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Abstract

:

Rotor and stator support structures of significant size and mass are required to withstand the considerable loads that direct-drive wind turbine electrical generators face to maintain an air-gap clearance that is open and stable. With the increase of scale, reducing the weight and environmental impact of these support structures is believed to be one of the key components to unlocking the true potential of direct-drive generators. An investigation on the electrical generator rotor structure of the IEA 15 MW offshore reference wind turbine was conducted. An integrated approach that considered the environmental impact, including the manufacturing energy usage and CO2 footprint, as well as the financial repercussions of structural parameter modifications as they are optimised was followed, making use of distinct commercial pieces of software. The rotor structure was parametrically optimised, and its operating loading conditions were evaluated at various size scales. The study determined that the effect of thermal loading is significant, which forces the designer to augment the mass to comply with the imposed structural requirements. The ensuing life-cycle assessment showed an increase in the environmental impact due to the consideration of this particular load, whose effect in structural deflection and stress has been typically underestimated.
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1. Introduction


Capturing wind energy through wind turbines is widely considered as one of the key technological tools that we can use to help transition to sustainable energy production and thus work to reverse the effects of climate change. The IPCC AR6 Synthesis Report released in Q1 2023 summarised this clearly for global policymakers, even stating that the cost of wind generation has fallen below fossil fuel costs over the past 20 years [1].



However, even as costs are falling, there is still room for improvement. The maintenance and servicing of a typical large-scale wind energy project is one of the largest contributors among the major cost elements in the levelized cost of energy—LCOE, at 18.9%—approximately GBP 50,000 per Megawatt (MW), with GBP 33,000 per MW of that coming from turbine maintenance and service alone [2]. It has been determined that the traditional gearbox has the highest cost per failure compared to the other components (GBP~177,000), with a high major replacement failure rate and repair time and requiring a high number of technicians (~17) for major replacements [3].



In this investigation, the direct-driven alternative to using traditional geared powertrains is presented. A detailed analysis of the IEA 15 MW Offshore Reference Wind Turbine Electrical Generator Rotor supporting structure, including loads that have been traditionally underestimated along with a parametric optimisation for mass reduction, and taking into consideration financial costs, is carried out. Trends are identified, with the aim of understanding the structural matters that will arise as designers modify the size of the machines. Much of the structural optimisation of these machines is being actively researched and developed. With 15 MW turbines expected to start commercial operations as soon as 2024, it is clear that turbines will only grow bigger [4]. Sustainability issues during the manufacturing stage are also taken into account, making use of a life-cycle analysis that presents the full environmental impact.



Direct-drive wind turbines eliminate the gearbox completely from their powertrain. This helps to increase the machine’s availability, reliability, and serviceability, as well as generating a more compact design, especially in the axial direction [5]. However, this results in the generator taking on the full loads and stresses; this does not represent a major concern if the machine is appropriately designed. Recent investigations have revealed that this type of machine suffers from larger average stops and average downtime per year than expected [6]. As a result, the addition of mass to combat the increased loading conditions leads to increased costs; thus, optimising the supporting structures of these machines is key to unlocking their full potential. Without a gearbox, this type of turbine operates at very low rotational speeds, which forces the designer to increase the generator size to develop high torques [7]. Figure 1 depicts the IEA 15 MW reference turbine powertrain.



This particular machine has a permanent magnet (PM) AC synchronous electrical generator. An AC electrical machine can be permanent-magnet-excited or electrically excited. Switch reluctance generators are electrical machines in which only the stator is electrically excited. Due to its demonstrated higher efficiency and reliability, permanent magnet machines are considered superior to their electrically excited counterparts. This has resulted in a rapid increase in their use for commercial and military applications over the last decade [5]. Permanent magnet machines are often characterised by the orientation of the magnetic flux as it crosses the airgap. There are three different topologies: radial flux, axial flux, and transverse flux. Considering that a large number of manufacturers are looking at radial flux permanent magnet machines for their offshore wind turbines, the authors have centred their attention on these machines. Figure 2 represents a radial flux permanent magnet electrical generator, highlighting its main components.



As observed, there is a clearance between the rotor and the stator structures, known as the air gap. This is where the electromagnetic field is generated; therefore, it needs to be continuously open and stable. However, there are a number of loads present during installation, operation, and transportation that can close this gap and that must be considered during the design stage.



In Figure 3, the loads that need to be taken into consideration are introduced. The magnetic loading, shown in Figure 3b, produced by the magnetic attraction between the PM and the metallic stator structure, also known as Maxwell stress, is widely thought to be the most critical [9], but this can change as the size of the turbines increases. Figure 3a shows the tangential loading due to the shear stress caused by the magnetic interaction between the magnets mounted onto the surface of the rotor and the metallic structure of the back iron of the stator. Gravitational and centrifugal loading are shown in Figure 3c,e, respectively. Note that for the centrifugal loading, the axis of rotation, which coincides with the machine’s axis of rotation, is highlighted using a red dashed line and that the arrow showing the direction of rotation is in the isometric plane of the rotor. Thermal loading, which has been typically underrated, is given in Figure 3d and can be applied by assuming a constant operating temperature across the whole supporting structure. The structural topological configuration also has an important role to play, as with different geometries it is possible to spread the stresses, with a consequent reduction in deformation. This opens the door to further and more ambitious mass, material, and manufacturing cost reductions. Figure 4 depicts typical rotor supporting structures.



This investigation is focused on the analysis and optimisation of the electrical machine rotor supporting structure of the IEA 15 MW Offshore Reference Wind turbine. Other authors have attempted this task from distinct perspectives, on smaller-scale wind turbines and using other techniques and pieces of software. In [12], Zhang et al. demonstrated that most of the mass and cost of large-scale electrical generators corresponds to the supporting structure, also known as “inactive material”, using numerical methods and a genetic algorithm. Employing polynomial modelling, McDonald found that the structural mass of the stator of a 5 MW generator is greater than that of the rotor and that, when combined, they account for at least 82% of the total mass. In this investigation, the author also concluded that normal stress, also known as Maxwell stress, has the greatest influence on the inactive material mass [13]. An optimal strategy for the structural mass reduction of permanent magnet direct drive electrical generators was proposed by Zavvos in [14], considering machines with the same power rating and size. Making use of simplified models of the traditionally used structures, deflection and fatigue levels generated by the imposed loads were estimated. Then, optimisation tools were utilised to minimise the mass while complying with the structural requirements.



Jaen-Sola explored different structural configurations in [5], and with the use of finite element (FE) static simulation studies, the author demonstrated that disc-supporting structures were more effective without the addition of stiffeners, due to the limited increase in frequency that the stiffeners provided compared to the added weight. In the same study, Jaen-Sola also investigated the structural geometries from a dynamic perspective using modal studies and determined that conical supporting structures have superior performance to disc structures, needing less mass and having natural frequencies nearly twice those of the disc structure. This can be attributed to the inclusion of a new parameter, the cone angle, which makes the optimization process more flexible for the designer.



Topology optimisation was also investigated by Jaen-Sola in [5], in an attempt to have more control over a typically manual parametric optimisation process, with the aim of reducing the structural mass of a machine of the same power rating and size subjected to Maxwell stress, shear stress, and gravitational loading. This resulted in a significant reduction of mass for 3 MW disc geometries of 15% and 38% for small and large scale disc structure models, respectively. Also in [5], contour plots were established as a method to make reasonable estimations of the weight and frequencies of the structure to be produced. Jaen-Sola also notes the need for further study and comparison between structures of a direct-drive machine made of different materials, such as conventional structural steel and carbon-fibre-reinforced composite, particularly with a focus on thermal properties, since the thermal expansion properties in composite structures could be tailored to meet the needs of the structure. Moreover, benefits like lower heat conductivity and density should be taken into consideration.



In [4], Tartt et al. parametrically optimised the rotor structure of the 15 MW Reference Turbine and added holes to reduce its mass, as well as stiffeners with the aim of modifying the natural frequencies of the structure. An overall mass reduction of 20% was reported under uniform loading conditions, whereas 34% was achieved for a non-uniform loading scenario.



Approaching the task from a more applied point of view, Hayes et al. proposed additive manufacturing techniques as a means to develop more ambitious and complex lightweight structural topologies for a 5 MW PMDD generator, which would be impossible to produce using conventional methods [15,16]. According to their study, a potential mass reduction of 34% can be achieved through finite element analysis, and it is possible to scale up the technique for larger electrical generators. Gonzalez-Delgado et al. employed generative design techniques, implementing an artificial intelligence–controlled process to generate a series of iterations of structural geometric models, following a fitting algorithm based on control parameters and initial specifications [17]. A parametric study linked to topology optimisation analysis was presented in [18], where a conical supporting structure was proposed for a 3 MW PMDD generator. Through finite element analysis (FEA), the authors demonstrated that the structure satisfied static and dynamic working conditions. Considering loads such as those derived from operating thermal conditions and the worst-case loading scenario, it was demonstrated that the rotor structural mass needed to be 6.5 times higher than the mass for a rotor working under the typical static loading conditions. The authors also emphasised the impact of the material selection on the dynamic response of the structure.



In most of the papers cited herein, the thermal loading conditions were not considered during the optimisation process. Structural configurations and shapes were proposed assuming that the response of the structure would be similar despite changes in the scale of the machine. It is important to remember that there is a clear trend towards larger-scale machines. Therefore, it is imperative to estimate the influence of this load on the behaviour of a large-scale structure and establish a theory that describes its effects on machines of different scales. Environmental impact is a factor that was not considered in any of the cited studies. Thus, we aim to shed some light on these important aspects.



In the following section, the authors will introduce the reader to the methodology followed to accomplish this research. The characteristics of the machine in question will be presented first, followed by the steps taken during the optimisation and the consequent analyses. The obtained results are given in Section 3, and the conclusions drawn are presented in Section 4.




2. Methodology


In this section, the proposed methodology for investigating the rotor structure regarding temperature loading, scaling, and environmental impact is described. As can be seen in Figure 5, an initial evaluation of the rotor structure was carried out. With this stage completed, the authors proceeded to investigate the effects of introducing an underestimated loading condition, such as the temperature, in 2 different types of analyses that were run in parallel. One looked at how the structure would behave with and without this load applied and as its size changed, and one looked at the environmental impact as the machine size is modified with and without the load applied, for a clear visualization of its influence.



2.1. Initial Rotor Evaluation


Before any analysis can be completed, first a rotor design must be selected, modelled, and analysed to use as the base case.



For this project, the model selected is the IEA 15-Megawatt Offshore Turbine, developed by the National Renewable Energy Laboratory (NREL), the Technical University of Denmark (DTU), and the University of Maine [8]. This open-source model was selected for its relevance in the current stage of technological development. Tartt et al. also studied this reference turbine in [4]. Details about the structural design include the following:




	
Airgap length: 10.16 mm;



	
Rotor rim thickness: 63.69 mm;



	
Rotor disc thickness: 81.75 mm;



	
Total rotor structural steel mass: 86.2 tons;



	
Structural material: plain carbon steel.








Table 1 lists the properties of the material used in the structural design of the machine.



Using this model as the base case, the authors generated a design table in SolidWorks Design [19], with the aim of automating the parametric optimization process through finite element analysis (FEA). Design tables allow the user to parametrise the problem and use the same simulation set-up for all the iterations defined within a particular range. The parameters to be optimised are converted into design variables first to set the objective, which in this case corresponds to minimizing the structural mass while keeping the radial deflection of the rotor to a limit of 20% of the air-gap length, i.e., 2.032 mm, and 200 MPa of equivalent stress [4]. It is worth noting that a preliminary FE analysis was run in order to ensure that the model complied with the requirements before starting with the optimisation. Prior to commencing with the finite element analysis, a mesh independence study was conducted to ensure that the results were of the highest accuracy. For the default IEA 15 MW model dimensions, a high-quality tetrahedral mesh of 32,752 nodes and 16,127 elements was defined by using a 240 mm element size with a tolerance of 12 mm. As can be observed in Figure 1, the generator was tilted by 6°; therefore, the component in the vertical direction needed to be calculated. For the initial static structural simulation study, the rotor was fixed at the shaft, and the following loading conditions were imposed: g is gravity at 9.81 m/s2, θ is the shaft tilt angle at 6°, v is maximum nominal tip speed at 95 m/s, and r is the rotor blade radius at 120 m. The distributed mass represents the “active material”, corresponding to the rotor back iron and permanent magnets. After performing the preliminary static analysis, it was noticed that the structure did not comply with the deflection limit under typical operating conditions, as shown in Table 2. Tartt et al. reported the same finding in [4]. Bearing this in mind, the optimization process had to be slightly modified. The initial idea was to optimise the mass of the whole structure, considering the effect of the thermal loading in the design and quantifying its influence when increasing the size of the machines and in the life cycle analysis. However, it was clear that more material was going to be needed regardless, as the structure did not pass the initial test. Making use of the mentioned design table tool, a suitable structure was found. A view of the reference turbine electrical generator rotor supporting structure that was able to comply with the traditionally imposed requirements is given in Figure 6.



As one can see, the rim thickness increased from 63.69 mm to 97 mm, whereas the disc thickness had to increase to 354 mm from 81.75 mm, with the consequent increase in mass. Even though the preliminary analysis delivered unexpected results, which forced the authors to increase the seeking range, it was found that the data generated during the process were of interest. Using contour plots, it was possible to identify trends that would help save considerable amounts of time when trying to define the optimization ranges for the parameters of structures of different sizes. The contours were generated in MATLAB R2018a using the ‘griddata’ function to interpolate between points. Each point found using the design study tool was identified by a tick, with the query points in between interpolated. A cubic interpolation method was used for the three scattered datasets (mass, deflection, and stress). An analysis of the contour plot was completed by outlining a rectangular box and identifying the suitable range that should be further investigated. This was done visually. In basic terms, each rectangular box identified the area that should be ‘zoomed-in’ on; the magnification was essentially narrowing down the seeking range and increasing the number of defined points until the rim and disc axis units reached single millimetres. An example of a contour plot is shown for the default case of the NREL 15 MW model in Figure 7.



As the aim is to reduce the mass, the contour plot provides a clear visual of the relationship among the rim and disc thicknesses, the structural limits, and the rotor mass itself. The identified range for the disc and rim thicknesses is thus used in the next iteration of the design study—keeping range steps as reasonable as possible. Using this method of analysis allows for a much more efficient and accurate analysis of the parametric optimization, as rather than running a large study that would take much longer, smaller studies can be run, and interesting data pinpointed for examination in order to refine the model. Once a refined design is found, thermal mass can be included in a separate design study. By using the design table, a new configuration is easily made. In this paper, temperature or thermal loading of the rotor is defined as thermal expansion of the rotor in normal operating conditions. A temperature load of 55.69 °C (~56 °C) is applied to the entire rotor, which was extracted from the SCADA data provided by [20], showing the same values for long periods of time. Thermal stress due to unsteady thermal loading is not considered in this investigation as a result. The entire parametric optimization process can then be repeated. Note that the mesh is kept consistent.




2.2. Scaling Considerations


Due to the amount of data collected, a clear naming convention is needed to establish consistency and avoid errors. Table 3 below provides a description of what each character indicates. For example, the design study labelled 1–3 indicates that this is the 1.0 scale model being parametrically optimised, including temperature loading. The result 1-3-C thus indicates the final optimised version.



To scale the rotor correctly, each value must be calculated by the appropriate method. For the dimensions, this is done simply by multiplying each measurement by the base case scale. To be more accurate during the design study range identification step (see Section 2.1), the actual values used to multiply the disc and rim are optimised with temperature figures, i.e., using study 1-3-C values. The scaled rotor dimensions are shown in Table 4. These remain consistent throughout the optimization process, with only the rim and disc changing. These data can thus be inputted into the design table to progress with the scaling analysis. Note that the dimensions given in the first row of Table 4 correspond to those given in [21].



The five loads discussed in Table 2 are scaled similarly to the dimensions. Note that the rotor blade radius r is scaled (default 120 m) instead of the centrifugal force, which is instead calculated using the previously defined equation in Table 2—centripetal loading. This is because the centrifugal force will decrease with scale, assuming the tip speed remains constant (at 95 m/s). For the studies including temperature loading, the temperature remains constant, as do the yield strength and deflection constraints. Mesh independence studies were again first conducted before each scale was parametrically optimised. Note that two mesh independence studies were conducted for the 1.0 scale rotor—one at default IEA 15 MW model dimensions and one following all optimizations, including the impact of temperature loading. The second study validated the usage of the 240 mm element size plus a tolerance of 12 mm, despite the significant change in rim and disc dimensions (described later), and resulted in a high-quality tetrahedral mesh of 41,346 nodes and 22,738 elements. Studies were also conducted for the 0.9, 1.1, and 1.2 scale rotors, which defined a 280 mm element size with 14 mm tolerance for the upscaled models. It was thus determined that the model downscaled 10% used the same 240 mm element size and 12 mm tolerance. In total, five mesh independence studies were conducted.



Parametric optimization thus occurred for the 1.1, 1.2, and 0.9 scale rotors, following the steps outlined in Section 2.1. In order to determine relationships between rotor scaling, graphs were created to analyse trends. Multiple trendlines were investigated. By visually examining the fit of the trendline and comparing the R2, or Coefficient of Determination values, the most suitable trendline type was selected. The generated trendlines showed the relationship between rim or disc width and scaling.



Once the most suitable trendline was established for each scaling relationship, i.e., a static study including and excluding temperature loading, validation through FEA could be done. This was done by using the trendline equations to plot points that were then simulated. The two points investigated were scaling the rotor to 1.05 and 1.15 times the default IEA 15 MW rotor. Whilst the rim and disc thicknesses were calculated through the equation, the other dimension and load variables were determined normally through the same process used for the initial scaled structures. A comparison between different fitting trendline equations could be made as well, which was particularly important for the temperature loaded rotors due to their uniquely disordered contour charts. See Section 3 for the obtained results.



When the resulting rim and disc thicknesses were checked using an equation to determine whether they met the constraints, a design study was conducted to identify the actual optimised solution. This validation methodology was completed for both the 1.05 and 1.15 scaled rotors, both including and excluding temperature loading. Finally, updated trendlines could be developed including these values, in order to further refine the equations. Using the data collected, a comparison could be made to investigate the effect temperature as the scale increased. This was done by plotting a bar chart, with variances included to determine bigger-picture trends.




2.3. LCA Framework


The goal of a Life Cycle Analysis (LCA) is to provide a high-level environmental assessment of a product, standardised via the framework in ISO14040:2006 [22]. By establishing a Life Cycle Inventory (LCI) using the Bill of Materials (BOM) presented in Appendix A and the information provided in Appendix B, a Life Cycle Impact Assessment, (LCIA) could be completed. Initially, the Eco-Indicator 99 method was explored as a viable option to conduct the LCA; however, further investigation resulted in the Ansys Granta EcoAudit+ tool [23] determined to be a more modern and viable method. This advanced tool must be used with a Level 3 database, so the Level 3 Sustainability Database with the MaterialUniverse subset was selected. First, however, the scope of the LCA was defined.



The goal of this LCA was to establish an approximate assessment of the distribution of environmental burdens, including energy and CO2 emissions as well as cost over the life of the IEA 15 MW Reference Wind Turbine. The ‘life cycle’ is defined in this case from the point of assembly, i.e., where all the components come together to make the product, to the end-of-life, which assumes 100% recycling, including the turbine blades and miscellaneous mass. To complete the Ansys Granta EcoAudit+, some key assumptions must be made. First, a scenario must be defined in order to identify the distances. In Scotland, it is known that the Seagreen site is the largest offshore wind farm, with 114 wind turbines currently under construction off the coast of Angus [24]. There is also the current—as of late 2021—proposal to expand the farm under a project called Seagreen 1A, which aims to build the remaining 36 approved turbines [25]. These turbines are known to have an indicative capacity of 16 MW, and the proposed size range includes the current IEA 15 MW reference wind turbine (e.g., maximum rotor diameter: 167 m to 242 m (NREL is 240 m); maximum hub height above LAT: 126.2 m to 165 m (NREL is 150 m)) [8]. Thus, it is a valid site on which to base this LCA.



With the knowledge that the Seagreen1A project is planned to be constructed at the coordinates Latitude: 56°36′39.5″ and Longitude: −1°49′15.5″, and that the Able Seaton Port in the Northeast of England is used for marshalling operations for the Seagreen site, a diagram can be made to determine the distance between the two [26,27]. The distance totals 229 km. See Figure 8.



All components, material types, and manufacturing processes are defined in Appendix A and Appendix B. The study is repeated for each optimised rotor scale, both with and without temperature loading. Most other components are scaled directly—those which are not are noted in Appendix A and Appendix B. Once the results are outputted from the EcoAudit+ report, the data can be analysed and compiled. Graphs can be created to study the impacts with relation to scale. Annual energy and CO2 burdens can be evaluated with regard to scale of the entire wind turbine as well as with the cost involved. Finally, an evaluation of just the rotor can be completed.





3. Results and Discussion


In this section, the authors present the results obtained during the optimization process of the base case electrical generator structure, using contour plots. Contour plots for models 0.9, 1.1, and 1.2 were also obtained and are available on demand. The three iterations showing how the optimization ranges—dimensions in horizontal and vertical axes—varied until finding the optimal values are depicted in Figure 9. As explained, the initial structure was scaled up and down, employing design tables for automating the process, and analysed under typical loading conditions, first excluding thermal loading and then adding it to the simulation. A comparison of the achieved data is given. Scaling relationships were derived by fitting trendlines and validating the retrieved equations with further FE studies. Models were also evaluated from an environmental point of view, with the aim of determining the impact of including the thermal loading into the machine’s design. Results at a turbine level and at generator-only level are presented.



3.1. Comparison between Structures Using Contour Plots


As one can see in Figure 9, with contour plots, it is easy to identify patterns and areas of interest. By highlighting the deflection (in red) and stress limits (in dotted black), a potential zone can be differentiated. Utilizing the data available, a point where both design variables, disc thickness in mm in the vertical axis and rim thickness in mm in the horizontal axis, are optimised. See the values in purple. It is important to highlight the fact that the contour plots shown here show clear trends for the structural mass (in yellow) and deflection (in blue), which facilitates the manual/visual selection of potential candidates.



However, the introduction of the thermal loading has a significant effect, which can be observed in Figure 10.



A much less predictable behaviour is seen when the loading is introduced. Although mass (in yellow) maintains a similar trend, the deflection is very volatile. It is even worse as the model is refined (1-3-C according to naming convention). Selecting a point in a visual manner becomes more difficult, as deflection and stress limits are unpredictable. It is clear that the dimensions of the rotor disc and rim thicknesses need to be considerably increased when considering the operating temperature, to comply with the imposed deflection and stress requirements. Comparing the values from Figure 9c and Figure 10c, it can be noted that thicknesses increases from 54 and 275 mm for the rim and the disc, respectively, with a total mass of 193.7 tons, to 97 mm for the rim thickness and 354 mm for the disc thickness, with a total mass of 262 tons. This is an increment in the required mass of more than 26%. An increase in stress is also noticeable, from maximum values of around 50 MPa without the load to values of around 100 MPa and over when temperature is included, which must be considered when estimating the structure working life. Nonetheless, the authors believe that the temperature influence needs to be further analysed, as the increment in size presents additional considerations for the designer, as a thicker structure is able to store more heat.



Across all eight design studies, an average of 77.5 FE scenarios were generated in order to develop each contour plot, with each design study scenario taking anywhere between 20 s and 2 min to calculate.




3.2. Deriving Validated Scaling Rules


In Figure 11, graphs showing the behaviour of both disc and rim thicknesses plus the total mass for different model scales are plotted for comparison. As described, four models were simulated first, so a trendline could be fitted and an equation found. Then, the equation was validated and refined, picking points within the trendline and simulating them under the specified characteristics. These graphs are obtained from scrutinizing six models of different sizes. Taking the 15 MW machine as the base case, its scale was reduced by 10% (corresponding to 0.9 model) and increased by 5, 10, 15, and 20% (corresponding to models 1.05, 1.1, 1.15, and 1.2). As observed, the slope of the mass [C] trendline is much steeper in Figure 11b, mainly due to the influence of the rim width [A], which, for last two models, needed masses of nearly 500 and 600 tons, respectively. A difference of about 150 and 200 tons exists if compared with the data given in Figure 11a, which reflects the total mass. Although the behaviour of the disc changes, it plays a less important role in the development of the total mass of the models.



Fitted equations and R2 values are listed in Table 5 for disc, rim, and total mass for the models, with and without thermal loading. Good correlation was observed for the models. The values for the rim width [A] and disc width [B] in Figure 11b show volatility; however, this can be attributed to the outliers created when including the temperature loading, as demonstrated in the contour plot in Figure 10c. A higher R2 value could be achieved for these fitted equations if the outliers were ignored; however, the minimisation of mass was instead prioritised. The mass [C] fitted equations in Figure 11a,b demonstrate this, with a high R2 value. Ultimately, the equations are a quick tool to estimate mass or rim and disc thicknesses for a rotor of approximately 15 MW. Further data would help refine these equations.



Figure 12 depicts the total mass needed when scaling the electrical generator as well as the difference between the models including the temperature and the models excluding it.



As one can see, 35.27% more mass is required for the base case when temperature is considered. This figure increases as the size of the models increases, being more than 48% when scaling up by 10 and 20%. This has a significant influence in the turbine’s environmental impact and cost, as explained in the following sub-section. Note that the default NREL structure, in grey, did not comply with the typical operating structural requirements and that its mass had to be almost doubled, as shown in Figure 12.




3.3. LCA—Turbine and Electrical Generator Rotor


In this sub-section, the authors compare the environmental impact caused by the machines at different scales, as well as their costs, at a full-turbine level and at an electrical-generator-rotor level only.



In Figure 13, three indicators—annual energy burden, CO2 footprint, and cost per year—are shown for comparison. These include material, manufacturing, transport, use, disposal, and End-of-Life (EoL) potential, averaged over 25-year product life. Values seem to be small at first sight, but it must be remembered that the data given here correspond to considering a load in a particular mechanical component, like the supporting structure of the electrical generator rotor. By looking at the total energy for the 1.0 model, a difference of 1.8% can be observed. At the same time, CO2 emissions increase by 1.5%, and the total cost for the turbine increases by 0.34%. Similar trends are seen in the other models. Figure 14 gives a clear picture of the environmental impact at the electrical-generator-rotor level only.



The LCA results show the impact that the rotor has on the environment. Extracted from the overall EcoAudit+, the data show how temperature loading creates a significant impact for both the annual energy burden, from 31.6% to 55.1%, and CO2 footprint, ranging from 26 to 57%, as well as in the annual cost, from 24 to 49%. Looking at the 1.0 model, an increment of 38.6% in total energy is observed. CO2 emissions and cost increase by 35.8% and 33%, respectively. Differences can be easily spotted at a machine level, giving the reader the opportunity to understand the consequences of considering this load from distinct perspectives.





4. Conclusions


This investigation is centred on the analysis and optimization of the 15 MW Offshore Reference Wind Turbine Electrical Generator Rotor supporting structure. As demonstrated, the structure initially analysed did not comply with the traditionally imposed deflection and equivalent stress limitations under typical working conditions. This work corroborates the findings of other authors in this sense. Bearing this in mind, the authors augmented the search range during the optimization process. The introduction of more mass than initially anticipated plus the mass required to withstand the thermal loading increased the mass of the supporting structure considerably—by more than 26%—with the consequent rise in cost. The optimised model, capable of complying with the structural requirements, was then scaled up and down with the aim of finding the scaling rules governing this process through the use of finite element techniques. Scaling equations were proven to be a viable method to estimate the approximate disc and rim thicknesses necessary for the desired scale for this rotor design configuration. The addition of temperature loading had a significant impact on mass. Thus, in the design of the load-bearing structure, the temperature loading of the rotor must be accounted for, particularly with increased scale.



The rotor had a significant percentage impact on the overall life cycle, regardless of whether temperature was included, from 1 to 4% for both the energy burden and CO2 footprint, and from 0.34 to 0.81% for the cost. Considering that these changes are generated by the inclusion of one load in the supporting structure of a particular component of the turbine powertrain, the authors believe that it is of relevance and needs to be considered, especially as turbines’ size increases. The results from the rotor structure for LCA comparison only showed a much more profound change for electrical generator manufacturers.



The obtained data demonstrated a more pragmatic consideration of the impact of the added mass from temperature loading. Further investigation is needed into the scaling equations, as more data will ensure further accuracy. Temperature loading is particularly fickle, as shown by the contour plots, and the authors recommend further research in this area. It is expected that temperature changes during long periods of high and low rotational speeds will introduce a fluctuating stress, whose amplitude will need to be added to the current estimated amplitudes, which that do not consider this load; this will determine the real level of fatigue experienced by the structure and its working lifetime. Increasing the mass with the aim of making the structure capable of withstanding the loads also has an important disadvantage. Since the conventionally employed structural materials have high heat conductivity coefficients, the more mass that is added, the more room there is for thermal heat to store. Finding the optimum point between preventing high deformation and heat storage limits could be an interesting area of research.
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Appendix A. Bill of Materials


Due to the sustainability aspect, the Level 3 Sustainability Database was selected, but this required more specific material selections. The result of this was the “BoM” included below (see Table A1), which is expanded further in Appendix B for use in the LCA.





 





Table A1. Bill of Materials (BoM) [23].
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	Component
	Material Spec.
	1st Manuf. Process
	2nd Manuf. Process
	Mass (tons)
	Mass (%)





	Yaw System
	Low alloy steel, AISI 4140, normalised
	Casting
	Fine machining
	100
	3.04



	Turret Nose
	Cast iron, nodular graphite, EN GJS 400 18 LT
	Casting
	Grinding
	11.394
	0.35



	Total Rotor Structural Steel Mass
	Low alloy steel, AISI 4140, normalised
	Casting
	Coarse machining
	86.2
	2.62



	Total Stator Structural Steel Mass
	Low alloy steel, AISI 4140, normalised
	Casting
	Coarse machining
	71.1
	2.16



	Iron
	Air melted magnetic iron
	Forging
	Fine machining
	180.95
	5.49



	Copper
	Copper, C12200, hard (phosphorous deoxidised arsenical h.c. copper)
	Wire drawing
	Cutting and trimming
	9.01
	0.27



	Permanent Magnet
	Neodynium magnet N40UH
	Casting
	Fine machining
	24.2
	0.73



	Shaft
	Low alloy steel, AISI 4140, normalised
	Roll forming
	Grinding
	15.734
	0.48



	Hub
	Cast iron, nodular graphite, EN GJS 400 18 LT
	Casting
	Grinding
	190
	5.77



	Bedplate
	Low alloy steel, AISI 4140, normalised
	Casting
	Coarse machining
	70.329
	2.13



	Flange
	Structural Steel, S355J
	Forging
	Fine machining
	3.946
	0.12



	Misc. Equipment
	N/A
	N/A
	N/A
	50
	1.52



	Tapered Double Outer Ring
	Low alloy steel, AISI 4140, normalised
	Casting
	Fine machining
	2.23
	0.07



	Spherical Roller Bearing
	Low alloy steel, AISI 4140, normalised
	Casting
	Fine machining
	5.664
	0.17



	Blades (x3)
	*** PVC cross-linked foam (rigid, closed cell, AC 0.090)
	Polymer moulding
	Cutting and trimming
	195.75
	5.94



	Monopile—75 m
	Structural Steel, S355J
	Roll forming
	Cutting and trimming
	* 1318
	40.01



	Tower—135 m
	Structural Steel, S355J
	Roll forming
	Cutting and trimming
	* 860
	26.1



	Transition piece—15 m
	Structural Steel, S355J
	Roll forming
	Cutting and trimming
	** 100
	3.04



	
	
	
	Total Structural Mass
	3294.507
	100







* Note that the mass is increased by 7% for outfitting mass. ** The transition piece is assumed to be separate from the monopile and tower at 100 tons. *** The rotor blades may require further development, as they are made from a variety of materials, which are not simple to identify in the Ansys Granta database.












Appendix B. LCA Details


The information provided in Figure A1 is a summary of all the quantities that are needed to perform the LCA, which are scaled appropriately.
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Figure A1. LCA details. 
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Number of fasteners, 6000 [28];



	
Tower Painting, Blade Painting, and Adhesives—surface areas found using IEA






15 MW Reference Turbine CAD model in SolidWorks [21];



12,304.71 m and (3 × 6.35 m);



	
Welding length found by adding all circumference connection points in the tower, found using IEA 15 MW Reference Turbine CAD model in SolidWorks [21]: 92.62 m = 3.25 + 2.4 + 6.5 + 6.5 + 6.57 + 6.75 + 6.91 + 7.39 + 8.15 + 8.83 + 9.44 + 9.93 + 10.
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Figure 1. IEA 15 MW Offshore Reference Wind Turbine powertrain: (a) Sketch view; (b) CAD view [8]. 
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Figure 2. A typical radial flux PM generator, showing its main components [5]. 
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Figure 3. Loads at play: (a) shear loading; (b) magnetic loading; (c) gravitational loading; (d) thermal loading; (e) centrifugal/centripetal loading [10]. 
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Figure 4. Typical radial flux PM generator rotor structures [11]. 
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Figure 5. Flowchart detailing research methodology. 
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Figure 6. A view of the parametrically optimised 15 MW electrical generator rotor structure, highlighting dimensions in millimetres. 
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Figure 7. Base case initial contour plot. 
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Figure 8. Able Seaton Port to Seagreen 1A distance [26]. 
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Figure 9. Design study 1-2 (1.0 scale of the 15 MW reference turbine) contour plots, excluding thermal loading: (a) initial iteration of parametric optimization; (b) second iteration of parametric optimization; (c) final iteration of parametric optimization. 
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Figure 10. Design study 1-3 (1.0 scale of the 15 MW reference turbine) contour plots, including thermal loading: (a) initial iteration of parametric optimization; (b) second iteration of parametric optimization; (c) final iteration of parametric optimization. 
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Figure 11. Validated scaling relationships: (a) excluding temperature loading; (b) including temperature loading. 






Figure 11. Validated scaling relationships: (a) excluding temperature loading; (b) including temperature loading.



[image: Wind 03 00020 g011]







[image: Wind 03 00020 g012] 





Figure 12. Mass scaling and temperature comparison. 
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Figure 13. Full turbine LCA comparison showing energy, CO2 emissions, and costs per year. 
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Figure 14. Electrical generator rotor LCA comparison showing energy, CO2 emissions, and costs per year. 
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Table 1. Plain carbon steel material properties [19].
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	Property
	Value
	Unit





	Elastic Modulus
	2.1 × 105
	MPa



	Poisson’s Ratio
	0.28
	



	Shear Modulus
	7.9 × 104
	MPa



	Mass Density
	7800
	kg/m3



	Tensile Strength
	400
	MPa



	Yield Strength
	220
	MPa










 





Table 2. Structural study loading conditions [4].
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	Load
	Magnitude
	Unit
	Calculation
	Application and Direction





	Magnetic Attraction
	0.447
	MPa
	
	Applied to the inner surface of the rim, facing inwards towards the stator



	Shear Loading
	21
	MNm
	
	Applied to the inner surface of the rim, clockwise direction



	Gravitational Loading
	9.756
	m/s2
	g cos(θπ/180)
	Applied to the whole structure, downwards



	Centripetal Loading
	7.55
	rpm
	60v/2πr
	Applied to the whole structure, clockwise direction



	Distributed Mass
	46.021
	tons
	
	Applied to the inner surface of the rim



	Normal Operating Temperature
	55.69
	Deg. Celsius
	
	Applied to all the external faces of the model










 





Table 3. Naming convention.
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	Character
	Description





	V
	Prefix V is only for the validated attempts (1.05, 1.15)



	1–4
	Version in chronological testing order (1 = 1.0, 2 = 1.1, 3 = 1.2, 4 = 0.9)



	1–3
	1 = default starting point; 2 = excluding temperature loading; 3 = including temperature loading



	A–C
	Iteration of parametric optimization (A = initial; B = second; C = final)










 





Table 4. Initial 15 MW rotor dimensions for each scale.
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	Scale
	Length (mm)
	Shaft Hole (mm)
	Radius (mm)
	Disc Thickness (mm)
	Rim Thickness (mm)





	1.0 (1-1)
	2415
	1500
	5165
	81.75
	63.69



	1.1 (2-1)
	2656.5
	1650
	5681.5
	389.4
	106.7



	1.2 (3-1)
	2898
	1800
	6198
	424.8
	116.4



	0.9 (4-1)
	2173.5
	1350
	4648.5
	318.6
	87.3










 





Table 5. Disc, rim and mass scaling equations.
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	Figure 11 Design Variable
	Fitted Equation
	R2





	(a) Rim Width [A]
	y = 215.14x − 158.49
	0.73



	(a) Disc Width [B]
	y = 618.86x − 355.61
	0.89



	(a) Mass [C]
	y = 1388x2 − 2002.7x + 807.41
	0.99



	(b) Rim Width [A]
	y = 890.86x − 793.91
	0.787



	(b) Disc Width [B]
	y = 476x − 123.9
	0.672



	(b) Mass [C]
	y = 1966.8x2 − 2677.2 + 978.63
	0.99
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