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Abstract

:

Dimensioning and assessment of a specific wind turbine imply iterative steps for design optimization, as well as load calculations and performance analyses of the system in various environmental conditions. However, due to the complexity of wind turbine systems, fully coupled aero-hydro-servo-elastic codes are indispensable to represent and simulate the non-linear system behavior. To cope with the large number of simulations to be performed during the design process of a wind turbine system, automation of simulation executions and optimization procedures are required. In this paper, such a holistic simulation and optimization framework is presented, by which means iterative simulations within the wind turbine design assessment and development processes can be managed and executed in an automated and high-performance manner. The focus lies on the application to design load case simulations, as well as the realization of automated optimizations. The proper functioning and the high flexibility of the framework tool is shown based on three exemplary optimization tasks.
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1. Introduction


Wind turbines have to withstand various loadings—static and dynamic, structural and environmental. Besides wind loads on any wind turbine, offshore systems also have to deal with environmental impact from waves, currents, tides, and sea ice. These external factors place high demands on the design of a wind turbine system, while also other requirements related to costs, manufacturing, size, performance, and system safety have to be met. This makes the development of wind turbines a highly iterative process, in which the design needs to be optimized and assessed.



Standards, such as IEC 61400-3-1 [1] and IEC TS 61400-3-2 [2] or DNVGL-ST-0437 [3], describe design load cases (DLCs), which are grouped into normal, fault, and other—transport or installation—design situations. DLCs are used to asses ultimate and fatigue loads on the system and, this way, to approve the system integrity and to show that the wind turbine can withstand all prevailing environmental conditions during its design life. Considering various normal and extreme conditions for the different design situations leads to a huge set of load cases, for which prescribed parameters have to be set. For this application an automated simulation framework is required.



Furthermore, to support the development of a wind turbine design through an optimization process, iterative simulations have to be executed. In these, a number of design variables have to be modified until an appropriate design, optimized with respect to a range of prescribed criteria, is achieved. However, due to the complexity of wind turbine systems, as well as their non-linear and fully coupled aero-hydro-servo-elastic behavior, this optimum solution has to be derived through modeling and simulation. Therefore, a framework for automated optimization of wind turbine systems is essential.



A huge variety of optimization methods is available and finds application to optimization tasks for the complex engineering systems in the field of renewable energies [4,5]. In the particular case of wind turbine systems, not only the optimization approaches, but also the optimization objectives are multifaceted. Apart from the most common and overall goal of reducing the system costs or levelized cost of energy, as well as maximizing the annual energy production [6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24], the optimization focus also often lies on the loads on the system, including fatigue [6,10,11,12,14,15,21,25,26], as well as the dynamic system response [11,12,14,22,27]. The component of interest, which is to be optimized, ranges from the blades [15,19,20,21,23,24,26,28,29], the control system [24], the tower [10,13,15,19,20,23,24], and the support structure [10,25,27], which might even be floating [6,11,12,14,27,30], to the mooring lines and power cable [14], and even to wind farms, which might be optimized with respect to their location, layout, or utilized turbines [7,8,9,16,17,18]. The optimization itself can be done analytically and gradient-based [15,25,27]; however, most commonly evolutionary and genetic algorithms are applied [6,7,8,9,13,21,29]. Furthermore, due to the high complexity of wind turbine systems, simplified models, such as multibody or reduced-order models, are utilized for the application to optimization tasks [6,11,12,14,28,30]. Even in the already quite established field of wind farm design and layout optimization, the single wind turbine system is extremely simplified, as the main emphasis is on the farm economics and not on the fully coupled system dynamics of each single wind turbine within the farm.



The presented literature shows the need and relevance of design optimization methods for wind turbine systems. While the available optimization methods are mostly tailored to the specific optimization task and component of interest, there are also some multidisciplinary and integrated approaches, which focus on more than just one system component but mostly deal with aero-structural optimization [10,14,15,19,20,21,22,23,24,26,28,29]. The focus on specific components and optimization objectives is still present and reflected as well by the manner, in which the system is implemented: Simplified and reduced-order models for the wind turbine system are utilized [6,11,12,28,30], as well as aero-, hydro-, control, and structural dynamics are only selectively and/or just rudimentary represented [13,14,27]. Each method presented in the literature is valuable but limited to certain optimization problems. Thus, a holistic approach for optimization of wind turbine systems, which:




	
involves all system components, as well as their fully coupled aero-hydro-servo-elastic behavior;



	
is based on scientific fundamentals without the need for approximations;



	
uses systematic methods;



	
can potentially be extended to any level of detail and used for any optimization problem,








is the next development step and level of wind turbine design and optimization. Such a holistic and highly flexible optimization framework is developed and presented in this work. This framework is not only suitable for systematic optimization of wind turbine systems, but also for automated execution of simulations and optimization tasks. Furthermore, it implies fully coupled simulations of any wind turbine system—even floating.



Thus, this paper aims to present a novel engineering method for a fully flexible optimization approach by developing a fully modular, high-fidelity optimization approach, which is due to its modular character highly flexible and adaptable with respect to the application case, optimization problem, considered system, and level of detail. Hence, this work addresses the complex development process of engineering systems, implying advanced optimizations and iterative simulations (also in case of DLC simulations). The presented framework is very flexible and multifunctional and can be applied to wind turbine systems by utilizing Fraunhofer’s in-house tool MoWiT (Modelica® library for Wind Turbines), formerly OneWind Modelica® library, but also to other complex engineering systems when taking other Modelica® libraries as basis. The advantage of using Modelica®—based models within the framework is the high flexibility in the specific system of interest, as—due to the multibody approach and hierarchical structure in Modelica®—components can easily be exchanged and modified and, thus, any state-of-the-art onshore or offshore, bottom-fixed or floating wind turbine system can be realized [31]. The framework consists as well of an external programming framework. This structure allows the use of highly sophisticated optimization tools, so that various optimization tasks, as well as multi-objective problems, can be addressed. However, in addition to optimizations, the presented framework can also be employed for automated execution of simulations, which is for example very useful for dealing with the large number of DLCs recommended by the standards. The proper functioning and high flexibility of the presented framework tool is demonstrated through its application to three different optimization tasks.



The structure of this paper is the following: First, a generic description of such a framework for automated wind turbine system simulation is presented in Section 2. The application of this framework to automated DLC simulations is shown afterwards in Section 3. To cope also with optimization tasks, additional features need to be considered and incorporated in the framework (Section 4). Three examples for the application of the framework to optimization problems are presented in Section 5, while future developments are outlined in Section 6. Finally, conclusions are given in Section 7.




2. Framework for Automated Simulation


To establish such a framework for automated simulation of wind turbine systems, three main components, as presented in Figure 1 and described hereafter, are considered to be required. This modular structure allows the utilization of unique modules, which are sophisticated for the particular application.



2.1. Modeling Environment


First, there is the need for a modeling environment which is capable of representing the non-linear and fully coupled aero-hydro-servo-elastic behavior of an onshore or offshore wind turbine system, which might be in the latter case bottom-fixed or even floating. Within the model, all components of the system, corresponding parameters and variables, as well as their physical relations and the systems of equations, have to be specified.



Various codes and tools for wind turbine modeling, load calculation, and fully coupled aero-hydro-servo-elastic simulation are already developed, such as:




	
Bladed (https://www.dnvgl.com/energy/generation/software/bladed/index.html, accessed on 12 November 2018) by DNV GL, which is a wind turbine design and simulation software, by which means both the wind turbine and its environment can be modeled [32];



	
FAST (https://nwtc.nrel.gov/FAST, accessed on 12 November 2018) (Fatigue, Aerodynamics, Structures, and Turbulence) by NREL (National Renewable Energy Laboratory), which is an aero-elastic simulation tool for horizontal axis wind turbines, based on a code containing models for aero-, hydro-, control, and structural dynamics [33];



	
HAWC2 (http://www.hawc2.dk/, accessed on 12 November 2018) (Horizontal Axis Wind turbine simulation Code 2nd generation) developed at Risø National Laboratory in Denmark, which is an aero-elastic code for wind turbine design and load simulation and covers various models for dealing with aero-, hydro-, control, and structural dynamics [34];



	
MoWiT developed at Fraunhofer IWES (Institute for Wind Energy Systems) in Bremerhaven, Germany, which is a library based on the open-source object-oriented and equation-based modeling language Modelica® (https://www.modelica.org/, accessed on 2 October 2019) and by which means the entire wind turbine system can be represented through models for each single component, including the environment and aero-hydro-servo-elastic dynamics [35,36,37].








In this work, MoWiT, which is available free of charge for academic use, is selected as modeling environment due to its beneficial properties:




	
High flexibility



Due to the object-oriented and equation-based modeling language Modelica®, its hierarchical programming structure, and its multibody approach, the complex wind turbine system can be represented through component-based computational models. Thus, MoWiT contains six main components (rotor, nacelle, operating control, support structure, wind, and waves), which comprise further subcomponents, such as the hub and blades within the rotor component, the drivetrain and generator within the nacelle component, or within the support structure component the tower, substructure, as well as ballast and mooring lines in case of a floating system. The single components and models are interconnected to represent the fully coupled aero-hydro-servo-elastic behavior of wind turbine systems. By adapting or exchanging single components, any state-of-the-art wind turbine system type (onshore or offshore, bottom-fixed or floating), various environmental conditions, and different simulation settings can be modeled.



	
Continuous enhancement and extension



MoWiT is developed by engineers at Fraunhofer IWES. This allows continuous enhancement and extension of the library, including also verification and validation of the code [35,38,39,40,41]. Thus, different theories and approaches are implemented to represent the aero-hydro-servo-elastic dynamics of a wind turbine system and the degree of detail is refined on and on. The current capability of the in-house tool MoWiT is as follows [35,36,37,40]:




	-

	
The blade-element-momentum theory with dynamic stall and dynamic wake, or the generalized dynamic wake model with dynamic stall, or stochastic wind and gust models can be utilized to represent unsteady aerodynamics.




	-

	
The hydrodynamic loads due to regular or irregular waves can be determined based on the Morison equation or the MacCamy–Fuchs approach, with having different wave theories (linear Airy or non-linear Stokes) available and optionally accounting for wave stretching (Wheeler or linear extrapolation). Additionally, buoyancy loads, as well as loads from different current types (breaking wave induced, wind-generated, or sub-surface), are considered.




	-

	
The servo dynamics are represented by means of a built-in operating control or a generic dynamic link library interface.




	-

	
Finally, the elastic behavior is addressed with the aid of the multibody approach, using Euler-Bernoulli or Timoshenko beam elements. Blades and tower can as well be represented by modal reduced anisotropic beams, considering deflection and torsion, and even accounting for bent-twist coupling effects in the blades.









	
Broad range of applications



Apart from the fully coupled time-domain simulation of wind turbine systems, MoWiT serves as basis for a wide range of other applications, such as




	-

	
real-time simulations in a hardware-in-the-loop environment;




	-

	
usage of components in MATLAB and Simulink;




	-

	
automated simulation of DLCs;




	-

	
automated system and component optimization [42].









The latter two are realized by means of the framework for wind turbine design and optimization presented in this work.









2.2. Simulation Tool


Having created the wind turbine system model, it needs to be passed on to a simulation tool. Additionally, simulation settings, such as simulation duration, solver type, step size, and tolerance, have to be defined.



The simulation tool could either be already integrated in one tool together with the code for modeling or could be separated from the modeling environment. For the modeling tools, presented in Section 2.1, the corresponding simulation environments are as follows:




	
The Bladed software package directly contains modules for executing simulations, results analyses and post-processing, as well as batch calculations [32].



	
The FAST tool also not only contains code and models, but is as well capable of executing time-domain simulations [33].



	
Within the HAWC2 code there is directly a simulation command block which specifies the simulation settings when executing the file [34].



	
However, in order to translate and simulate Modelica® models, a separate simulation environment is required. There is a huge number of commercial and free tools (https://www.modelica.org/tools, accessed on 12 November 2018), which can be used together with Modelica®. At Fraunhofer IWES, Dymola® (Dynamic modeling laboratory) by Dassault Systèmes [43,44] is utilized for simulating MoWiT models in time-domain, due to the available interfaces to MATLAB and Simulink and as Dymola® is highly suitable for system models which obey a large number of equations.









2.3. Programming Framework


Finally, a programming framework, capable of interfacing with both the modeling environment and the simulation tool, needs to be established. Within this programming framework all steps required for automated execution and control of wind turbine system simulations are defined—from model processing, through simulation management and execution, to the final output.



2.3.1. Processing the Model


At first—to process the created wind turbine system model—an interface between the modeling environment (see Section 2.1) and the programming framework has to be set up to provide the specified model as input, but also already the link to the simulation tool (see Section 2.2) has to be established. The interface should as well allow to some degree for modifications of model parameters and initially defined settings. This is highly relevant when it comes to DLC simulations or optimization tasks, in which one and the same base model is used, however, either environmental parameters or turbine operational stage (in case of DLC simulations) or design variables (in case of optimization tasks) differ from simulation to simulation. Hence, it should be possible to redefine system parameter values, but also to specify the simulation settings, which are then further processed to the simulation tool when executing the task. Furthermore, within the model processing step, the output parameters are defined and—depending on the capability of and interface with the simulation tool—additional code for saving the results in an output file is written. Finally, the model processing step should also extract from the model and simulation settings the number of simulations which are to be run. This is relevant for managing the simulation, as explained hereinafter in Section 2.3.2.




2.3.2. Managing the Simulation


When managing the simulation, one and the same or several different processed models can be dealt with at the same time and in different ways. Thus, it can be specified that the model is just translated or as well simulated, or even only some partial or preparative simulation tasks, such as the creation of turbulent wind speed time series, are executed. Having declared the manner, in which the models are to be dealt with, now the number of simulations, which is provided for each processed model as mentioned in Section 2.3.1, and the user-specified number of processors, which can be used for executing the task, are important. Thus, depending on the settings and user preferences, as well as the computer or system capabilities, the simulations of the models in Dymola® can be run one by one after each other or executed simultaneously, using several processors in parallel. The latter option, of course, is of high interest and advantage—with respect to time-efficiency—when having to handle a large number of simulation tasks, as is the case with DLC simulations and optimization processes.




2.3.3. Executing the Task


Based on the model processing and simulation management done beforehand (Section 2.3.1 and Section 2.3.2), commands are written in the programming framework for finally executing the specific task. Thus, the interface from the modeling environment through the programming framework to the simulation tool is used to simulate the model or just to create other wind turbine system input files. Furthermore, additional code for post-processing of the results or for extending the framework to the application to optimization tasks can be written at this point in the programming framework. More information on the incorporation of optimization functionalities in the programming framework are given in detail in Section 4.




2.3.4. Output


After execution of the simulation task, the specified parameters are given as output and the results are further post-processed, according to the commands given when processing the model (see Section 2.3.1) and the additional code defined in the last step within the programming framework for executing the task, as described in Section 2.3.3.




2.3.5. Exemplary Programming Framework


The programming framework, used in this work in conjunction with MoWiT as modeling environment and Dymola® as simulation tool, is written in Python. Python is among others a commonly used programming language, but has important advantages over some other well-known programming languages. First of all, Python is not commercial; furthermore, several open-source libraries exist; moreover, the area of application is very broad; and Python is judged to be very suitable for different programming levels and purposes [45]. Thus, for example packages defining interfaces between certain tools are already available, such as the Python package BuildingsPy (https://simulationresearch.lbl.gov/modelica/buildingspy/, accessed on 7 October 2019), which links Python with Modelica® and Dymola®, or the code for tools like HAWC2 can directly be generated using Python scripts. Wind turbine specific tools, such as TurbSim [46] for generating turbulent wind fields, can also be addressed through Python.



In specific for the MoWiT-Dymola®-Python framework, when processing the model, as described in Section 2.3.1, the interface between the utilized tools can directly be defined by means of the available Python package BuildingsPy. In order to modify specific parameter values and settings, the foundation has to be laid already in the model set up based on MoWiT: In the Modelica® modeling language, it can be stated that certain variables are not evaluated and replaced by the predefined value, but remain with their variable name in the model and, hence, can still be addressed when processing the model in Python. The available and above mentioned tool TurbSim [46] is integrated in the Python programming framework. Thus, the option to generate turbulent wind fields is available to be selected when managing the simulation (see Section 2.3.2). This way, a turbulent wind speed time series can be obtained by means of the framework and then directly used when simulating the processed model in a consecutive step. Finally, Python offers wide possibilities when intending to add code for post-processing or further extend the framework, as this can be dealt with by means of additional scripts and by utilizing available Python packages, for example for addressing optimization tasks, which will be investigated in more detail in Section 4 [31].






3. Application to DLC Simulations


The framework for automated simulation gains meaningful importance for the application to lifetime and fatigue analyses of wind turbine systems, as these come usually with a huge number of DLC simulations.



3.1. The Role of DLCs for Wind Turbine Systems


For examining a wind turbine design, load calculations are essential to analyze the wind turbine performance in different environmental and operational conditions, determine ultimate and fatigue loads on turbine components, estimate damage, integrity, and lifetime of the system, as well as assess the system performance in fault conditions.



Several distinct DLCs for wind turbine systems are proposed by standards like DNVGL-ST-0437 [3] and IEC 61400-1 [47], or DNVGL-ST-0119 [48], DNV-OS-J101 [49], IEC 61400-3-1 [1], and IEC TS 61400-3-2 [2] with special focus on offshore (floating) wind turbine systems. These cluster different design situations, meaning the operating state of the wind turbine, such as power production with or without occurrence of a fault, start-up, normal or emergency shut-down procedures, parked conditions with or without occurrence of a fault, as well as other situations (e.g., transport, assembly, maintenance, or repair). For each design situation various environmental conditions have to be considered. One essential parameter is of course the wind, which could be steady or follow a normal or extreme turbulence model, range from cut-in to cut-out wind speeds of the operating system or take on extreme values for 50-year events, represent extreme operating gusts, or contain extreme direction changes. In case of offshore wind turbines, additional environmental factors play a role. Thus, the sea state, represented by regular or irregular waves for normal or extreme events, is to be defined. Furthermore, wind and waves could be uni- or multi-directional, but also misaligned with respect to the wind turbine. Apart from waves, also currents have to be taken into account when dealing with an offshore system. These can either consist of sub-surface currents and/or wind generated, near surface currents, and/or breaking wave induced surf currents. Finally, in some DLCs, fault conditions have to be considered, which could, for example, be the loss of electrical network or a fault in the control system to pitch the blades or yaw the nacelle.



Thus, there is a large number of different simulations with one and the same wind turbine system model, in which specific settings and parameter values are to be defined. To reduce the dimension of the system analysis task, often only the prevailing DLCs and environmental conditions, which are assessed as most relevant for the considered system and problem of interest, are utilized [50,51,52,53]. But still, several iterative simulations have to be performed and the number of simulations will multiply quickly if the wind turbine system develops within the design process. Hence, automated DLC generation and simulation are relevant for repetitive detailed analyses of various wind turbine systems.




3.2. Realization of DLC Simulations with the Framework for Automated Simulation


When using the programming framework for DLC simulations, several parameters have to be specified and additional information has to be provided when processing the model. One DLC comes with different wind speeds, seeds for turbulent wind, yaw misalignment angles of the turbine with respect to the incoming wind direction, initial rotor positions, direction angles of gusts if applicable, as well as—additionally for offshore systems—wave heights, wave periods, seeds in case of irregular waves, and wind-wave-misalignment angles. Therefore, many simulation cases result from one DLC. An effective implementation with respect to computational effort allows combination of different parameter settings, for example by splitting the wind seed numbers and distributing them to the yaw misalignment angles. To uniquely denominate the single simulations within one DLC, a suffix follows the DLC name. This suffix is constructed according to a predefined naming convention, which uses the values in combination with the coefficients (similar to an abbreviation) of the above mentioned parameters.



Thus, in the model processing step within the programming framework, additionally the name of the simulation file needs to be specified according to the naming convention and the simulation parameters are set, both based on the values of the coefficients for wind and wave parameters. For the sake of clarity, it makes sense to use separate programming scripts for each DLC to prescribe these values and settings. The DLC specification scripts can be based on a standard by IEC, the International Electrotechnical Commission, (IEC 61400-1 [47], IEC 61400-3-1 [1], or IEC TS 61400-3-2 [2]) or a standard by DNV GL (DNVGL-ST-0437 [3], DNVGL-ST-0119 [48], or DNV-OS-J101 [49]). The determination of the single parameter values for each simulation within one DLC, as well as the assignment of the values to the parameters within the wind turbine system model, follow directly the coding in the model processing step and the DLC definition scripts. Thus, only the basic settings and system parameters need to be provided as input, on which basis then the framework internally and automatically sets up all the single DLC subcases and simulates them.



In addition—within the final step when defining everything for the task execution (see Section 2.3.3)—the programming framework can also be used to code a post-processing method to write the results from the DLC simulations in a MLife-compatible (https://nwtc.nrel.gov/MLife, accessed on 18 October 2018) output file. By means of this post-processed output file, the simulation results can further be evaluated using MLife. This MATLAB-based tool allows statistical, short-term, and lifetime analyses of the considered wind turbine system. This way, extreme and mean values of structural loads, as well as their standard deviations, can be determined, but also fatigue calculations for short-term damage-equivalent loads or for the lifetime damage can be performed [54,55].





4. Incorporation of Optimization Functionalities


By incorporating additional functionalities and features, the framework for automated simulation can be extended to be also used for simulation-based optimization, as defined by Gosavi [56]. Such an automated optimization procedure is highly beneficial because wind turbine systems cannot directly be optimized just by utilizing mathematical operations, as the non-linear system is too complex (with even much greater complexity in case of floating wind turbine systems), and, thus, optimization tasks on wind turbine systems come with several iterations—corresponding to a large number of simulations—until the optimum solution is found.



The programming framework, as introduced in Section 2.3, serves as basis. The extension happens mainly in the step for defining the execution of the task (Section 2.3.3), as visualized in Figure 2. At this point, the optimization task has to be introduced, specified through the optimization problem (Section 4.1), the optimizer (Section 4.2), and the optimization algorithm (Section 4.3), as explained in detail in the following and presented schematically in Figure 3.



4.1. The Optimization Problem


First, the optimization problem (left part in Figure 3) has to be defined to specify the optimization (or so-called design) variables   x i  , the objectives, and the constraints for both of them. The optimization objectives are expressed in terms of objective functions   f i  . The constraints could either be equality constraints   h i   or in-equality constraints   g i  . Both the objective functions and the (in-)equality constraints can be functions of the design variables, combined in the design variables vector X, as well as further system parameters. Due to the complexity of the fully coupled dynamics of floating wind turbine systems, this dependency on other system parameters is expressed by means of the function   s y s t e m ( X )  . Thus, such an optimization problem can be generally formulated as follows:


       find       X =   x 1  , . . . ,  x k            to  minimize         f i   ( X , s y s t e m  ( X )  )         ,  i = 1 , . . . , l          subject  to         h i   ( X , s y s t e m  ( X )  )  = 0        ,  i = 1 , . . . , m          subject  to         g i   ( X , s y s t e m  ( X )  )  ≤ 0        ,  i = 1 , . . . , n     











4.1.1. Optimization Variables


Within an optimization task there are parameters of the wind turbine system selected, which may be modified during the optimization. These optimization variables are specified, using the parameter names according to the model definition.




4.1.2. Objective Functions


Apart from the modifiable wind turbine system parameters, the specific goal of the optimization has to be specified, but also several objectives can be pursued within one optimization task. These goals are defined through objective functions—expressions which are to be (depending on the specific optimization routine, but typically) minimized. Using a parameter (  c r i t e r i o n  ), taken from simulation results or from further processing of these, and having the target value (  g o a l  ) for this criterion, possible notations of the objective function could be for example Equations (1) and (2), with or without using a normalization, respectively. If no target value is prescribed and the parameter directly is to be minimized (or maximized), just   c r i t e r i o n   (or   − c r i t e r i o n  ) is given as expression.


   c r i t e r i o n − g o a l   g o a l   



(1)






  c r i t e r i o n − g o a l  



(2)







Such expressions can be set up for each objective; however, in that case, the optimizer has to be capable of processing multiple objective functions at the same time. In the other case, if the used optimizer is not a multi-objective (MO) one and, thus, can only cope with one single objective function, all goals have to be written in one equation. In this case, typically weight factors (  w e i g h t  ) are incorporated, which allow for differentiating the importance of the single objectives. Thus, the objective function for N goals could be written for example as in Equations (3) and (4), considering the same two cases with or without normalization of the objective.


   ∑  i = 1  N  w e i g h  t i    c r i t e r i o  n i  − g o a  l i    g o a  l i     



(3)






   ∑  i = 1  N  w e i g h  t i   c r i t e r i o  n i  − g o a  l i    



(4)








4.1.3. Constraints


The optimization variables, goals, and also other system parameters may be constrained, meaning that only specific values are allowed for these parameters to take on or certain dependencies or relations between parameters exist.



The values, which the design variables may take on, are commonly constrained. Thus, the allowable value ranges, provided in terms of lower and upper limits, have to be declared for each of the optimization variable.



In addition to the specified objective functions, the goals might also be constrained or have to stand in a defined relation to each other. In such a case of having a constrained problem, additional equations for the limiting conditions are to be provided. When, for example, using the objective function given in either Equations (1) or (2), which is to be minimized, but also wanting to constrain the criterion to approach the goal from the left side on the numerical scale, meaning not exceeding the target value, the constraint can be defined as given in Equation (5).


  c r i t e r i o n − g o a l ≤ 0  



(5)







In optimization scripts, which separate the parameter relation (left-hand side of Equation (5)) from the (in-)equality constraint (≤#, ≥#, =#, ≠#, with a number #), the code might be simplified if all constraint equations are converted into such a formulation, that all use the same (in-)equality constraint. Then, the left-hand side expressions can be provided as vector input, while for the (in-)equality constraint only one type needs to be specified.





4.2. The Optimizer


Having the optimization problem defined, an optimizer has to be selected for executing the optimization algorithm and, thus, solving the optimization task. A variety of available optimizers is presented in Table 1. The optimizers are grouped according to their basic method into Quasi-Newton method, Sequential Quadratic Programming (SQP), Evolutionary Algorithm (EA), Particle Swarm Optimization (PSO), and other types. Furthermore, it is indicated if the optimization routine requires gradients or if it is a gradient-free method. Another important feature is the capableness of the optimizer to handle multi-objective problems, which is already mentioned in Section 4.1. Thus, in Table 1 it is additionally indicated which optimizers can process multiple objective functions.



Due to the iterative character of optimization routines, there is the need to specify a stop criterion to limit the number of iterations and terminate the optimization algorithm at a specific point. Most commonly, two options for setting such a stop criterion exist: defining a convergence tolerance for terminating the optimization routine or setting an upper limit to the number of iterations performed.



Some more additional parameters have to be defined when using optimizers which fall in the category of EAs. These basically work according to the same principle as Darwin’s theory of evolution. One advantage of EAs is that they are gradient-free methods, which might be highly relevant when dealing with complex systems, such as an aero-hydro-servo-elastic wind turbine, where the system complexity can no longer be minimized and represented by means of one single system equation. Thus, EAs might be very suitable for finding the global optimum for even multi-objective optimization problems for highly complex engineering systems [60]. The main inputs, required for EA-based optimization routines, are presented in the following:




	
Population size:



As EAs work with populations, in which the individuals are modified from generation to generation, the number of individuals in each generation, meaning the size of the population, has to be provided. According to this number, a randomly distributed start population (generation 0) is created within the prescribed value ranges of the design variables. Depending on the fitness of each individual—meaning how good the individual is in terms of the objectives—as well as its compliance with the specified constraints, some individuals are selected, or recombined, or mutated, and a new set of individuals is created as population of the next generation.



	
Number of generations:



The iterative generation of populations continues until a stop criterion is reached. This is mostly a maximum number of generations to be created and simulated. Thus, the number of generations has to be specified and given as input to the optimizer.



	
Number of processors:



With the ability of running simulations in parallel—depending on the capabilities of the programming framework and computer system—the number of processors can be provided as well. This option of multi-processing is highly beneficial for optimization applications, as it allows for parallel simulation of several individuals of one generation.








The inputs to the optimizer are presented in the second step in Figure 3 on the example of an EA-based optimization routine.




4.3. The Optimization Algorithm


The final step is the execution of the iterative optimization algorithm, following the specified optimization problem (Section 4.1) and using the defined optimizer (Section 4.2). According to the optimization routine and prescribed value ranges, values for the design variables are set and the wind turbine system model is simulated. If this was successful, the simulation results are analyzed internally by the optimizer, based on the prescribed objective functions and constraints. If, however, the simulation failed—due to bad system performance—and, thus, the specified simulation duration is not completed, the criterion for evaluating the objective function might not be existing or used. For such a case a different approach, handling such unsuccessful simulations, can be coded within the optimization algorithm. This might be, for instance, to directly set the goals to suboptimal values and therefore step over the evaluation of the objective functions or to include additional constraints, by which means the initial system integrity, conformity, or stability—for example, for a floating offshore wind turbine—is checked. Based on these analyses of objectives and constraints, new values within the prescribed boundaries are selected by the optimizer and assigned to the design variables. Then, the algorithm is repeated until the stop criterion is reached.



The optimization algorithm is presented in the right part in Figure 3 on the example of an EA-based optimization routine. In this case, several simulations are executed within each iteration, so that   p o p u l a t i o n  s i z e     ∗  n u m b e r     o f  g e n e r a t i o n s   simulations are run during the entire optimization procedure. The optimization procedure starts with generating the first individuals according to the set value ranges of the optimization variables. Afterwards, each individual wind turbine system model is simulated, the criteria are extracted from the simulation results, and the objective functions, as well as the constraints, are evaluated. Based on these analyses, a new set of individuals for the next generation is chosen by the optimizer, again complying with the allowable value ranges of the design variables. At this point, the optimization procedure is repeated until the specified maximum number of generations and, hence, the stop criterion, is achieved.



To save the results of each simulated wind turbine system model, which is created during the optimization algorithm, the already coded commands when processing the model in the programming framework (as mentioned in Section 2.3.1) might be supplemented by additional code. This way, for example, also the evaluated objectives of each simulation can be written in addition to the output parameters in an output file and used later on for further post-processing or visualization of the progression of the objective functions and design variables.





5. Application of the Framework to Optimization Tasks for Wind Turbine Systems


In the following, three different examples, realized with the exemplary programming framework described in Section 2.3.5, are presented to show the functionality, technical feasibility, and the broad application range of the presented framework for automated simulation and optimization. The optimizers are taken from open-source frameworks, such as OpenMDAO (http://openmdao.org/twodocs/versions/latest/tags/Optimizer.html#optimizer, accessed on 12 October 2018) (Multi-disciplinary Design, Analysis, and Optimization) or Platypus (https://platypus.readthedocs.io/en/latest/, accessed on 12 October 2018), which are both programmed in Python.



5.1. Plausibility Check of an Optimization Routine


Since optimization problems and wind turbine systems are very complex, it is difficult to assess the results from an optimization procedure. Thus, first, a test case is implemented in the MoWiT-Dymola®-Python framework to check the proper functioning of the established framework, as well as the plausibility of the optimization routine. The NREL 5 MW reference wind turbine [61] is used, operating at a constant wind speed of 7 m/s, which is below rated wind speed. Now, any control system—apart from the generator control—is turned off, so that neither the blades are pitched nor the rotor-nacelle-assembly is yawed for controlling optimum operation. Having the control systems disabled, an initial misalignment between the wind direction and the normal of the rotor plane is initiated. The optimization problem is then to change the value of the misalignment angle in order to achieve maximum power output. From wind physics theory, the maximum power output is expected when the wind direction is perpendicular to the rotor plane (meaning having a zero misalignment angle), as in this case the projected area facing the wind is maximum.



As this optimization problem has a single objective, optimizers from the list presented in Table 1 are selected, which are not MO but gradient-free, as this is required due to the high complexity of the considered wind turbine system. Due to its good performance in preceding comparative simulations with various gradient-free and single-objective optimizers, the presented optimization problem is realized with the optimizer COBYLA from OpenMDAO [57]. Here, it has to be noted that the framework does not rely on this specific optimizer, which is just selected due to its computational efficiency for the presented optimization problem to verify the correct functioning of the developed simulation and optimization framework. For defining the objective function, the mean power output   p o w e  r i    is taken for each iteration i from the simulation time series, excluding the transients at the beginning. The objective function, which is to be minimized, is then determined following Equation (6).


  f = −   p o w e  r i    p o w e  r 1     



(6)







The initial misalignment angle is exemplarily set equal to 4°—another value would only affect slightly the convergence rate. The results of the optimization procedure, which are obtained after half an hour of successive simulations, are shown in Figure 4, presenting the progression of the optimization variable in terms of the misalignment angle (Figure 4a), as well as the trend of the objective function (Figure 4b), both together with the resulting power output—the optimization goal. 30 iterations are performed and presented; however, it can be seen that a steady state is already reached after around 15 iterations. Furthermore, the results match the expectations and, thus, the functionality of the optimization routine, incorporated in the framework, is approved.




5.2. Power Output vs. Thrust Force


Within the wind industry, yield increase—governed by the power output of a wind turbine—is a common goal; however, one should not forget about the loads on the wind turbine, represented for example by the thrust force on the rotor. These two parameters show contradictory demands: Maximum exploitation of the wind resource and, hence, increasing the power output for one and the same wind speed leads to an increase in the rotor thrust as well, and vice versa. Both parameters are influenced by the shape of the rotor blades. Thus, in this optimization problem, the NREL 5 MW reference wind turbine [61] is used again, operating at a constant wind speed and having each blade defined through 17 sections. The optimization variable is now the chord length, which independently can be modified at each of the 17 sections along the rotor blade. If doing this professionally, also other blade parameters would have to be adjusted and the simulations would have to be performed at different wind speeds and evaluated according to the wind speed distribution prevailing at the considered site; however, in this example, the optimization problem is kept simple, as it should mainly deal as a demonstration case for optimization with two contrary objectives.



For this optimization problem (case-1), basically, two objectives are then to be defined: the maximization of the rotor power output and the minimization of the rotor thrust force. The combination of both objectives into one objective function is realized by utilizing weight factors (  w e i g h  t  p o w e r     and   w e i g h  t  t h r u s t    ) for power and thrust, respectively, as presented in Equation (7).


   f case  − 1 = w e i g h  t  t h r u s t     t h r u s  t i    t h r u s  t 1    − w e i g h  t  p o w e r     p o w e  r i    p o w e  r 1     



(7)







Optimization simulations are performed with different gradient-free (due to the same reason of the highly complex wind turbine system, as already stated in Section 5.1) and single-objective optimizers from OpenMDAO, such as COBYLA and ALPSO [57], in order to test the capability of single-objective optimizers being applied to MO optimization problems. The opposing goals challenge the optimizers and show the limited use of single-objective optimizers, which still can work with several goals, which, however, have to be written in one objective function. The final “optimum” solution highly depends on the user-defined and, thus, quite arbitrary chosen weight factors for the objectives and, therefore, cannot represent one real unbiased optimum.



The influence of the weight factors can be demonstrated when considering the two boundary events: Only one of the objectives is relevant, the other one is neglected—or, more explicitly, just used as constraint. Thus, still using the OpenMDAO optimizers, the optimization problem is modified and adjusted so that in one task (case-2) the power output is to be maximized and the thrust force is limited by not exceeding the original value   t h r u s  t orig    (as represented by Equation (8)), while in the other task (case-3) the thrust force minimization is defined as objective and the power output is constrained by not falling below the original value   p o w e  r orig    (as written in Equation (9)).


   f case  − 2 = −   p o w e  r i    p o w e  r 1      and   t h r u s  t i  ≤ t h r u s  t orig   



(8)






   f case  − 3 =   t h r u s  t i    t h r u s  t 1      and   p o w e  r i  ≥ p o w e  r orig   



(9)







For each of the two optimization tasks (case-2 and case-3), an optimum is obtained after around two hours of successive simulations; however, with this approach also two different optimum blade shapes are achieved, as visualized in Figure 5a, for which each is only the best for each case, as shown in Figure 5b. Thus, this again emphasizes the relevance of utilizing more holistic and multidisciplinary approaches and using optimizers that are capable of handling multiple objectives at the same time.




5.3. Floater Design Optimization


Developing wind turbine systems requires several iterations, revisions, and optimization steps. Design drivers in the wind industry are among others costs—both capital and operational expenditure—and, thus, in total the levelized cost of energy. Especially for the emerging sector of floating wind energy, economic efficiency is very important to achieve competitiveness with conventional and other renewable energy sources. Thus, design optimization of floating wind turbine systems is a relevant topic.



This optimization task can be approached in different ways. Mostly, optimization variables in a design process are geometric parameters. Thus, shape, dimensions, and structural properties of the floating platform might be modified, while the supported wind turbine remains in most respects—and apart from, for example, controller tuning as pointed out in Section 6—unchanged. Based on survey results by Leimeister et al. [62], relevant objective criteria are, besides the levelized cost of energy, also maintenance aspects (including the reliability of the components), the potential of serial production (meaning, for example, modular structures), and the system performance. The latter criterion implies certain requirements and limits for the system response, such as nacelle acceleration, platform inclination, or translational motion, which are prescribed by specifications of single wind turbine components.



Thus, the developed MoWiT-Dymola®-Python framework is applied to a design optimization task, which is shortly introduced as well in [31] and intensified in [42], using the NREL 5 MW reference wind turbine [61] on top of a floating spar-buoy, as described in OC3 (Offshore Code Comparison Collaboration) phase IV [63] and shown in Figure 6. In this example, three parameters of the floating platform are selected as design variables, as displayed in Figure 7:




	
The diameter D of the spar-buoy column;



	
The height H of the spar-buoy column;



	
The density  ρ  of the ballast.








To maintain the system hydrostatic stability, the ballast height h is finally internally adjusted depending on the values of these three design variables.



As already mentioned at the beginning of this section, the design is cost-driven; however, it is also well known that—especially in case of innovative technologies and concepts—unnecessarily high safety factors are applied, which in return make the design more costly again. This can be as well observed in case of the OC3 floating spar-buoy wind turbine system, which is heavily over-dimensioned. To address this issue—keeping in mind the overall goal of limiting the system costs—the optimization task refers to reducing the unnecessarily high safety factors, meaning to design a floating wind turbine system which is still safely operating but close to the operational limits, while constraining the outer floater dimensions what itself entails a potential cost reduction. Thus, the diameter and height of the spar-buoy column are constrained, as presented in Table 2, while the optimization itself focuses on the global system performance, using the maximum values of system inclination, nacelle acceleration, and floater translation for defining the objective functions. For inclination and acceleration it is aimed to reach a certain target value, which corresponds to the maximum allowable value for a wind turbine system during operation [64,65,66,67,68], while the translational motion is to be minimized in general. The specific constraints of the optimization problem are presented in Table 2.



In order to extract the system performance criteria, the floating wind turbine has to be evaluated in operating conditions. To reduce the computational effort, simulations with the original OC3 spar-buoy floating system are performed for the preselected DLCs 1.1, 1.3, and 1.6, according to IEC 61400-3-1 [1] and utilizing the developed framework for automated execution of simulations. For the simulated environmental conditions, extreme responses of the floating system with respect to system inclination and translational motion, as well as the nacelle acceleration, are expected [42]. From the time series, the DLCs with the highest values for the specified objectives are extracted and DLC 1.6 at rated wind speed with a yaw misalignment angle of 8° turned out to be the most critical DLC with regard to the optimization objectives. Hence, this environmental condition is used for the floating system simulations within the iterative optimization algorithm. Here, it has to be noted that the framework allows for optimization with integrated automated simulation of several DLCs; however, in this example one critical DLC is selected in advance to be solely used during the optimization—due to limited computational resources—and the obtained optimized design is re-evaluated for the full set of DLCs subsequently.



The optimization is performed with the MO optimizer NSGAII from Platypus, which is an open-source framework focusing especially on MOEAs [58]. This choice is made, as NSGAII:




	
follows a gradient-free method, which is essential for the highly complex floating wind turbine system considered in this optimization task, as already emphasized in Section 5.1 and Section 5.2;



	
is a MO optimizer and, hence, can easily deal with the three distinct objective functions;



	
belongs to the category of EAs, which are highly suitable for finding the global optimum, even when dealing with MO optimization problems and highly complex engineering systems, as already highlighted in Section 4.2;



	
performed in a preceding comparative study, utilizing as well other gradient-free and MO optimizers from Platypus (such as NSGAIII or SPEA2), best with respect to convergence speed and compliance with the constraints.








In each generation, 36 individuals are simulated. The stop criterion is defined through the total number of simulations to be run—set to 900—which indirectly defines the maximum number of generations, corresponding to 25 including the start generation 0. Furthermore, based on the default settings of NSGAII from Platypus, a random generator and a tournament selector, comparing two individuals with each other and selecting the winner based on its dominance, are utilized, while no variator is included. The total compuational time for performing this optimization problem with the fully coupled floating wind turbine system, when utilizing 36 processors for parallel simulation, amounts to 109 h. The development of the individuals through the generations is visualized in Figure 8 and Figure 9 for five selected generations and compared to the initial OC3 floating wind turbine system design. In Figure 8, it can be observed that at the beginning (start generation 0) the entire value ranges of the design variables are used, while during the optimization the spread is decreasing to an already quite narrow selection area in generation 13, which refers to different parameters compared to the original OC3 spar-buoy design. With increasing number of simulated generations, the spread in the specified objectives decreases as well and the objectives themselves improve more and more, meaning that they take on smaller and smaller values, as shown in Figure 9. For the final selection of one optimum solution, various approaches can be followed, but the main point is to show that the individuals obtained through the optimization procedure (e.g., already the individuals in generation 13) are significantly better with respect to the specified criteria than the initial OC3 floater design, which can clearly be seen in Figure 9, while the outer dimensions of the floating spar-buoy can be reduced, as apparent from Figure 8, which implies material and, thus, cost savings.





6. Future Developments


Apart from the three examples, outlined in Section 5, the presented framework has a broad range of applications to various optimization tasks for wind turbine systems:




	
As already presented in Section 5.3, design optimization is a key application, useful and required within the design process of a wind turbine system (either the whole system or only single components, such as the tower, support structure, or even the mooring system in case of a floating offshore wind turbine). The focus of interest within such a design optimization could range from costs and material usage, loads and lifetime, as well as system performance and response, as pointed out in Section 1. The presented framework tool can, thus, be used, for example, just for obtaining a fast preliminary design to do a cost estimation for the initial planning of ((floating) offshore) wind turbines or—on the other hand—for a very detailed reliability-based design optimization to improve the system reliability and, this way, reduce the downtime of an offshore (floating) system due to defects and long waiting times for proper weather windows for doing maintenance and repair work.



	
Apart from the more structural-based design optimization, also the control system of the wind turbine needs to be tuned and optimized for the specific purpose. The control system is an essential component, which regulates the wind turbine performance. By pitching the blades, the amount of power extracted from the wind, as well as the thrust force acting on the rotor, are influenced. Below rated wind speed, the blades are not pitched so that the maximum possible power can be extracted, while above rated wind speed, the blade pitch angle is regulated to maintain constant power output or generator torque (depending on the wind turbine control method), which at the same time reduces the thrust force on the rotor. Two main parameters are the proportional and integral gains of the PI controller. Thus, with tuning the controller parameters, different optimization goals can be pursued:




	-

	
Controller optimization for load reduction:



The goal is to reduce oscillations in the sensor generator speed and to achieve as early as possible a steady state. This implies at the same time also reduced oscillations and an earlier steady state in the power output, blade pitch angle, and the loads on the turbine.




	-

	
Controller adaption for floating systems:



Wind turbine controllers measure the wind speed in certain intervals. In case of a floating system, the measured speed is not undisturbed but the resulting wind speed due to wind inflow and motion of the floating system. A common onshore or bottom-fixed offshore wind turbine controller is much faster than the floating platform motions. This means that the time intervals for taking measurements are so small, that the controller would perceive a decreasing wind speed (corresponding to a decreasing rotor thrust) if the floating system moves with the wind. The reaction of the controller would then be to pitch the blades into the wind to avoid a reduction of the power output. This, however, will increase the thrust force and the system will continue moving backwards. This negative damping effect, which would be introduced when using a common onshore-type wind turbine controller for a floating offshore system, therefore leads to an unstable system behavior. For this reason, the controller parameters would have to be adjusted. Thus, the optimization goal in this case is to tune the controller in order to obtain a stable floating system, with a controller frequency lower than the smallest eigenfrequency of the floating wind turbine system. This tuning can be done through running iterative simulations within an optimization algorithm [69].









	
Considering an entire wind farm, the framework tool can also be applied to optimize the wind farm layout with regard to the space utilized and power extracted, as already outlined in Section 1. Another option for maximizing the power output of the entire wind farm—having a fixed layout—is to adjust the control and operational management of the single wind turbines by, for instance, changing the yaw angle of the first rows’ turbines to influence the wake direction and the flow condition reaching the turbines behind.








In addition to the high flexibility in the application to optimization tasks, the framework is not only suitable for optimization problems, but also directly for executing automatically a large number of simulations, which is, for example, required in DLC analyses. Both capabilities of the framework can be utilized at the same time by incorporating a set of DLC simulations within the execution of the optimization algorithm. Furthermore, if using another library as basis, the framework is not limited to wind turbine systems and can be applied to other complex engineering systems as well.



However, in any application of the framework for automated simulation and optimization, especially when using it for optimization tasks, the specific settings have to be chosen carefully—including a sensitivity study where appropriate. Thus, for instance, the results and success of the optimization highly depend on the optimization settings and employed optimizer. The example in Section 5.1 approved the proper and fast functioning of the single-objective optimizer COBYLA, while the optimization task in Section 5.2 showed its limited suitability for two (or more) contrary objectives. On the other hand, a MO optimizer, such as NSGAII, proved to be capable of easily handling complex problems with several design variables, objectives, and constraints, as presented in Section 5.3.




7. Conclusions


This paper presents the development of a holistic and highly flexible framework for automated simulation and optimization of wind turbine systems, including all system components and their fully coupled aero-hydro-servo-elastic behavior. Compared to other existing optimization approaches, which are mostly tailored to one or a few specific optimization tasks and a very limited number of components of interest, the developed framework is based on a fully modular, automated, and high-fidelity approach, which uses systematic methods, does not need any approximations, and is very flexible and adaptable. Thus, this framework can be used for automated execution and analysis of DLC simulations, as well as for running optimization algorithms, in which the automated simulation execution can still be employed. The framework requires a modeling environment, a simulation engine, as well as the programming framework itself. In case of optimization tasks, the optimization problem, optimizer, and optimization algorithm have to be defined as well. The broad range of applications of such an optimization framework for wind turbine design is shown on the example of the MoWiT-Dymola®-Python framework, with the highly flexible modeling environment MoWiT, coupled to the simulation engine Dymola®, and the extremely advantageous programming language Python. The technical feasibility and proper functioning of this framework is first verified by means of a plausibility check. Suitable application cases are, for instance, the optimization of the wind turbine performance (power output) and loading (thrust force), the design optimization of, for example, the support structure of a floating wind turbine, the tuning of the wind turbine controller for load reduction or adjustment to different (floating) wind turbine systems, or different optimization tasks within wind farms. All in all, such a framework has high relevance in design and analysis processes of wind turbine systems, as these come with a large number of (iterative) simulations. Thus, the presented framework for automated simulation and optimization forms the basis for sophisticated industrial applications and advanced design optimization tasks, including reliability aspects as well, in the field of floating offshore wind.
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Abbreviations


The following abbreviations are used in this manuscript:



	ALPSO
	Augmented Lagrangian PSO



	BFGS
	Broyden-Fletcher-Goldfarb-Shanno



	CMAES
	Covariance Matrix Adaptation Evolution Strategy



	COBYLA
	Constrained Optimization BY Linear Approximation



	CONMIN
	CONstrained function Minimization



	DLC
	Design Load Case



	Dymola®
	Dynamic modeling laboratory



	EA
	Evolutionary Algorithm



	EpsMOEA
	Steady-state Epsilon-MOEA



	FAST
	Fatigue, Aerodynamics, Structures, and Turbulence



	FSQP
	Feasible SQP



	GA
	Genetic Algorithm



	GDE3
	Generalized Differential Evolution 3



	HAWC2
	Horizontal Axis Wind turbine simulation Code 2nd generation



	IBEA
	Indicator-Based EA



	IEC
	International Electrotechnical Commission



	IPOPT
	Interior Point OPTimizer



	IWES
	Institute for Wind Energy Systems



	L-BFGS-B
	Limited-memory BFGS with Box constraints



	MO
	Multi-Objective



	MOEAD
	MO EA based on Decomposition



	MoWiT
	Modelica® library for Wind Turbines



	Newton-CG
	Newton Conjugate Gradient



	NOMAD
	Non-linear Optimization by Mesh Adaptive Direct search



	NREL
	National Renewable Energy Laboratory



	NSGAII
	Non-dominated Sorting GA II



	NSGAIII
	Non-dominated Sorting GA III



	OC3
	Offshore Code Comparison Collaboration



	OMOPSO
	Our multi-objective PSO



	OpenMDAO
	Open-source Multi-disciplinary Design, Analysis, and Optimization



	PEAS
	Parallel EAs



	PESA2
	Pareto Envelope-based Selection Algorithm



	PSO
	Particle Swarm Optimization



	PSQP
	Preconditioned SQP



	SLSQP
	Sequential Least Squares Quadratic Programming



	SMPSO
	Speed-constrained multi-objective PSO



	SNOPT
	Sparse Nonlinear OPTimizer



	SPEA2
	Strength Pareto EA 2



	SQP
	Sequential Quadratic Programming



	TNC
	Truncated Newton
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Figure 1. Components of the framework for automated simulation and their relations. 
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Figure 2. Incorporation of optimization functionalities into the framework. 
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Figure 3. Automated optimization process, on the example of an evolutionary algorithm. 
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Figure 4. Results from the optimization procedure for the plausibility check test case. (a) Progression of the optimization variable (blue) and the goal (red); (b) Progression of the objective function (green) and the goal (red). 
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Figure 5. Results from the optimization procedure for maximizing the power output (case-2) and minimizing the thrust force (case-3). (a) Original (blue) and power/thrust-optimized (red/green) blade shapes in comparison; (b) Performance of the original (blue) and power/thrust-optimized (red/green) blades with respect to the objectives, values normalized with respect to the original thrust/power. 
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Figure 6. The OC3 floating spar-buoy wind turbine system [63]. 
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Figure 7. Design variables of the floating OC3 spar-buoy wind turbine system. 
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Figure 8. Results from the floater design optimization procedure: selected design variables of various generations, together with the original values. 
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Figure 9. Results from the floater design optimization procedure: achieved objectives of various generations, together with the original values. 
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Table 1. Overview of different optimizers [57,58,59].
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	Category
	Optimizer
	Meaning
	Gradient-
	MO





	Quasi-Newton method
	Newton-CG
	Newton Conjugate Gradient
	based
	



	
	TNC
	Truncated Newton
	based
	



	
	Powell
	
	based
	



	
	BFGS
	Broyden-Fletcher-Goldfarb-Shanno
	based
	



	
	L-BFGS-B
	Limited-memory BFGS with Box constraints
	based
	



	SQP
	FSQP
	Feasible SQP
	based
	



	
	PSQP
	Preconditioned SQP
	based
	



	
	SLSQP
	Sequential Least Squares Quadratic Programming
	based
	



	EA
	GA
	Genetic Algorithm
	free
	x



	
	NSGAII
	Non-dominated Sorting GA II
	free
	x



	
	NSGAIII
	Non-dominated Sorting GA III
	free
	x



	
	EpsMOEA
	Steady-state Epsilon-MO EA
	free
	x



	
	MOEAD
	MO EA based on Decomposition
	free
	x



	
	GDE3
	Generalized Differential Evolution 3
	free
	x



	
	SPEA2
	Strength Pareto EA 2
	free
	x



	
	IBEA
	Indicator-Based EA
	free
	x



	
	PEAS
	Parallel EAs
	free
	x



	
	PESA2
	Pareto Envelope-based Selection Algorithm
	free
	x



	
	CMAES
	Covariance Matrix Adaptation Evolution Strategy
	free
	



	PSO
	ALPSO
	Augmented Lagrangian PSO
	free
	



	
	OMOPSO
	Our multi-objective PSO
	free
	x



	
	SMPSO
	Speed-constrained multi-objective PSO
	free
	x



	Others
	NOMAD
	Non-linear Optimization by Mesh Adaptive Direct search
	free
	x



	
	SNOPT
	Sparse Nonlinear OPTimizer
	based
	



	
	CONMIN
	CONstrained function Minimization
	based
	



	
	IPOPT
	Interior Point OPTimizer
	based
	



	
	Nelder-Mead
	
	free
	



	
	COBYLA
	Constrained Optimization BY Linear Approximation
	free
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Table 2. Constraints of the floater design optimization problem.
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	Type
	Parameter
	Constraint





	Design variables
	D
	between 6.5 m and 10.0 m



	
	H
	between 68.0 m and 108.0 m



	
	  ρ  
	between 1281.0 kg/m3 and 2600.0 kg/m3



	Objectives
	Inclination
	target 10° subject to ≤10°



	
	Acceleration
	target 1.962 m/s2 subject to ≤1.962 m/s2



	
	Translation
	minimize
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