of ∞ and reference governors is proposed to design the wind turbine control system. The ∞ technique reduces structural loads, and the use of reference governors improves the system's power efficiency and addresses actuator limitations. Finally, the benefits of the control co-design optimization method are shown.

I. Nomenclature

II. Introduction

I the last few decades, wind energy has become an attractive source of renewable energy. The interest and investment in wind turbine development have gained relevance and turned the wind energy into the fastest-growing energy source across the world. Nonetheless, the high cost of wind energy production is still a challenge, and improving engineering practices is crucial to overcome it [START_REF] Garcia-Sanz | Wind energy systems : control engineering design[END_REF].

An increasing number of authors have been investigating different wind turbine aspects, such as low-and mid-fidelity aerodynamic modeling [START_REF] Zhang | Multi-Fidelity Aerodynamic Modeling of a Floating Offshore Wind Turbine Rotor[END_REF], low-and high-fidelity structural analyses [START_REF] Yaghmaie | High-Fidelity Structural Analysis of a 10 MW Offshore Floating Wind Turbine Rotor Blade[END_REF], and control co-design [START_REF] Du | Control Co-Design for Rotor Blades of Floating Offshore Wind Turbines[END_REF] for rotor blades of floating offshore wind turbines.

At present, the sequential design approach, by which one designs and optimizes each subsystem independently and progressively, predominates in engineering design. When considering a control co-design (CCD) approach, as opposed to the sequential, one takes into account the interaction between subsystems and applies control concepts in the design process, obtaining an optimal solution that may not be attainable by a sequential design [START_REF] Garcia-Sanz | Control Co-Design: An engineering game changer[END_REF].

The classic control strategy for wind turbine power production relies on the design of two independent controllers, namely the generator-torque and the collective blade-pitch controllers. For the design of these controllers, only the speed of the generator is of interest [START_REF] Pao | Control of Wind Turbines[END_REF]. Therefore, a first-order model like the one in Eq. ( 1) considering the rotational inertia of the turbine and both aerodynamic and electrical applied torques is sufficient [START_REF] Lenfest | Tuning of Nacelle Feedback Gains for Floating Wind Turbine Controllers Using a Two-DOF Model: Preprint[END_REF].
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Various methods have been shown to be successful in alleviating structural loads of the tower after designing model-based controllers [START_REF] Wang | Gain Scheduled Active Power Control for Wind Turbines[END_REF] relying on such simple first-order model. However, these models do not consider the tower, and the load mitigation is usually a posteriori verification of the closed-loop system.

As opposed to the aforementioned classic control design strategy, the control co-design approach proposed in this paper not only aims to optimize the power efficiency but also to mitigate the loads on the structure. For this reason, a representative fourth-order model that also describes the dynamics of the main structural components of the wind turbine is derived. The proportional-integral (PI) legacy controller [START_REF] Jm | Definition of a 5MW Reference Wind Turbine for Offshore System Development[END_REF] is used to test the derived model in a closed-loop. Simulations with wind speeds varying in the 4 -25 m/s range are performed and compared with OpenFast [START_REF] Buhl | OpenFAST[END_REF] simulations to validate the model.

In this paper, a mixed control architecture of the ∞ method [START_REF] Apkarian | Nonsmooth ∞ Synthesis[END_REF] and reference governors (RG) [START_REF] Kolmanovsky | Reference and command governors: A tutorial on their theory and automotive applications[END_REF], [START_REF] Garone | Reference and command governors for systems with constraints: A survey on theory and applications[END_REF] is proposed to co-design the control system of a wind turbine. Appropriate design of the weighting functions is crucial to synthesize a ∞ controller that rejects external wind perturbations. Success in this challenging task reduces the system's structural vibrations and leads to lightweight structures. In addition, the effective use of RG's improves the system's power efficiency, and addresses actuator limitations.

The rest of this paper is structured in the following manner. Section III describes the modeling of the wind turbine. Section IV details the control architecture adopted for the CCD. The optimization problem is set up in Section V. The results are analyzed in Section VI. Finally, Section VII summarizes conclusions and discusses some future work on this topic.

III. Wind Turbine Model

As mentioned in Section II, a reduced-order model of the wind turbine is derived to be used through the controller synthesis. In III.A the traditional wind turbine model is described, and in III.B the model that is used to obtain the tower lumped parameters as a function of the tower cross-section thickness is explained.

A. The Wind Turbine Model

Based on the Euler-Lagrange equations, a four degree-of-freedom analytical model of a 5-MW reference wind turbine [START_REF] Jm | Definition of a 5MW Reference Wind Turbine for Offshore System Development[END_REF] is derived. Euler-Lagrange's equations are written in terms of the kinetic energy in the form of Eq. ( 2). The values of contain contributions of both conservative and non-conservative forces [START_REF] Baruh | Analytical Dynamics[END_REF].

- = (2) 
The four generalized coordinates considered are the fore-aft displacement of the top of the tower , the flap-wise displacements of the tip of the blades , the rotor angular position , and the generator angular position . Figure 1 depicts a sketch of the coordinates mentioned above and the main elements that constitute the wind turbine model. The thrust force and aerodynamic torque developed by the rotor blades due to the wind and the torque applied to the generator are the external forces and moments that are considered in the generalized forces formulation. The thrust forces and aerodynamic torques can be expressed by Eq. ( 3) and ( 4), respectively, where the coefficients depend on the blade design, and are functions of the blade pitch angle and the tip-speed ratio . Figure 2 shows the thrust and torque coefficients of the 5-MW NREL Reference Wind Turbine [START_REF] Jm | Definition of a 5MW Reference Wind Turbine for Offshore System Development[END_REF], obtained using AeroDyn [START_REF] Moriarty | AeroDyn Theory Manual[END_REF]. In the modeling stage, it is essential to take into account the system actuators. Regarding the blade pitch actuator, its second-order dynamics ( = 2 , = 0. 
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B. The Tower Model

The tower of the wind turbine has been modeled as a hollow cylindrical cross-section clamped-free beam. The external diameter of the tower is defined as a constant, leaving its thickness as a single geometric variable parameter for the control co-design optimization problem setup. The tower mass and the tower translational fore-aft stiffness coefficient, lumped-parameters that model the dynamics of the tower, are non-linear functions of .

Figure 3 depicts the tower cross-section. The factor / 0 represents the ratio of the mentioned thickness variable to the thickness of a reference tower 0 . Upper and lower bounds are defined on this ratio, such that the solution of the CCD optimization is found in the range 0.5 ≤ / 0 ≤ 1.5. 

IV. Control Architecture

The objective of the control system is twofold: To track the reference generator speed, and to mitigate structural vibrations under the presence of wind perturbations [START_REF] Wang | Gain Scheduled Active Power Control for Wind Turbines[END_REF]. The first specification for the controller design is to minimize the reference generator speed steady-state tracking error. Therefore, the controller includes an integral term.

A. Structured ∞ Problem Formulation

When formulating the ∞ control design problem, the configuration shown in Fig. 4 is assumed. Then, the terms displayed in Table 1 are defined. The control problem is to find the controller with sensed inputs that generate a control signal (blade-pitch-angle command) that minimizes the closed-loop norm from the exogenous inputs to the exogenous outputs and, consequently, minimizes the impact of the wind speed on the exogenous outputs [START_REF] Skogestad | Multivariable Feedback Control: Analysis and Design[END_REF].

Structured ∞ synthesis is a concept that allows the control engineer to choose the structure of the ∞ controller [START_REF] Apkarian | Nonsmooth ∞ Synthesis[END_REF]. The order of the controller could potentially be an additional variable in the CCD optimization, but for the sake of simplicity, a static proportional controller has been considered.

In the design process, requirements on four specific transfers of the system are defined. The first one (Req. 1) on the closed-loop transfer function from the commanded rotational speed of the generator , to the rotational speed of the generator to ensure the reference tracking. Next, requirements on the closed-loop transfer function from the wind speed to the exogenous outputs are chosen to reduce the resonance peaks associated with the tower bending mode (Req.

2) and the blade bending mode (Req. 3). The last one (Req. 4) is specified on the transfer function from the wind speed perturbation to the rotational speed of the generator , in view of minimizing the effect of the wind on the tracking of the generator speed. 

Fore-aft deflection of the tower top Out-of-plane tip deflection of the blade

Tuning goals for the design of the controller are chosen to improve the existing legacy PI controller. The weighting functions are calculated based on transfers from the nominal closed-loop system (i.e., the system that is obtained when the legacy controller is used), aiming to both facilitate and automatize the tuning process. Then, these transfers are multiplied by a scalar weight.

B. The Reference Governor

Reference governors are add-on schemes for dealing with constrained systems [START_REF] Kolmanovsky | Reference and command governors: A tutorial on their theory and automotive applications[END_REF], [START_REF] Garone | Reference and command governors for systems with constraints: A survey on theory and applications[END_REF]. So far, only a few researchers have considered combining a structured ∞ controller (or observer) with a reference governor [START_REF] Bourdelle | Modeling and control of propellant slosh dynamics in observation spacecraft[END_REF]. Such a combination allows the closed-loop system to both effectively satisfy command tracking requirements despite disturbance uncertainties and to fulfill constraint requirements that limit specific variables of the system. In this paper, a standard reference governor is combined with the linear ∞ controller to account for actuator nonlinearities, specifically magnitude and rate saturations of blade pitch actuators, and address limitations imposed on the generator speed tracking error. The control strategy adopted is illustrated in Figure 5. Wind disturbance is assumed to be measured. The reference governor is computed at each operating point and is only active when one of the constraints is prone to be violated. 

V. Optimization Problem Setup

In this control co-design optimization problem, not only the controller but also the tower of the wind turbine are designed. To obtain preliminary results, this process has been carried out at a single operating point in the above-rated region with a wind speed = 15 / . As explained in Section III, the thickness of the tower is the single geometric variable parameter for the problem setup. Although the architecture of the controller is fixed, as mentioned in Section IV, the gains of the controller are also variable parameters in the problem setup.

The cost function for this problem is defined as follows, = RMS( ) • / 0 . On the right-hand side, the first term, the root mean squared value of the difference between the generator speed and the reference generator speed, accounts for the power efficiency. The second term accounts for the total mass with respect to the reference wind turbine mass 0 .

In the optimization process, feasible solutions that lead to an undesired response of the system might be obtained. Transient structural vibrations are desired to remain below certain limits since they lead to structural fatigue. The total variation of the tower top displacement in the fore-after direction TV(

) is a metric that reflects the tower structural fatigue. Therefore, one can add a constraint to the optimization problem to obtain solutions below a particular total variation threshold value, TV( ) ≤ 0.65. Then, in this control co-design optimization problem, the minimization of the cost function, which accounts for power efficiency and equivalent mass, at a single operating point in the above-rated region = 15 / , subject to a fatigue associated constraint and bounds for the design variables is sought. The design variables are the gains of the collective blade pitch controller and the tower thickness.

Finally, the optimization problem can be formulated as Eq. ( 5). minimize ,

= RMS( ) • / 0 subject to 0.5 ≤ / 0 ≤ 1.5, TV( ) ≤ 0.65 (5) 

VI. Results

Figure 6 shows the time response of the exogenous outputs and the control signal to a 1-m/s step input in wind speed for the system operating in the above-rated region with a wind speed of = 15 / . In this particular case the ratio / 0 = 1. For the sake of comparison, results are also plotted for the Legacy controller. To illustrate the improvement added to the controller by the reference governor, results for both ∞ and ∞ + controllers are shown. The proposed ∞ controller not only seeks to track the reference of the generator's speed, but also aims to improve the power generation and reduce the structural loads when the system is perturbed. A reference governor is added to ensure that the blade pitch actuators do not exceed their maximum angle and that the generator speed does not exceed the value of 129 rad/s. This last design specification is depicted in Figure 6b with a dashed line. The limitation on the speed of the generator can also be considered an additional variable to be tunned. Then, the parameters of the RG would also be design variables in the optimization problem setup.

Figures 6c and6d show that when using the ∞ controller, the oscillatory response of both tower and blades can be considerably mitigated. Therefore, their fatigue can be reduced. The price to pay is a more significant overshoot of the generator speed response, as shown in Figure 6a. The overshoot of the ∞ is more considerable, leading to a larger RMS value. Nevertheless, by the effective use of the reference governor, the system original performance can be improved, compared to the Legacy controller. Adding a reference governor, the overshoots of the generator speed can be reduced and the generator speed error can be bounded by the defined constraint. In terms of tower deflection, Figure 6c shows that the oscillations when using a reference governor increase slightly with respect to the ∞ controller alone. Though, they are better damped and remain smaller compared to the tower oscillations for the system controlled by the Legacy controller. It is worth noting that the reduction of vibrations in the structure is accomplished through higher control activity. This can be observed in 6a.

Figure 7 depicts the control co-design optimization process. For each / 0 ratio a linear wind turbine model is derived, and the ratio / 0 is computed as seen in Fig. 7d. Then, both ∞ and ∞ + are synthetized. The closed-loop system time response to a 1-m/s step input in wind speed is used to compute the RMS(

) and the TV(

). These values are are evaluated and compared in Fig. 7a and Fig. 7c respectively. The RMS and TV values are normalized with the maximum value obtained using both ∞ and ∞ + controllers. As already mentioned, the use of the ∞ controller can considerably reduce the TV( ) compared to the Legacy controller but in exchange, the RMS( ) increases. Nonetheless, this metric can be reduced when implementing the RG to ensure that the generator speed does not exceed 129 rad/s. When the RG is applied, the RMS(

) is reduced without significantly increasing the TV(

). Figure 7d shows how / 0 varies when varying the / 0 ratio in the admissible range. Figure 7c shows, for each / 0 , the total variation of the tower top transient deflection due to a step input in the wind speed. In can be seen in the shaded gray area the designs that violate the constraint TV( ) ≤ 0.65. In particular, all the solutions obtained using the legacy controller and the solutions obtained for low / 0 ratios using ∞ controllers violate this constraint.

Figure 7a shows, for each / 0 , the root mean squared value of the difference between the generator speed and the reference generator speed due to a step input in the wind speed. The shaded areas show the non-feasible solutions again due to violation of the constraint mentioned above. Finally, Fig. 7b shows the evaluation of the cost function for the feasible solutions. The minimum is achieved for a ratio / 0 = 0.9.

VII. Conclusion and Future Work

This paper has explored the benefits of the CCD optimization method to simultaneously design the controller and tower of a wind turbine system.

Compared to the reference wind turbine, a design in which the mass of the tower is reduced by 10% is achieved, leading to a total mass reduction of 5% . The RMS of the generator speed error due to a wind speed step input is reduced by 7%, improving the power efficiency. The TV of the tower displacement in the fore-aft direction due to a wind speed step input is reduced by 75%, reducing the loads, mitigating the vibrations of the structure, and satisfying the imposed constraint. These improvements are accomplished by employing a mixed control architecture of ∞ and reference governor that allows to reject wind perturbations and addresses limitations imposed by the actuators.

Offshore wind turbines have an extra layer of complexity compared to land-based wind turbines due to the additional degrees of freedom of the system and the combination of a diverse source of perturbations. In the future, CCD optimization applied to an offshore wind turbine will be carried out. Load mitigation analysis will also be extended by computing damage equivalent loads (DEL) using OpenFast, in addition to the computation of the TV of the tower top displacement. The DEL of the blades, the control effort, and the platform motion will also be considered when setting up the optimization problem. Finally, design load cases for offshore wind turbines will be used as inputs to the control co-design optimization process.
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 1 Fig. 1 Assumed model of the wind turbine including the rotor, the drive-train, the generator, and the tower.

Fig. 2

 2 Fig. 2 Thrust and torque coefficients as a function of the pitch angle and the tip-speed ratio.

  7) is considered. The position and rate saturation of the blade pitch actuator are also taken into account, with values of [0; 90] deg and [-8; 8] deg/s, respectively. Concerning the generator torque actuator, magnitude and rate saturation are implemented with values of [0; 4.74 • 10 4 ] Nm and [-15000; 15000] Nm/s respectively.
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 3 Fig. 3 Hollow cylindrical cross-section of the wind turbine tower.
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 4 Fig. 4 Closed loop system configuration for the structured ∞ problem formulation.

Fig. 5

 5 Fig. 5 Reference governor applied to closed loop system.

Fig. 6

 6 Fig. 6 Time response to a 1-m/s step input in wind speed for a land-based wind turbine. (a) Blade-pitch angle. (b) Generator speed. (c) Tower top fore-after deflection. (d) Blade tip out-of-plane deflection.

Fig. 7

 7 Fig. 7 Control co-design optimization problem. (a) RMS of delta generator speed. (b) Cost function. (c) TV of tower top deflection. (d) Wind turbine mass to reference mass ratio.

Table 1 Definition of terms for the closed-loop system.
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	Generalized wind turbine model		
	Controller		
	Exogenous inputs		
	Wind speed		
	Rotational speed of the generator, command	,	
	Exogenous outputs		
	Rotational speed of the generator		
	Fore-aft deflection of the tower top		
	Out-of-plane tip deflection of the blade		
	Control signals		
	Blade-pitch-angle, command		
	Sensed outputs		
	Rotational speed of the generator		
	Integral term of the controller	∫	, -
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