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Abstract

:

This work is focused on the design optimization of electrical machines that are used in small-scale direct-drive aerogenerators. A ducted wind turbine, equipped with a diffuser, is considered due to its enhanced power capability with respect to bare turbines. An annular type Permanent Magnet brushless generator is integrated in the turbine structure: the stator coils are placed in the internal part of the diffuser, whereas the permanent magnets are on an external ring connected to the turbine blade tips. Moreover, as regards the stator windings, the Printed Circuit Board (PCB) technology is investigated in order to exploit its advantages with respect to conventional wire coils, such as the increased current density capacity, the reduction of costs, and the enhanced precision and repeatability of the PCBs. An original design procedure is presented together with some scalability rules. An automated tool has been developed in order to aid the electrical machine designer in the first design stages: the tool performs multi-objective optimizations (using the Matlab Genetic Algorithm Toolbox), coupled to fast Finite Element analysis (through the open-source software FEMM) for the evaluation of the electromagnetic torque and field distribution. The proposed procedure is applied to the design of an annular PM generator directly coupled to a small-scale turbine for an urban application.
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1. Introduction


The development of renewable power generation systems is getting even more important in the last decades due to the increasing demand of electrical power and the increased attention towards the reduction of CO emissions [1]. In this framework, wind turbine systems can be considered to be one of the most promising technologies, as demonstrated by the huge penetration of such devices in the distribution and transmission networks in the north of Europe, United States (US), and China [2,3,4]. Installed wind power is currently larger than 540 GW and it is expected to exceed 700 GW by 2020 [5].



According to the power range, wind turbines can be classified as utility-scale systems (for power values above 1 MW), medium-scale systems (for power values usually between 100 kW and 500 kW and up to 1 MW), and small-scale systems (below 100 kW); aerogenerators below 1 kW, are sometimes defined as micro-scale or even pico-scale turbines [6].



Small wind turbines represent a viable solution to face the energy demand of urban or rural areas [7], because they can be installed with a limited environmental impact. Moreover, with respect to photovoltaic systems, they require a reduced surface for the same produced power and ensure higher efficiency.



The electro-mechanical conversion system of a conventional wind generator usually consists of three main parts: the turbine, the electrical machine operated as generator, and a mechanical gearbox in between. The mechanical gearbox is mainly used to increase the rotational speed of the electrical machine; for a given power to be processed, this allows for using a smaller generator with reduced volume and cost of this component. However, the adoption of a gearbox for adapting the mechanical speed presents several drawbacks: firstly, size and weight of the overall conversion system are increased because the wind turbine nacelle has to accommodate a further device, while the reliability and the dynamic behavior are worsened. Secondly, the gearbox generates noise and increases the conversion losses, thus reducing the global efficiency; moreover, it requires a regular maintenance and lubrication, which means further costs and can constitute a significant disincentive especially for off-shore installations [8].



A possible way to overcome the aforementioned issues is the adoption of direct-drive solutions, with the electrical machine coupled to the turbine directly. The main advantages of this architecture are higher efficiency, energy yield, and reliability, as well as reduced noise and maintenance costs [8]. However, this kind of solutions requires a generator with large diameter and airgap plus a power electronics converter designed for the full rated power; both of these features are rather expensive [9,10].



In the literature different topologies of electrical generators have been studied, highlighting advantages and limitations of each solution [2,10,11]. The doubly fed induction machine is a widely adopted topology for geared wind generators with a multi-stage gearbox: the stator can be connected to the grid through a power transformer, without interposing switching devices; the rotor is equipped with a power electronics converter that controls the rotor frequency [10]. The power converter is usually designed for about one-third of the generator power capacity, thus reducing losses and costs that are associated to this component; moreover, the converter allows the reactive power compensation as well as a smooth grid connection. The main drawbacks of this architecture are the presence of the gearbox, the power losses, and the maintenance costs that ar associated to the slip rings on the rotor and the necessity of dedicated protection strategies able to prevent the converter destruction, under grid faults, due to the large amount of rotor currents [10].



As regards direct-drive aerogenerators, the preferred electrical machines topologies are the wound rotor synchronous machines and the Permanent Magnet (PM) brushless machines [6,10]. The former solution presents a DC winding on the rotor carrying the excitation current; whereas, in the latter, the excitation field is provided by permanent magnets. PM machines are very attractive because, with respect to wound rotor ones, they guarantee high efficiency and torque density, no excitation losses, and enhanced reliability due to the absence of slip rings; moreover, they do not require a power conversion device connected to the field winding. The main drawbacks are the cost of the PM, which is high and volatile, and the demagnetization issues at high temperatures [9,10].



A recent example of wound rotor synchronous machines for wind power generators is reported in [12], where a new geometry aimed at simplifying the insertion\removal of rotor windings was presented. The rotor shape was obtained through optimizations based on the surrogate method and the simulation results were experimentally validated. With respect to traditional rotors, the asymmetrical one that was proposed in [12] shows similar performance but guarantees, at the same time, reduced maintenance and repair costs. A further original wound field synchronous machine for wind applications is proposed in [13], where the authors presented a half-wave rectified brushless excitation system: in [13] the machine structure recalls that of a conventional salient pole synchronous generator, but the stator slots accommodate both the armature and the excitation windings; moreover, the rotor field winding is short-circuited by a diode, thus the field flux is produced by rectifying the induced voltage through the diode without adopting slip rings.



Plenty of PM synchronous generators, whether axial flux or radial flux machines, have been presented in the literature in the last decades [14,15,16,17]. Moreover, the research is focused on non-conventional configurations that were aimed at improving the overall performance or reducing the manufacturing issues. The work reported in [16] presents a transverse flux PM disk generator, whose main feature is the adoption of modular H-shaped stator cores made by two T-shaped cores plus a permanent magnet in order to simplify the assembling process. In [17], the design of an axial-flux PM generator with a double rotor and one yokeless segmented stator is performed by means of a multi-objective optimization aimed at maximizing the efficiency and reducing the cost of active materials. A comprehensive methodology for the design of a radial flux iron-less PM machines is presented in [14]: three-dimensional FEA is used and the simulations are validated after experimental tests; the adopted topology has solenoid-shaped coils and a simple mechanical design so to guarantee ease of maintenance. A different approach is adopted in [15], where the authors investigate the electromagnetic and mechanical aspects of radial flux double rotor PM air-cored generators through an optimization algorithm coupled to analytical models in order to reduce the computational burden.



As regards the stator coils, the adoption of planar windings realized using Printed Circuit Board (PCB) coils can be a viable alternative to conventional concentrated windings made by wires. One of the main advantages of these windings is their enhanced current carrying capacity, about ten times greater with respect to traditional wire-wound coils [18,19]; this leads to more compact and lighter solutions. Secondly, the manufacturing process of these coils is widely consolidated and guarantees high accuracy and reliability with reduced costs, especially for large scale production [19]. Moreover, PCBs allow for optimizing the geometry and the shape of the windings and guarantee, at the same time, very high precision and full repeatability in the traces’ arrangement. Finally, due to the possibility of reducing the thickness of the PCB traces, the frequency dependent phenomena, like the proximity effect, become negligible, with a strong impact on the overall efficiency at higher electrical frequencies. All of the aforementioned advantages have increased the interest of both industry and academia towards the adoption of printed circuit boards for the design of non-conventional electrical machines. In [20], a prototype of an integrated motor-pump structure made of an axial flux PM machine with PCB windings is built and tested; in that arrangement and with a very limited volume, a vortex type impeller is located on the magnet periphery and the fluid flow is controlled by adjusting the motor speed. An axial flux single phase iron-less PM generator with PCB stator is proposed in [21], with the aim of developing a zero cogging torque solution for small marine energy conversion systems. In [22] a novel flexible PCB winding for a slot-less linear PM motor is investigated and an original configuration made of rhomboidal and triangular coils is proposed in order to reduce the end-windings. A further example is proposed in [23], where the armature of a double-sided linear brushless DC motor is constituted by PCB coils in order to reduce the mechanical time constant and to improve the dynamic performance of the machine. Due to the enhanced heat distribution, a current density up to 100 A/mm2 was reached in [23].



The choice of the proper machine topology is not univocal and is mainly related to the specific application and power rating. In this work, the attention is focused on small-scale aerogenerators without gearboxes: a ducted wind turbine is considered as prime mover, since it guarantees to better exploit the kinetic energy of the wind for a given turbine volume, as reported in the following sections. The electrical generator is an annular PM brushless machine designed so to be integrated within the turbine envelope; in particular, the adoption of PCB windings that are located in the inner part of the diffuser structure is investigated. Since one of the main issues of the PM generators is the cost of the active parts, an original design procedure that was aimed at minimizing the volume of the permanent magnets and copper has been developed: the proposed procedure, embedded in a Matlab script, is based on a multi-objective optimization performed through genetic algorithms coupled to finite element analysis (FEA).



The work is organized as follows: an overview of the considered direct drive small-scale wind generator is presented in Section 2. In Section 3, some useful analytical rules for the power scalability of the electrical machine are provided, while the proposed automated design tool is presented in Section 4. Finally, Section 5 reports the simulation results of the considered case of study, concerning a kW range Permanent Magnet generator for urban applications.




2. Main Components of the Proposed Electromechanical Energy Conversion System


The architecture of the direct-drive wind generation system under investigation is composed by two key parts: the horizontal axis ducted turbine and the PM brushless generator.



2.1. Ducted Wind Turbine


Different one-dimensional (1D) theoretical models have been proposed in the literature in order to predict the power production of wind turbines, with particular reference to shrouded or diffuser-augmented ones [4,24,25,26,27]. The turbine is seen as an actuator disc and the flow over the disk is supposed to be ideal (i.e., without a rotational velocity component and frictionless). As shown in Figure 1, the disc reduces the wind speed from va upstream to vp at the rotor and then to vO downstream; consequently, the pressure rises at the upstream section of the rotor, then it has a drop across the disc and finally increases again downstream [27]. These changes in pressure and speed inside the streamtubes both upstream and downstream the rotor can be described by the Bernoulli’s equation.



In order to consider ducted wind turbines, a reformulation of the conventional blade element momentum theory was proposed in [28]. In this case, CFD simulations have been carried out based on the solution of the steady two-dimensional Reynolds-averaged Navier–Stokes equations for axisymmetric swirling flows. Moreover, the turbine effect on the flow field has been accounted for by means of source terms for the momentum equations solved inside the domain swept by the rotor; this allows for avoiding expensive mesh refinement near the actual rotor blades, thus reducing the computational burden.



For horizontal axis bare turbines, the theory that was proposed by Lanchester, Betz, and Joukowski established the maximum energy extractable by a turbine in an open flow [27]: this value, known as the Betz limit, is equal to 0.59 times the kinetic energy of the wind.



Ducted/Shrouded Horizontal Axis Wind Turbines (S-HAWT) or Diffuser-Augmented Wind Turbines (DAWT) allow for enhancing the power output with respect to conventional or bare wind turbines, for a given rotor size [24,25,26,27]. In fact, the presence of the diffuser can provide an increase in the mass flow rate through the turbine blades, which produces a significant augmentation of the power coefficient CP referred to the rotor swept area [26]. The aforementioned power coefficient expresses the relation between the obtainable mechanical power and the power contained in the wind passing a reference area (conventionally the rotor swept area) with a given wind velocity [4].



In conclusion, the main advantages of DAWTs include the acceleration of the wind speed and the noise reduction with respect to the conventional bare turbines. The drawbacks are related to the extra weight and cost due to the presence of the diffuser; these structural and economic issues act as a restraint in the development of utility-scale wind turbines, whereas they constitute an affordable challenge for small- and micro-scale systems [24].




2.2. Permanent Magnet Generator


In this work, the adoption of a permanent magnet synchronous machine directly coupled to the turbine is proposed and investigated: this topology exhibits high torque density and power factor, thus allowing for a weight reduction of both the generator and the power converter with respect to other competitors for a given target power.



The selected generator is a three-phase surface mounted PM brushless machine, whose schematic representation, for the simple case of a two poles machine, is reported in Figure 2.



Considering the dq reference frame synchronous with the rotor, the machine model in vectorial notation can be expressed by the following Equation (1):


     v  S d q    →  =  R S  ⋅    i  S d q    →  +   ∂    λ  d q    →    ∂ t   + j ω    λ  d q    →   



(1)




where      v  S d q    →   ,      i  S d q    →   , and      λ  d q    →    are the voltage, current and flux linkage components, respectively,    R S    is the phase resistance and  ω  is the angular speed.



The machine considered here, is integrated within the ducted turbine structure: the presence of the diffuser is exploited to install the stator windings, while the rotor is made with a ring that is connected at the turbine blade tips, where the permanent magnets are allocated. The three-dimensional (3D) model of the proposed diffuser is shown in Figure 3, while the adopted architecture is reported in Figure 4.



As regards the stator coils, concentrated windings made by PCBs are investigated: for this type of machine, a Double Layer (DL) configuration is adopted while considering a 12/10 slot/pole combination.



The adoption of a DL winding for the selected slot/pole combination, even though slightly reduces the winding factor, guarantees the following advantages with respect to a Single Layer (SL) one:




	
a segmented back iron, composed by one U-shaped core for each phase coil, can be used for the stator (as shown in Figure 5a); this solution allows to reduce the weight of the stator yoke and makes easier the manufacturing and assembly process, especially for machines with large diameters; and,



	
for a given number of turns and thickness of the copper traces, the dimensions of the PCB in the axial direction can be shortened (as schematically shown in Figure 6); this is due to the reduction of the non-active parts of each phase coil.








In small-scale wind turbines, the circumferential length at the tips of the rotor blade is relatively high and the axial length of the active part of the electrical machine (that is the axial length of the permanent magnets) will be limited to a few millimeters. Then, the total axial length of the PCB coils could be drastically reduced thanks a double layer arrangement of the stator windings. The Stator joke in Figure 5 and Figure 6 includes back-iron and teeth by way of example only. In the following, in order to simplify the construction of the prototype, will be considered in both ironless stator structure and stator magnetic circuit limited to the back-iron (teeth-less stator).





3. Scalability Rules


A study on the power scalability of the aerogenerator is reported in the following in order to obtain a set of equations that relates the main geometrical dimension to the achievable output power. Starting from the aerodynamic relationships of the turbine and using the Betz theory, the extractable power from the wind is obtained by (2):


  P =  1 2   C P  ρ A  v a 3  =  1 2   C P  ρ  π 4   D 2   v a 3     



(2)




where A is the wind turbine rotor swept area and D its diameter, va is the wind speed upstream the streamtube, ρ is the air density, and CP is the power coefficient.



For a target power P developed by the turbine, Equation (2) can be reversed so to calculate the diameter D of the electrical machine, as in (3):


  D =    P   1 2   C P  ρ  π 4   v a 3         



(3)







For the determination of the axial length L, it can be useful to consider the relation between the linear force density and the output torque T; the former is defined as the ratio between the force at the airgap F and the rotor circumference C (with radius R); its expression is reported in (4):


   F C  =    T R    2 π R   =  T  2 π  R 2       



(4)







Considering the expression of the Tip Speed Ratio λ, defined as the ratio between the rotor tip speed and the wind speed upstream the streamtube, reported in (5), the torque produced by the electrical machine can be written, as in (6):


  λ =   ω ⋅ R    v a       



(5)






  T =  P ω  =    1 2   C P  ρ π  R 2    v a  3      λ  v a   R    =    1 2   C P  ρ π   v a  2   λ   R 3     



(6)







By substituting (6) in (4) and considering (3), the ratio F/C as function of the output power is obtained (7):


   F C  =  T  2 π  R 2    =    1 2   C P  ρ π   v a  2   λ   R 3  ⋅  1  2 π  R 2    =    C P  ρ   v a  2    4 λ   R =    C P  ρ   v a  2    4 λ      P   1 2   C P  ρ π   v a  2      =      C P  ρ   v a  2    8 π  λ 2       P  = k  P     



(7)







The electromagnetic torque produced by the generator is proportional to the D2L product (being D the rotor diameter and L the axial length of the machine). Therefore, the ratio between the desired torque and the torque of a baseline machine can be written, as in (8):


   T   T 0    =    D 2  L     D 2  0   L 0       



(8)




where the subscript “0” indicates the baseline machine, taken as a reference. From the combination of Equations (7) and (8), the relationship between the linear force density and the output power of a machine with respect to the base one, can be expressed by (9):


     T  2 π  R 2         T 0    2 π  R 0 2      =    P   P 0         



(9)







Finally, Equation (9) can be rearranged, considering (8), so to obtain (10) and (11), which relate the output power P to the axial length L:


     P   P 0      =    T  2 π  R 2         T 0    2 π  R 0 2      =  T   T 0    ⋅    R 0 2     R 2    =    D 2  L    D 0 2   L 0    ⋅    D 0 2     D 2    =  L   L 0       



(10)






  L =    L 0       P 0       P     



(11)







Starting from a reference machine, on the basis of Equations (11) and (3), in a preliminary stage it is possible to scale the axial length of the machine so to obtain the desired power P. On the contrary, the diameter determined by the Equation (3) should remain constant because it depends on fluid-dynamic considerations related to the turbine.



The proposed design procedure is based on the sizing of the baseline machine with the aid of optimization algorithms, so as to find the most convenient balance between copper and PM mass. Once the optimized baseline electrical machine is obtained, it could be modified using the scaling rules that are shown in this section so as to fit it with a wind turbine with a different power. One of the most interesting considerations that can be made on the basis of Equation (11) is that as the power increases, despite the increase in the circumference of the electrical machine, the axial length must increase with the square root of the power. This implies that the proposed constructive solution based on annular electrical machines, will be easily applied on micro wind turbines. For higher power ranges, the mass of permanent magnets could lead to structural problems difficult to be solved.




4. Automated Design Tool


An automated tool for the optimal design of the electrical machine has been developed. The tool, implemented in the Matlab environment, allows for performing multi-objective optimizations using the Nondominated Sorting Genetic Algorithm NSGA II [29] embedded in the Matlab Optimization Toolbox. A finite element analysis is performed for the computation of the electromagnetic torque and the magnetic field distribution; at this purpose, the tool is interfaced with the free software FEMM [30]. The tool allows the design of annular type PM machines with inner rotor and concentrated windings on the stator core made by Printed Circuit Boards (PCB); the authors are currently working towards its extension to different machines topologies and PM arrangements.



4.1. Multi-Objective Optimization


The adoption of multi-objective optimization aided by finite element analysis is a powerful tool for a large class of engineering problems; recent examples of similar procedures applied to the design of electrical machines are reported in [31,32,33,34,35,36,37,38]. One of the main drawbacks that is related to this approach is the required computational burden, which highly increases with the number of the cost functions and the dimension of the search space; moreover, the adoption of FEA furtherly lengthen the time required for evaluating each machine.



After the guidelines reported [31,33], in order to reduce the computational burden and the simulation time, the following approach is adopted here:




	
two-dimensional (2D) magneto-static simulations are performed, considering few equally spaced rotor positions along one pole pitch;



	
the electrical machine geometry is described by a limited number of parameters;



	
a reduced portion of the entire geometry is analyzed, taking advantage of the machine symmetries; and,



	
the computation is parallelized among all the cores of a workstation through the parallel toolbox provided by Matlab.








Due to the aforementioned features, the time required to analyze a single candidate machine is about 2 s on a quad-core workstation.



Meta-Heuristic Algorithm


The Nondominated Sorting Genetic Algorithm NSGA II [29] is a meta-heuristic population-based algorithm that iteratively modifies a set of candidate solutions according to probabilistic rules in order to find the global minimum of the chosen cost function [31,39]; the general scheme of a population-based algorithm is reported in Figure 7.



Dealing with multi-objective problems, the concept of dominance is introduced in order to identify the “optimal” solutions: at each generation, a given solution is non-dominated if it is not possible to find other solutions with better values of all the cost functions; all of the solutions are ranked according to their non-domination level based on the selected cost functions [29]. The set of the non-dominated solutions constitutes the Pareto front and it is ranked 1; excluding the sub-set ranked 1, the remaining non-dominated solutions constitute the front ranked 2, and so on. Figure 8 illustrates this concept for a two-objective optimization.



A single i-th iteration of the NSGA II algorithm is illustrated in Figure 9 and schematically exposed in the following; whereas, a complete description is reported in [29,31]:




	
a combined population CP(i) is formed considering a set P(i) of Npop solutions originated from the (i − 1)-th iteration and a second set Q(i) of Npop solutions obtained from P(i), through crossover and mutation;



	
the population CP(i), whose size is 2Npop, is sorted according to the non-domination criterion; therefore, a rank is assigned to each solution based on its non-domination level;



	
Npop solutions are collected, starting from the 1st rank, in order to form the set P(i + 1); if the number of solutions belonging to the 1st rank is less than Npop, the remaining candidates are collected from the subsequent non-dominated set (i.e., the 2nd rank) and so on until the size Npop is reached; and,



	
the combined population CP(i + 1) for the (i + 1)-th iteration is finally obtained considering the combination between the population P(i + 1) and the population Q(i + 1) originated from P(I + 1) through crossover and mutation.








The optimization run stops when a preset termination criterion is reached (e.g., the maximum number of generations); at the end, the tool returns a graph with all the non-dominated solutions constituting the Pareto front in the selected objectives plane. The proposed tool acts as a decision support system, because, at the end of the optimization run, the choice of the final machine among the Pareto optimal solutions lies with the designer; since all the found solutions are equally good with respect to the multi-objective problem, a human interaction is necessary in order to evaluate how much each objective function can be sacrificed for the particular application.





4.2. Machine Parameterization


The sketch of one module of the annular PM machine is reported in Figure 10a. The electrical machine is automatically drawn starting from a simple parameterization: in this study, the rotor radius (F1 in Figure 10b) and the airgap thickness (F4 in Figure 10b) are fixed according to mechanical constraints that are related to the ducted turbine; the optimization algorithm varies the magnets radial thickness (V1 in Figure 10b) and arc (V2 in Figure 10b), as well as the thickness of the PCB traces (V3 in Figure 10b) and computes the electromagnetic torque through finite element analysis in order to account for the system non-linearities. The current density has been taken equal to 10 A/mm2 and the copper filling factor within the PCB cross section is considered as equal to 0.4. Such values are conservative estimates based on experience and validated by PCB manufacturers. Under these assumptions there is a linear relation between the PCB radial thickness and the machine current. The PCB coils are realized using copper layers with thickness usually below   140   μ m   isolated by   200   μ m   fiberglass layers. Once these manufacturing details are selected, it is possible to determine the number of layers and the number of turns for each layer. To limit the number of turns on each PCB layer, the modules belonging to the same stator phase are usually connected in series. A turn to turn isolation of 0.2 mm is needed among turns on the same layer, then a high number of turns would reduce the copper filling factor. The axial length  L  is adapted so to match the target torque    T  t a r g e t    , selected on the basis of the wind turbine specifications. The thickness of the rotor and stator back-iron have been selected by some tentative FEA simulations before optimization. It was evidenced that the influence of back-iron thickness variations on average torque is evident only when the thickness is very limited, below manufacturing tolerances for the considered torque range. Each machine FEA analysis is then realized considering unity machine axial length    (   L 1  = 1  )    to calculate the developed electromagnetic torque    T 1   . Then, the machine axial length is calculated as   L =  L 1     T  t a r g e t      T 1     . It is worth underlining that 2D FEA analysis are considered, then the machine end effects are neglected. Once the machine axial length is known, it is possible to calculate actual size and mass of the active parts (i.e., copper, iron, permanent magnets). The developed tool allows to define different materials for the stator and rotor cores, therefore both iron and ironless stator and rotor cores can be easily analyzed.




4.3. Cost Functions


The number of the objective functions has to be carefully chosen while considering the proper tradeoff between performance and computational burden: a high number of cost functions to be minimized\maximized simultaneously would be useful in order to account for different design issues at the same time; nevertheless, each additional objective function adds extra computational costs. Moreover, if the number of cost functions is greater than three, a very large population is required to correctly perform the optimization and the Pareto front is difficult to visualize [31,34,37].



Here, for sake of simplicity and readability of the results, a two-objective optimization is performed. Differently from the approach adopted in other works dealing with the design of electrical machines through multi-objective optimization [31,33,34,35,36,37], the cost functions that were selected for this particular application are the weight of the permanent magnets and the weight of the copper. As explained in the section dedicated to the machine parameterization, the axial length of the machines is adapted so to match the target torque    T  t a r g e t    , and then all of the machines in the Pareto front will share the same torque and the same current density.



The adoption of the aforementioned cost functions for the optimal design of an electrical machine is one of the original contributions of this work; moreover, this choice is particularly smart because it provides a quick overview on different design issues at the same time:




	
the material cost, which is proportional to the weight for both the PMs and the copper, is indirectly considered; and,



	
the impact of the mechanical issues related to the rotor integrity, which are proportional to the rotor mass, can be estimated.








Therefore, the obtained graph can be a valid support during the design stage: according to the specific requirements, the designer will be able to select the proper machine deciding whether to favor efficiency (at the expense of the weight of the rotating parts) or to privilege the structural robustness (reducing the mechanical issues), or, finally, to choose the machine with the best compromise between performance and total costs. A flow chart of the proposed design methodology is reported in Figure 11.





5. Case of Study


The procedure described in the previous section is applied to the design of an annular PM machine to be integrated in a micro-scale horizontal axis ducted wind turbine with rated power equal to 1 kW. The target values for the mechanical speed and the electromagnetic torque, chosen on the basis of the selected turbine, are equal to 662 rpm and 14.4 Nm, respectively. After some preliminary considerations, the airgap thickness is fixed to 10 mm, while the rotor diameter is set to 1440 mm according to Equation (3), where a wind speed equal to 10 m/s and a coefficient Cp equal to 1 are considered. The stator windings, placed on the inner surface of the diffuser, are realized using PCB concentrated coils in order to increase the current density and consequently reduce the copper weight with respect to standard wires; high strength permanent magnets (NdFeB 40 MGOe) are used so to enhance the power density. In order to improve the winding factor, the combination 10 poles/12 slots is adopted, while the number of modules constituting the machine is fixed to 10. Each module is an arc of 459 mm in length (1/10 of the stator circumference) and each pole will have a tangential length about 46 mm, which will be the base value for the PM arc hereinafter indicated in per unit values.



The electromagnetic design is executed through optimization runs performed considering a population size of 40 candidates iterated over 50 generations; the limits of the search space are reported in Table 1.



In order to evaluate the influence of the rotor and stator materials on the machine performance, four different combinations have been analyzed with the aid of the optimization tool.



The four combinations under investigation are reported in the following:




	
Type A: machine with non-magnetic material for both stator and rotor yokes (ironless machine);



	
Type B: machine with non-magnetic material for the stator yoke and ferromagnetic material (M-19 29 Ga) for the rotor yoke;



	
Type C: machine with ferromagnetic material (M-19 29 Ga) for both stator and rotor yokes; and,



	
Type D: machine with non-magnetic material for the rotor yoke and ferromagnetic material (M-19 29 Ga) for the stator yoke.








For each combination, an optimization run has been performed considering the same settings and the limits reported in Table 1.



The following Figure 12, Figure 13, Figure 14 and Figure 15 report the main results of the four runs performed for the different machine configurations.



Figure 12 shows the Pareto fronts obtained after each run. For sake of easiness, the numbering of the machines is inserted for the outermost fronts; anyway, the other configurations follow the same logic (machine number 1 is the one with the greater copper weight and machine number 12 is the one with the lowest copper weight).



All of the candidate machines shown share the same electromagnetic torque (i.e., 14.4 Nm); as expected, machines with iron on both stator and rotor require less amount of permanent magnet and copper for the same output power with respect to completely ironless ones. In general, there is a minimum of the axial length of the machines in the middle of the Pareto fronts, between machines 7 and 9 (see Figure 13). Such machines present higher values of the PM arc and thickness (see Figure 14) but also minimize the iron quantity, as evidenced in Figure 15.



5.1. Comparison


Starting from the results shown in the previous paragraph, the two outermost Pareto fronts, corresponding to Type A (both stator and rotor ironless) and Type C (both stator and rotor with iron lamination) machines, are considered.



The machines n.7 of each front have been selected and accurately analyzed, at the rated conditions, through electromagnetic transient with motion FEA in order to compute the airgap field, the loss distribution, and the efficiency. The main results of this analysis are reported in Figure 16 and Table 2.



Both of the machines have low values of the inductances due to the large airgap; moreover, the power factor approaches one. The ironless machine (Type A) shows a slightly higher efficiency with respect to the Type C one. This is due to the larger amount of permanent magnet (+10%) and copper (+30%) of the first machine; moreover, the absence of ferromagnetic alloys for both the stator and rotor cores contributes to the reduction of the overall loss. Nevertheless, it is worth reminding that the final choice has to be a compromise between costs, performances, and simple manufacturability. Considering large scale production, the reduced material cost and the lower mass of the rotating parts can be the main advantages of Type C machines.



A further analysis on both the selected machines has been executed in order to point out their performance under different load conditions. Figure 17 and Figure 18 report the main results obtained for the machine n.7-Type A and n.7-Type C, respectively: the losses distributions and the efficiency for different current values, expressed in per unit of the rated current, were FE-evaluated between no load condition and 100% overload condition.



Since the Type A machine is completely ironless and the rotational speed is quite low, almost all of the losses are in the stator windings and are proportional to the square of the current (Figure 17a). Moreover, due to the absence of iron parts, the torque is proportional to the phase current. This causes a decrease in the overall efficiency as the load increases, as highlighted in Figure 17b. As regards the machine n.7-Type C, almost the whole amount of iron losses is in the stator lamination; moreover, they are quite independent from the load current. The first bar in Figure 18a refers to a no-load FE simulation, highlighting that iron losses are mainly due to the PM flux for the considered current range. Due to the low amount of iron, the relation between output torque and phase current is almost linear in the considered range also in this case; therefore, efficiency presents a peak at rated conditions, but remains over 95% in the range 0.5 In to 2 In, as shown in Figure 18b.




5.2. Scalability


Starting from the machine n.7-Type C (i.e., the one with both stator and rotor yokes made by ferromagnetic material), whose rated power is 1 kW, the scalability rules derived in Section 3 have been applied in order to quickly design machines with rated power halved and doubled. All the dimensions are obtained while considering a horizontal axis ducted turbine with a tip speed ratio equal to 5, which corresponds to Cp = 1, a wind speed equal to 10 m/s and a density of the air equal to 1.22 kg/m3.



The two scaled machines are referred to as n.7-h (half-power machine) and n.7-d (double-power machine); both of them were obtained while considering the same values of magnet thickness, magnet arc and PCB thickness obtained, after the optimization, for the base machine n.7. The current density is the same for all the machines. The number of modules was adapted in order to find the best compromise between performance and manufacturing simplicity: finally, 8 and 12 modules were chosen for the half-power and the double-power machine, respectively. The main results are summarized in Table 3. As the target power of the turbine increases, the rotational speed reduces; nevertheless, the centrifugal force acting on the rotor rises due to the increased mass of the permanent magnet mounted on the rotor. Therefore, for higher values of the output power, the mechanical issues become more significant.



Finally, in order to compare the machines obtained through the scaling procedure with optimally designed solutions, the automated design procedure was applied considering target values of the power equal to 0.5 kW and 2 kW, respectively. Figure 19 reports the two Pareto fronts found after the optimization plus the machines n.7-h and n.7-d, obtained from the machine n.7-Type C by applying the scalability rules. The machines represented in Figure 19a,b share the same torque, which is 5.1 Nm and 40.8 Nm, respectively. The machines that were obtained by applying the scalability rules are sub-optimal solutions, since they do not belong to the Pareto fronts; nevertheless, the values of their cost functions are not far from the optimal ones (the difference is less than 10%). Since this result was obtained without performing a dedicated optimization, it can be considered a good compromise between performance and computational burden.





6. Conclusions


This work was focused on the optimal design of annular PM machines for small-scale direct-drive ducted wind turbines. An automated tool that is based on genetic algorithms and fast finite element analysis has been developed in order to quickly design the electrical machine, starting from the torque requirements. Moreover, simple scalability rules have been provided in order to adapt the geometric dimensions of the machine to the required output power. The adoption of PCB concentrated windings in order to increase the current capacity and reduce the copper weight has been investigated together with the influence of the rotor\stator materials on the torque capability and on the cost of the active parts (i.e., copper and PMs).



The proposed tool, even though quite accurate, is very quick with a reduced computational burden; moreover, it is based on open-source software for the finite element analysis. Therefore, it can constitute a valid support for the electrical machine designer.



The main contribution of this work, with respect to the existing literature, is twofold: firstly, the adoption of annular PM machines that are applied to aerogenerators is investigated; secondly, an original automated design procedure aimed at minimizing the weight and the cost of the electrical generator is presented. Finally, the use of computationally expensive design techniques, based on FEA and optimization algorithms, is limited thanks to the proposed scalability rules.
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Nomenclature








	Symbols
	



	A
	Wind turbine rotor swept area



	C
	Rotor circumference



	CP
	Power coefficient



	D
	Rotor diameter



	F
	Force at airgap



	iSdq
	Stator current in the dq-reference frame



	L
	Axial length



	P
	Output power



	R
	Rotor radius



	T
	Output torque



	λ
	Tip Speed Ratio



	λdq
	Flux linkage in the dq-reference frame



	ρ
	Air density



	RS
	Stator resistance



	Ttarget
	Target torque



	va
	Wind speed upstream the streamtube



	vp
	Wind speed at the rotor



	vO
	Wind speed downstream the streamtube



	vSdq
	Stator voltage in the dq-reference frame



	ω
	Rotational speed



	Acronyms
	



	CP
	Combined Population



	CFD
	Computational Fluid Dynamic



	DAWT
	Diffuser-Augmented Wind Turbines



	DC
	Direct Current



	DL
	Double Layer



	FE
	Finite Element



	FEA
	Finite Element Analysis



	FEMM
	Finite Element Method Magnetics



	NSGA
	Nondominated Sorting Genetic Algorithm



	PCB
	Printed Circuit Board



	PM
	Permanent Magnet



	p.u.
	Per Unit



	S-HAWT
	Shrouded Horizontal Axis Wind Turbines



	SL
	Single Layer
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Figure 1. Model of a ducted turbine for the calculation of the extractable power from the wind. 
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Figure 2. Schematic representation of a two poles three-phase brushless Permanent Magnet (PM) machine. 
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Figure 3. Render of the diffuser. 
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Figure 4. Concept of the annular PM machine with the Printed Circuit Boards (PCB) integrated in the diffuser of the ducted turbine. 
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Figure 5. Segmented stator yoke for double layer winding (a); and, continuous yoke for single layer winding (b). 
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Figure 6. PCB arrangement and overall dimensions: double layer winding (left); single layer winding (right). 
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Figure 7. General scheme of a population-based algorithm [31]. 
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Figure 8. Multi-objective optimization: definitions of dominance criterion (a), Pareto front (b), and ranking of Pareto fronts (c) [31]. 
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Figure 9. i-th iteration of the optimization algorithm [29,31]. 
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Figure 10. Sketch of one module of the annular PM machine (a) and detail of the main geometric parameters (b). The quantities Fi are fixed, the quantities Vi are varied during the optimization run. 
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Figure 11. Flowchart of the proposed design procedure. 
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Figure 12. Pareto fronts obtained after the four optimization runs. 
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Figure 13. Axial length (a) and PCB thickness (b) of the machines belonging to the four Pareto fronts. 
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Figure 14. Permanent magnet arc (a) and thicknesses (b) of the machines belonging to the four Pareto fronts. 
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Figure 15. Stator (a) and rotor (b) magnetic yokes weights of the machines belonging to the Pareto fronts. 






Figure 15. Stator (a) and rotor (b) magnetic yokes weights of the machines belonging to the Pareto fronts.



[image: Energies 11 02759 g015]







[image: Energies 11 02759 g016 550] 





Figure 16. Airgap flux density of the two machines FE-analyzed. Normal (a) and tangential (b) components. 
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Figure 17. Losses distribution (a) and efficiency (b) for different load conditions for the machine n.7-Type A. 
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Figure 18. Losses distribution (a) and efficiency (b) for different load conditions for the machine n.7-Type C. 
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Figure 19. Comparison between optimally designed machines and scaled machines with half-power (a) and double-power (b) with respect to the base machine. 
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Table 1. Limits of the search space adopted for the optimization.
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	Parameter
	Lower Bound
	Upper Bound
	Unit





	Magnet arc
	0.65
	0.9
	p.u.



	Magnet thickness
	10
	20
	mm



	PCB thickness
	1
	3
	mm
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Table 2. Characteristics of the two selected machines.






Table 2. Characteristics of the two selected machines.





	Parameter
	N.7-Type A
	N.7-Type C





	Power [kW]
	1
	1



	Electromagnetic torque [Nm]
	14.4
	14.4



	Copper weight [kg]
	0.19
	0.15



	Magnet weight [kg]
	1.30
	1.20



	Thickness of the magnet [mm]
	18.1
	19.2



	Thickness of the PCB [mm]
	2.7
	2.8



	Axial length [mm]
	3.4
	2.6



	Magnet arc [p.u.]
	0.78
	0.90



	Copper loss [W]
	15
	11



	Iron loss [W]
	0
	19



	Efficiency [%]
	98.5
	97
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Table 3. Results of the scalability procedure.
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	Parameter
	Starting Machine
	Half-Power Machine
	Double-Power Machine





	Target Power [kW]
	1
	0.5
	2



	Turbine diameter [mm]
	1440
	1020
	2040



	Rotational speed [rpm]
	663
	937
	468



	Target torque [Nm]
	14.4
	5.1
	40.8



	Generator axial length [mm]
	2.6
	1.9
	3.7



	Copper weight [kg]
	0.15
	0.08
	0.31



	Magnet weight [kg]
	1.20
	0.64
	2.55











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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