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Abstract

:

This article presents a method to adjust the elements of a small wind power plant to the wind speed characterized by the highest annual level of energy. Tests were carried out on the basis of annual wind distributions at three locations. The standard range of wind speeds was reduced to that resulting from the annual wind speed distributions in these locations. The construction of the generators and the method of their excitation were adapted to the characteristics of the turbines. The results obtained for the designed power plants were compared with those obtained for a power plant with a commercial turbine adapted to a wind speed of 10 mps. The generator structure and control method were optimized using a genetic algorithm in the MATLAB program (Mathworks, Natick, MA, USA); magnetostatic calculations were carried out using the FEMM program; the simulations were conducted using a proprietary simulation program. The simulation results were verified by measurement for a switched reluctance machine of the same voltage, power, and design. Finally, the yields of the designed generators in various locations were determined.
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1. Introduction


Wind farms account for a significant share of the world’s electricity production. Development in a given location is determined mainly by wind conditions [1,2,3,4,5,6,7,8,9,10]. Most wind farms are built in coastal areas and on continental shelves [10,11,12,13,14,15,16,17,18]. Inland, wind conditions, being determined by various topographical and other factors, vary greatly [1,11,19,20,21,22]. Therefore, the construction of wind farms in such locations should be preceded by studies of annual wind distribution in these locations.



Most wind farms work with the local power grid [8,18,23,24,25,26,27,28,29]. However, in places far from a power grid, electricity can be provided only by means of renewable energy sources with their own energy storage systems, most often accumulators. In this case, low-voltage wind generators and photovoltaic panels are most often used [9,29,30,31,32,33,34,35,36].



One type of generator used in wind turbines is a switched reluctance generator (SRG) [37]. Generators of this type are used both in large systems connected to the power grid and in microinstallations [38,39,40,41].



SRG generators can be built in the form of a typical single magnetic circuit or in the form of segments constituting separate magnetic circuits closed by rotor teeth [42].



The stator windings of the SRG are excited by an electronic power system. This makes it possible to adjust the excitation conditions (switch-on angle αon and switch-off angle αoff or phase supply angular range Δα) to the operating point, that is, to rotational speed and torque [43,44,45,46,47,48,49]. An additional advantage of this solution is that the winding, in tandem with the electronic excitation system, forms a step-up converter. This makes it possible to obtain the rated voltage value even at low rotational speeds [50,51].



Low-power generators operating off-grid can be found in many places today. In combination with solar panels, they are often used to power road signals and pedestrian crossings outside built-up areas. They are also often used, for example, to supply water-level measurement stations in rivers [52,53].



Increasingly, small generators are also being installed on yachts, at camping sites, and in hard-to-reach tourist spots. Due to their relatively modest dimensions, they can be located in tourist areas without significantly affecting the landscape. However, they are often installed in places characterized by unfavorable weather conditions [54]. In such cases, typical commercially available turbine solutions do not provide sufficient capacity, as they are designed to operate at higher wind speeds.



In order to use low-speed winds to produce electricity, an individual approach to wind turbine design is required, taking into account the annual distribution of wind speed at the site of its construction.



The optimal design of the magnetic circuit and windings and the optimal excitation method of the SRG enable the generation of electricity over a wide range of rotational speeds. However, the wind energy must be supplied to the generator by a turbine with appropriate parameters, i.e., size and characteristics [21]. Commercial turbines are most often projected to operate at wind speeds of 10–12 mps. At lower speeds their actual power is much lower than their declared rated power. As a result, their characteristics enable operation at wind speeds up to 25 mps. The presented solution assumes adjustment of the size of the turbine to the annual wind speed distribution at the location of its installation. It was assumed that the turbine would attain the rated power at the wind speed with the highest annual level of energy. The size of the turbine must be adapted to this speed in order to attain the rated power of the generator. The turbine power should then remain constant up to the cutoff speed.



The maximum value of wind speed included in the annual distribution in the predicted location was assumed as the cutoff speed. However, this is due to the fact that, in the event of winds with a speed greater than that resulting from the annual wind speed distribution, the turbine must be turned off.



Much work involves optimizing the performance of wind farms. They most often contain information related to the construction of turbines, generators, and control systems. In [55,56] the influence of turbine construction on the annual energy production was presented. Among others, turbines with different number of blades, their shape and position were studied. The article [57] also presents the optimization of the rotor blades, but in order to increase the aerodynamic efficiency in the low wind speed range. In article [58] the problem of minimizing a mass of the turbine in order to accelerate its start-up is discussed.



An example of the application of the genetic algorithm to minimize the return on investment costs of building a wind turbine is presented in [59], whereas in [60] an evolutionary strategy was used in order to obtain a higher output power and improve the generator power factor. An example of the optimization of the SRG generator operating at variable speed in terms of efficiency is presented in [61]. In this work, optimization was performed by adjusting the DC voltage and excitation angles values. Optimization of the turbine operation in the low speed range is also discussed in [62]. The purpose of this work was to optimize the power–wind speed curve of a wind turbine.



The given examples show that due to the various components of a wind turbine, each of which has an impact on its operation, it is advisable to optimize all of them in order to achieve high efficiency.



The study included the adjustment of the turbine characteristics to the annual wind distribution, optimization of the SRG generator construction, and method of its excitation. The calculations were made on the basis of annual wind speed distributions in three locations that differ greatly in terms of wind conditions: at the seaside, in the lowlands, and in the foothills.



The main goal of the study is to increase the annual energy production in small wind plants operating in locations with poor wind conditions by adjusting its elements to the annual wind distribution. The presented approach is based on the distribution of expected annual energy production by the winds of different speeds.



The basic issues presented in the work are the selection of a turbine to the annual wind distribution, the adjustment of the generator structure to the characteristics of the turbine, the selection of winding parameters, and the determination of optimal excitation conditions. An additional aim is to identify which of these elements have the greatest impact on the annual energy production. In the second part, the wind speeds providing the highest level of energy per year were determined. On this basis, the size of the wind turbines and the distribution of annual energy as a function of wind speed were estimated. The third part discusses the mathematical model of the generator implemented in the simulation program and verification of its measured results. The fourth part presents the algorithm and criteria for optimization of the generator structure and excitation parameters depending on the location of the power plant. The fifth part presents the optimization results and the characteristics obtained for optimized power plants, and their comparison with the parameters of typical commercial solutions. The sixth part discusses the obtained results.




2. Determination of Turbine Parameters


Typical small wind power plants are designed for rated wind speeds from 10 to 12 mps. In regions with poor wind conditions, these plants do not yield annual energy production sufficient to guarantee the profitability of the investment. In order to increase the quantity of produced energy, it was assumed that a generator reaches its rated power at the wind speed at which the highest level of energy is obtained annually. The characteristics of the turbine should be adjusted so that the power does not increase above this speed. In accordance with such assumptions, the expected dependence of the generator torque on the rotational speed was determined.



The input data for the calculations consisted of the annual wind speed distributions obtained via measurement in three locations. The first location was a foothill area with poor wind conditions (Nowy Sacz, Poland). The second was a lowland area, located several hundred kilometers from the sea, with average wind conditions (Kolo, Poland). The third covered a seaside region with relatively good wind conditions (Ustka, Poland). Annual wind speed distributions in these locations are shown in Figure 1. Measurements were made at a height of 10 m.



The maximum speeds in the diagrams of annual wind distribution for these locations were adopted during the design process as cutoff speeds: 10 mps for Nowy Sacz, 11 mps for Kolo, 18 mps for Ustka. Typically, winds with speeds up to 25 mps are taken into account, but in these locations, winds with speeds higher than those shown in Figure 1 do not contribute significantly to annual energy production. The adopted cutoff speeds were taken into account in the course of the gear calculations so that the maximum speed of the generator was 50 rps in each case. For the calculations, it was assumed that the transmission losses amounted to 3% (gear efficiency ηg = 97%). At the same time, based on the results of previous measurements and calculations, the estimated value of the generator’s efficiency at the rated point was also assumed to be ηG = 85%. In this way, the power P1 transmitted from the turbine to the generator was calculated in order to obtain the plant output power P2 = 1 kW with (1).


   P 1  =    P 2     η   g    η   G      



(1)




where:




	
ηg—mechanical gear efficiency;



	
ηG—generator efficiency.








According to (1), the power output from the turbine at the rated point should be 1213 W. Assuming that wind power is proportional to its speed to the third power, the relative wind power was calculated for each speed (2, 3). Then, based on the distribution of wind speed and power, the relative distribution of energy delivered annually by wind for each speed was calculated separately as a percentage of the expected annual energy production:


   p v  =    P v    ∑  P i      100 % ,  



(2)






   e v  =  p v   N v  ,  



(3)




where




	
pv—power transmitted by the wind at speed v, expressed as a relative percentage to attend the annual wind speed distribution in a particular location;



	
Pv—the power of the wind speed v per unit of area;



	
ΣPi—total wind power with speeds included in the annual distribution per unit of area;



	
Nv—number of hours in the year of wind speed v;



	
ev—percentage of energy supplied by wind speed v in the total energy supplied by winds with speeds included in the annual distribution.








In this way, the speeds v(emax) at which wind supplies the most energy annually in the discussed locations were determined (Figure 2). For the tested locations, these speeds were 5 mps (because for 4 mps the radius of the turbine would be too large for the determined height of 10 m) for Nowy Sacz, 6 mps for Kolo, and 7 mps for Ustka. Then, for the determined wind speeds, the corresponding rotational speeds of the turbines at which they obtained the rated power were calculated.



By transforming the dependence of turbine output power (4), the turbine radius enabling attainment of the rated generator power (5) was determined:


  P =  1 2  ρ S  C p   λ   v 3  ,  



(4)






  r =   2 P     π ρ  C p   λ   v 3      ,  



(5)




where




	
S = πr2—turbine working surface;



	
R—turbine radius;



	
P—turbine output power;



	
Cp (λ) = 0.4 power coefficient for a three-blade turbine;



	
Λ—tip-speed ratio;



	
ρ = 1.225 kg/m3—air density.








Then, for the turbines calculated on the basis of (5), the power delivered by wind with speeds lower than the rated speed was calculated for each location. For speeds higher than the rated speed, a constant power equal to the rated power was assumed. Determination of this kind of dependence requires the design of a suitable profile for the turbine in order to limit its power within the range of speeds higher than the rated speed. For comparison, these calculations were repeated for generators of 1 kW propelled by a typical turbine adapted to the wind speed of 10 mps, with a radius of 1.26 m.



Taking into account the generator’s resistance to motion, the turbine was assumed to start at the power received from the wind above 3% of nominal output power. For lower powers, the value of produced energy is zero. Then, on the basis of (6), the dependencies of the turbine’s rotational speed n on the wind speed v were determined:


  n =   λ v   2 π   ,  



(6)




where λ = 7 for a three-blade turbine.



Assuming the same maximum speed of 50 rps for all generators achieved at the maximum speed of the turbine, the mechanical gear ratios for all locations were calculated. The values of rated wind speeds and turbine radius, as well as of speed at rated power and cutoff speed obtained in this way, are summarized in Table 1. The last column shows the mechanical gear ratio. For all locations, the maximum speed of the generator was 50 rps.



Based on the dependencies of the output power on the turbine speed and the gear ratio, the dependencies of the generator torque on the rotational speed were calculated from the following:


   T m  =    P 1    2 π  n 1  K   ,  



(7)




where



	
K = n2/n1—ratio of mechanical gears;



	
n1—turbine speed;



	
n2—generator speed.






Based on the estimated dependencies of the generator power on the wind speed and the annual wind speed distributions presented in Figure 1, the predicted annual energy production with the use of such turbines was calculated. These calculations do not take the real efficiency of the generators into account. The torque values determined for the rated and maximum speeds were used in the next stage to design and optimize the generators for wind conditions in each of the tested locations.



The results are presented in Table 2, Table 3 and Table 4. The columns include wind speed v, generator torque Tm, generator mechanical power limited to rated power Pm, generator rotational speed n, and generator output power Pe at a given speed. The last two columns show the estimated value of the expected annual energy Eexp production using a wind turbine designed in accordance with the speed at which it obtains the most energy annually and expected annual energy Eexp_std, using a standard turbine adjusted to a speed of 10 mps. The data in Table 2, Table 3 and Table 4 show that adjusting the parameters of wind turbines to the annual wind distribution in the place of their installation is justified, especially in places with poor wind conditions.




3. Mathematical Model of the Generator


The mathematical model of a switched reluctance generator (8), (9) was formulated using the Lagrange method, which accounts for the dependence of the magnetic flux and electromagnetic torque on the rotor position angle and the value of phase currents, as well as nonlinearity characteristics of the magnetic circuit [63,64,65]. Due to the calculation time, the model ignores the influence of mutual magnetic couplings as well as that of eddy currents and hysteresis of the magnetic circuit:


  J   d  θ ˙    d t   =  T m  −  T e  − D  θ ˙   



(8)






    d (  Ψ k    θ ,  i k    )   d t   =  v k  −  R k   i k   



(9)




where



	
D—losses factor;



	
ik—phase current;



	
J—moment of inertia;



	
Rk—phase resistance;



	
Te—electromagnetic torque;



	
Tm—torque of the turbine;



	
vk—phase voltage;



	
θ—rotor position angle;



	
Ψk (θ, ik)—magnetic flux of the phase.






In the mathematical model, the electromagnetic torque Te is equal to the flux derivative with respect to the rotor position angle. The dependencies of the phase currents on the rotor position angle and the magnetic flux, as well as dependencies of the electromagnetic torque on the rotor position angle and the phase currents, were implemented in the simulation model in the form of tables. The instantaneous values of these quantities are interpolated by the third-degree spline functions and extrapolated by the first-degree functions. These dependencies were calculated in the FEMM program. The generator is excited in an electronic asymmetric H-bridge system. Commutator modules were simulated for all phases equally. In simulation program, the commutator has been implemented in such a way that the phase is excited if the actual value of the angular position of the rotor is in the range between the switch-on and switch-off angle. The shift of the angular excitation ranges for the others phases were obtained by adding offset to the angular position of first phase. Rotation angle values have been reduced to the repeatability range. The model takes into account two steady-state operations of this system: excitation (both transistors on) and generation (both transistors off). In the excited state, the phase voltage describes the relationship (10), and in the generation state (11).


   v k  = V s − 2  v  T   S D    



(10)






   v k  = − V s − 2  v  D   A C    



(11)




where



	
VS—supply voltage;



	
vT SD—transistor saturation voltage;



	
vD AC—diode forward voltage.






The simulation program was developed in C # and enables the calculation of voltages, currents and torque. In order to calculate parameters of the generator in steady-state conditions, the model was adapted to calculations at a given speed. The calculations were carried out while accounting for the repeatability period of the waveforms (with the generator rotational speed). This program is a part of the developed environment dedicated to the optimization of switched reluctance generators (SRGs).



The calculations were carried out for a four-phase generator with eight poles in the stator and six teeth in the rotor. The rated voltage of the generator was 24 V; the rated power was 1 kW. The maximum speed was 3000 rpm.



The calculation results in the simulation program were compared with the measurement results obtained for the prototype of the machine in terms of static characteristics and with currents and torque values in steady states. The measured and calculated characteristics of the generator torque are shown in Figure 3.



During the verification of the simulation model, the average values of supply Is av and phase Iph av currents and maximum phase current Iph max obtained for different values of commutation angles at different rotational speeds and torque values were compared. The obtained convergence of results is sufficient to conduct further research based on the simulation results. The developed simulation program was used in the process of generator structure optimization and selection of excitation angles. Samples of the verification results are shown in Table 5. The table also shows the values of the relative error from the given series of simulations: torque δTm, mean value of the supply current δIs av, mean value of phase current δIph av, and maximum value of phase current δIph m.



The obtained convergence of results is sufficient to conduct further research based on the simulation results. The developed simulation program was used in the process of generator structure optimization and selection of excitation angles.




4. Optimizations of the Generators


The adaptation of a switched reluctance generator to operate in a wind power plant requires multi-criteria optimization [66,67]. The optimizations of the generators were carried out in two stages using genetic algorithms, in which the objective functions were minimized. The developed algorithm performs the calculations in a set sequence. Initially, in stage 1, a population of different solutions of the generator’s magnetic circuits is generated. The characteristics of each individual from a given population, determined in this stage, are transferred to the second genetic algorithm (stage 2). In the second genetic algorithm for each individual received from stage 1, the optimization of its operating is performed. It is to fit the mechanical characteristics of individuals to the mechanical characteristics of the turbine. The best solution from stage 2 for each individual is sent to stage 1, which evaluates them. Based on these assessments, the first algorithm determines the next population of generators. Owing to the optimization of the operating conditions of the generators in stage 2, algorithm 1 evaluates the individuals taking into account the matching of characteristics. In the first stage (genetic algorithm 1), geometric variables describing the shape and size of the magnetic circuit were generated. Figure 4 shows a cross section of the magnetic circuit with marked dimensions for optimization.



For each magnetic circuit construction, the dependencies of the magnetic flux and electromagnetic torque on the rotor position angle were calculated for different values of the current density of the phase windings. These calculations were performed in a defined mesh and then saved in the form of tables, each of which contained 195 (for 15 angles values and 13 current values) computed magnetic flux or torque values. Then the table obtained for the magnetic flux was transformed into the form of the phase current density dependencies on the rotor position angle and the magnetic flux. After completing the calculations, two tables describing them were created for each structure. These tables were used for further calculations in the simulation program.



In the second stage (genetic algorithm 2) of the genetic algorithm, the parameters of the windings and the dependencies of the commutation angles on the rotational speed, which corresponded to turbine characteristics, were determined.



The windings were calculated on the basis of the stator dimensions and the diameter of the winding wire, taking the fill factor into account. In this project, typical wire diameters were used.



On the basis of the winding data (the number turns and wire diameter), the tables of current density were transformed into a form including phase current values, in which they were used for calculations in the simulation program. Then, the genetic algorithm selected the values of the generator excitation angles for the rated and maximum speeds, in accordance with the characteristics of the turbines for specified localizations. These angles were specified with a resolution of 0.25 degrees.



After completing the simulation, the program passed the data on to the genetic algorithm to calculate the value of the objective function f2 (12). The range of current values was limited by the penalty function fc(I) in the form (13), which has been included in function f2.


  f =        T m  −  T  m exp   ≥ 0   and      P  S +   −  P  S −     > 0         − 1 ∗          P  S +   +  P  S −      2     P  S +   +  P  c u   +  P  E E       ∗   1 −      T m  −  T  m exp      T  m exp                T m  −  T  m exp   ≥ 0   and      P  S +   −  P  S −     ≤ 0         − 1 ∗    P  S +   −  P  S −            T m  −  T  m exp   < 0         1000   − max   0.0 , min   1.0 ,    T m     T  m exp         ∗   1000        



(12)






   f c     I m    =        I m  < 8 S        1         I m  ≥ 8 S     and      I m  < 9 S           − 0.009 ∗      I m  − 8 S    2  + 1        I m  ≥ 9 S         0.1        



(13)




where



	
Tm—the calculated generator torque value;



	
Tmexp—the expected torque value (at rated or at maximum generator speed);



	
Ps+—average power supplied to the power source;



	
Ps-—average power drawn from the power source;



	
Pcu—power losses in the generator windings;



	
PEE—power losses in the power electronic system;



	
I—phase current the root mean square (RMS) value;



	
S—cross-sectional area of the winding wire.






The objective function f1 value (genetic algorithm 1) was determined in two steps. In the first step, it was checked whether the torque values obtained for the rated and maximum speed were greater than those resulting from the characteristics of the turbine. This is a necessary condition to ensure stable operation of the turbine and to prevent uncontrolled acceleration. In the second step, when the condition was met, the value of the objective function f1 was calculated (14). If this condition was not met, the penalty function, which was dependent on the difference of these values, was calculated (15).



The objective function was given in the following form:


      T  m G N   −  T  m N   > 0     and      T  m G C   −  T  m C   > 0      f = − 1 ∗  η N  ∗   1 −      T  m G N   −  T  m N      T  m N          η N      



(14)






      T  m G N   −  T  m N   ≤ 0     or      T  m G C   −  T  m C   ≤   0      f = 1000 −   max (  0.0 , min   1.0 ,    T  m G N      T  m N        ) )   ∗   500   −   max   0.0 , min   1.0 ,    T  m G C      T  m C         ∗   500     



(15)




where



	
TmN—torque of the turbine at rated speed;



	
TmC—torque of the turbine at cut-off speed;



	
ηN—drive efficiency at rated speed;



	
TmGN—torque of the generator at rated speed;



	
TmGC—torque of the generator at maximum speed.






The objective function preferred highly efficient small diameter of generators in which the torque values were closest to the characteristics of the turbine and in which the permissible current density in the windings was not exceeded. The calculated values of the objective function were returned to the first stage of the genetic algorithm, which used them to determine new dimensions of the magnetic circuits. The algorithm of the developed system to optimize the parameters of switched reluctance generators is shown in Figure 5.



All calculations were performed in the developed environment for parallelized calculations. This environment was based on the author’s own programs and external applications. To calculate the magnetic field distribution, the FEMM program was used. The shape of the magnetic circuit and the computational grid were generated on the basis of data transferred from the genetic algorithm by the developed script program in the LUA language.



The genetic algorithm was implemented in the MATLAB program using the GAOT library. Calculations of the value of the objective function, data archiving, and parallelization of calculations were carried out using the authors’ own programs. The graphical presentation of the results was carried out using the authors’ own program and the external program Gnuplot (San Diego, CA, USA).



A computer cluster consisting of 10 quad-core computers was used for the calculations. Each computer performed parallel calculations for three generators. The results were saved in a database, which was used for an initial check of whether a given data set had already been calculated. If so, the results were loaded from the database without recalculation.



Each population consisted of 30 individuals. The calculations were made assuming a given number of 300 populations. The total time of calculations for one location was about 15 days.




5. Optimization Results


As a result of optimization, three generators designed to work in different locations were obtained for Nowy Sacz, Kolo, and Ustka. The number of turns and the diameter of the winding wire as well as the method of excitation were adjusted to the characteristics of the turbines at two operating points: rated speed and maximum speed. In all cases the same parameters but different excitation characteristics were obtained for the windings.



The dimensions of the magnetic circuits obtained for individual locations are summarized in Table 6. In all cases, the number of teeth in the stator was Ns = 8, in the rotor Nr = 6; the width of the air gap was 0.4 mm.



After calculating the construction parameters of the generators, their excitation characteristics, i.e., the dependence of the commutation angles on the rotational speed at which the obtained torque values were closest to the turbine characteristics, were determined.



Then, for each speed, the maximum values of the torque and the commutation angles at which they were obtained were calculated. These calculations showed that in all cases the generator torque at maximum speed could be increased by modifying the excitation angles. The potential for increasing the torque above the operating characteristics of the turbines enable overloading of the turbine in order to reduce its speed. When the maximum wind speed was exceeded, it could be used to pre-brake the turbine prior to switch on mechanical braking. The observed relationships showed that, at any speed, it was possible to increase the load and reduce the speed of the turbine. These dependencies were obtained without exceeding the permissible current values. The mechanical characteristics at operating state and the maximum torque characteristics of the generators as well as the dependencies of the excitation angles on the rotational speed during normal operation are shown in Figure 6.



Then, the dependencies of the generator efficiency on the wind speed corresponding to the determined excitation characteristics were calculated. On this basis, the distributions of expected annual energy production by these generators were determined, taking their efficiency characteristics into account. Taking into account the efficiency of the generator, the total annual energy production Esim was calculated as a sum of the energy produced by the winds at each speed in annual wind speed distribution as (16).


   E  s i m   =   ∑   v = 0    v  c a t     2 π  N v   n v   T  m v    η v   



(16)




where



	
Nv—duration of winds with speed v;



	
nv—generator rotational speed at wind speed v;



	
Tmv—torque on the generator at wind speed v;



	
ηv—generator efficiency at wind speed v.






The expected total annual energy production, after adjusting the characteristics of turbines and generators for given localizations and taking the dependencies of the generator efficiency on the rotational speed into account, is shown in Table 7. The obtained simulation values are lower than the initial estimates due to lesser efficiency at low speeds.



Then, comparative calculations were made for the same generators, optimizing the control algorithm to the characteristics of the turbine adjusted to the rated wind speed of 10 mps. For generators powered by a standard-size turbine, significantly lower values of expected annual energy production were obtained: Nowy Sacz, 0.12 MWh; Kolo, 0.54 MWh; Ustka, 1.57 MWh.




6. Conclusions


The most important factor for annual energy production is the selection of the appropriate turbine characteristics. Small commercial wind power plants adapted to a wind speed of 10–12 mps are not optimal in places with poor or even medium wind conditions.



The principle of adjusting the size of the turbine to the speed of wind with the highest energy annually, as applied in the present paper, enabled the acquisition of an important increase in the expected annual energy production in each of the considered locations, compared to generators equipped with a typical turbine adapted to a wind speed of 10 mps. The relative increase in annual energy production depended on the speed difference for which the turbines were designed.



The performed optimization proved that it is possible to adapt the construction and the method of excitation of the generator to work with turbines of this design. The simulation model employed for these calculations was verified by measurement for machines characterized by similar construction, voltage, and power, such as the designed generators. Therefore, the obtained results can be considered correct.



The highest expected value of annual energy production was obtained for the generator designed for operation in Ustka, characterized by the largest diameter, which was due mainly to the mechanical transmission ratio; however, the differences in the size of the generators were small.



Compared to generators with typical wind turbines, the relative increase in the expected value of annual energy production was the greatest for the location with the weakest winds, i.e., Nowy Sacz.



The use of a generator at this location with a typical turbine adapted to a wind speed of 10 mps is ineffective. The use of a turbine adapted to the wind speed with the highest annual level of energy resulted in several fold increase in annual energy production.



The smallest impact on expected annual energy production was obtained in an area with good wind conditions, i.e., Ustka. However, this was accompanied by the smallest increase in investment costs, due to the similar sizes of the turbines.



In all tested locations, adjusting the rated speed of the turbine to the speed of the wind with the highest annual level of energy resulted in an important increase in the expected annual energy production.



Expanding the dimensions of turbines necessitates limitation of the maximum wind speed at which they can operate (cutoff speed). Thus, these turbines do not generate energy from high-speed winds. However, accounting for the fact that such wind speeds almost never occur in these locations, this has no significant impact on annual energy production.



Regardless of location, it is necessary to adapt generator excitation characteristics to the characteristics of the turbine. The advantage of developed power plants is the potential for increasing the generator torque through changing the method of excitation. Along with the possibility of a short-term overload, this enables application of the electric brake of the turbine when the wind speed surpasses the cutoff speed. This, in turn, enables the turbine to be brought to a smooth stop in high winds.



Research has shown that the selection of the size of the turbine for the annual distribution of wind speeds has by far the greatest impact on the annual energy production. The second most important element is the appropriate selection of the excitation characteristics and windings for the characteristics of the turbine.



In the presented examples, the structure of the magnetic circuit of the SRG had the least impact on the annual energy production because for all locations similar sizes of generators were obtained.



The locations provided in the article are examples. They were chosen due to the significantly different wind conditions. The developed method can be used in different locations and wind conditions. The results of the presented examples can be used for a location with a similar annual wind speed distribution.
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Figure 1. Annual wind speed distributions: Nowy Sacz, Kolo, Ustka. 
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Figure 2. Distribution of energy supplied annually by winds of different speeds. 
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Figure 3. Measured and calculated characteristics of generator electromagnetic torque. 
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Figure 4. Generator cross section with marked dimensions for optimization: stator yoke thickness H (value range: 7–25 mm); stator tooth width Ls (3–50 mm); rotor tooth width Lr (3–50 mm); gap radius r (26–90 mm); stator outside radius R (40–120 mm). 
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Figure 5. The algorithm of two-stage optimization. 
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Figure 6. The dependencies of the generator torque after adaptation to the characteristics of the turbine Tm opt and the maximum torque characteristics Tm max and optimal excitation (αon and αoff angles) control characteristics of the generators designed for Nowy Sacz, Kolo, and Ustka. 
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Table 1. Determined rated wind speeds and the corresponding turbine radii for the generator with rated power of 1 kW.
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	Location
	Rated Wind Speed (mps)
	Turbine Radius

(m)
	Turbine Rated Rotational Speed

(rps)
	Cutoff Turbine Speed

(rps)
	Ratio of Mechanical Gears

(n2/n1)





	Ustka
	7
	2.15
	3.63
	9.33
	5.36



	Kolo
	6
	2.70
	2.48
	4.54
	11.01



	Nowy Sacz
	5
	3.55
	1.57
	3.14
	15.92
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Table 2. Estimated annual energy production by wind generator in the Nowy Sacz location.
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Nowy Sacz




	
v (mps)

	
Tm

(Nm)

	
Pm

(W)

	
n

(rps)

	
Pe

(W)

	
Eexp

(kWh)

	
Eexp_std

(kWh)






	
2

	
1.20

	
75

	
10

	
64

	
115

	
0




	
3

	
2.70

	
254

	
15

	
216

	
210

	
0




	
4

	
4.79

	
602

	
20

	
512

	
258

	
33




	
5

	
7.49

	
1176

	
25

	
999

	
244

	
31




	
6

	
6.25

	
1177

	
30

	
1000

	
112

	
25




	
7

	
5.35

	
1177

	
35

	
1000

	
37

	
13




	
8

	
4.68

	
1177

	
40

	
1000

	
16

	
8




	
9

	
4.16

	
1177

	
45

	
1000

	
7

	
5




	
10

	
3.75

	
1177

	
50

	
1000

	
2

	
2




	
Expected annual energy production

	
1001

	
117
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Table 3. Estimated annual energy production by wind generator in the Kolo location.
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Kolo




	
vw

(mps)

	
Tm

(Nm)

	
Pm

(W)

	
n

(rps)

	
Pe

(W)

	
Eexp

(kWh)

	
Eexp_std

(kWh)






	
3

	
1.72

	
147

	
13.6

	
125

	
271

	
0




	
4

	
3.05

	
348

	
18.2

	
296

	
429

	
94




	
5

	
4.76

	
680

	
22.7

	
578

	
498

	
109




	
6

	
6.86

	
1175

	
27.3

	
999

	
519

	
114




	
7

	
5.89

	
1177

	
31.8

	
1000

	
279

	
97




	
8

	
5.15

	
1177

	
36.4

	
1000

	
146

	
76




	
9

	
4.58

	
1177

	
40.9

	
1000

	
47

	
35




	
10

	
4.12

	
1177

	
45.5

	
1000

	
20

	
20




	
11

	
3.75

	
1177

	
50

	
1000

	
1

	
1




	
Expected annual energy production

	
2210

	
546
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Table 4. Estimated annual energy production by wind generator in the Ustka location.
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Ustka




	
vw

(mps)

	
Tm

(Nm)

	
Pm

(W)

	
n

(rps)

	
Pe

(W)

	
Eext

(kWh)

	
Eexp_std

(kWh)






	
4

	
3.16

	
221

	
11.1

	
188

	
317

	
109




	
5

	
4.94

	
431

	
13.9

	
367

	
480

	
165




	
6

	
7.12

	
745

	
16.7

	
633

	
546

	
188




	
7

	
9.64

	
1177

	
19.4

	
1000

	
593

	
206




	
8

	
8.43

	
1177

	
22.2

	
1000

	
336

	
174




	
9

	
7.49

	
1177

	
25.0

	
1000

	
279

	
206




	
10

	
6.75

	
1177

	
27.8

	
1000

	
158

	
158




	
11

	
6.13

	
1177

	
30.6

	
1000

	
149

	
149




	
12

	
5.62

	
1177

	
33.3

	
1000

	
88

	
88




	
13

	
5.19

	
1177

	
36.1

	
1000

	
61

	
61




	
14

	
4.82

	
1177

	
38.9

	
1000

	
26

	
26




	
15

	
4.50

	
1177

	
41.7

	
1000

	
18

	
18




	
16

	
4.22

	
1177

	
44.4

	
1000

	
14

	
14




	
17

	
3.97

	
1177

	
47.2

	
1000

	
8

	
8




	
18

	
3.75

	
1177

	
50.0

	
1000

	
2

	
2




	
Expected annual energy production

	
3033

	
1572
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Table 5. Measured and calculated values of torque, supply current and phase current obtained for different values of commutation angles at different values of rotational speed.
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Control

	
Measured

	
Simulated




	
αon

(deg)

	
αoff

(deg)

	
n

(rpm)

	
Tm

(Nm)

	
Is av

(A)

	
Iph av

(A)

	
Iph max

(A)

	
Tm

(Nm)

	
Is av

(A)

	
Iph av

(A)

	
Iph max

(A)






	
−26

	
−6

	
33.79

	
1.02

	
12.20

	
7.28

	
18.38

	
1.04

	
11.40

	
7.14

	
18.6




	
−26

	
−6

	
24.02

	
2.04

	
17.05

	
9.89

	
25.32

	
1.98

	
15.91

	
9.65

	
25.7




	
−26

	
−6

	
19.61

	
3.03

	
20.95

	
11.84

	
30.51

	
2.95

	
19.94

	
11.60

	
31.0




	
−26

	
−6

	
16.90

	
4.06

	
24.62

	
13.53

	
35.01

	
4.01

	
24.10

	
13.38

	
35.6




	
−26

	
−6

	
14.87

	
5.07

	
27.69

	
15.30

	
39.72

	
5.28

	
28.68

	
15.19

	
40.0




	
−26

	
−6

	
13.39

	
6.03

	
30.28

	
17.29

	
46.26

	
6.69

	
33.46

	
16.98

	
44.2




	
−27

	
−7

	
36.15

	
1.01

	
12.74

	
7.15

	
19.32

	
1.08

	
12.55

	
7.17

	
20.6




	
−27

	
−7

	
25.30

	
2.08

	
18.02

	
9.87

	
26.93

	
2.12

	
17.77

	
9.85

	
28.7




	
−27

	
−7

	
20.94

	
2.99

	
21.74

	
11.67

	
32.09

	
3.05

	
21.74

	
11.69

	
34.2




	
−27

	
−7

	
17.90

	
4.05

	
25.70

	
13.43

	
36.94

	
4.19

	
26.29

	
13.58

	
39.5




	
−27

	
−7

	
15.72

	
5.09

	
29.06

	
15.21

	
41.80

	
5.54

	
31.25

	
15.49

	
44.5




	
−27

	
−7

	
14.12

	
6.01

	
31.51

	
17.19

	
46.86

	
6.58

	
34.29

	
16.75

	
46.4




	
−30

	
−5

	
31.52

	
2.045

	
22.71

	
12.48

	
30.01

	
2.17

	
23.15

	
12.86

	
34.1




	
−30

	
−5

	
25.95

	
2.985

	
27.63

	
14.83

	
35.81

	
3.13

	
28.49

	
15.25

	
40.7




	
−30

	
−5

	
22.11

	
4.055

	
32.66

	
17.04

	
41.27

	
4.23

	
33.83

	
17.45

	
46.1




	
−30

	
−5

	
18.62

	
5.035

	
35.18

	
18.46

	
45.33

	
5.06

	
35.37

	
18.82

	
46.5




	
−30

	
−5

	
14.72

	
6.04

	
35.01

	
19.31

	
50.07

	
6.59

	
38.29

	
20.97

	
46.8




	
Mean squared error for the presented

series of calculations

	
δTm

	
δIs av

	
δIph av

	
δIph m




	
3.6%

	
4.5%

	
1.3%

	
6.1%
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Table 6. Dimensions of the magnetic circuits of generators after optimization.






Table 6. Dimensions of the magnetic circuits of generators after optimization.





	Dimensions of the Generators
	Symbol
	Unit
	Nowy Sacz
	Kolo
	Ustka





	stator outside radius
	R
	mm
	63.4
	65.4
	69.7



	stator yoke thickness
	H
	mm
	7
	7
	7



	stator tooth width
	Ls
	mm
	6.7
	6.3
	7.3



	rotor tooth width
	Lr
	mm
	9.8
	9.3
	9.8



	radius of air gap
	R
	mm
	32.1
	30.7
	31.5



	thickness of air gap
	D
	mm
	0.4
	0.4
	0.4



	stator tooth height
	Hs
	mm
	24.1
	27.5
	31



	rotor tooth height
	Hr
	mm
	20
	20
	20
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Table 7. Estimated annual energy production and simulation result for the designed generators.






Table 7. Estimated annual energy production and simulation result for the designed generators.





	Location

of the Power Plant
	Eexp

(MWh)
	Esim

(MWh)
	Esim/Eexp

(%)





	Nowy Sacz
	1.00
	0.91
	91.0



	Kolo
	2.21
	2.10
	95.0



	Ustka
	3.07
	2.86
	93.1
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