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Abstract. This paper deals with the optimal design of a direct-driven brushless DC permanent-magnet (BLDCPM) generator 

over a long-term wind speed cycle operation. Such a large wind speed profile causes long processing time in the search of the 

optimal solution, therefore a simplification method of the profile based on an original barycenter method is proposed and 

applied to the power losses computation of the wind energy system. As a result, the optimization methodology relies on two 

modeling levels different in simulation time and approach and is based on a constrained mono-objective problem with adequate 

optimization strategy and algorithm that aims at reducing the global system power losses for the given wind speed profile while 

finding the optimal geometrical and electrical features of the BLDCPM wind generator.  

Keywords: barycenter method, brushless DC permanent-magnet generator, design, optimization, wind cycle. 

1. Introduction 

Brushless direct current (DC) permanent magnet machines have become widely used in various industrial 

applications due to the advantages that define them and their ease of control. The lack of brushes in their 

configuration yields several benefits for this topology as improved efficiency, better reliability, longer life with 

less maintenance, higher power density and higher torque to weight ratio [1], [2].  

The optimal design of a brushless DC permanent magnet (BLDCPM) generator for the considered architecture of 

the wind energy conversion system to be studied in order to minimize a specific objective function, i.e. total power 

losses over one year wind-speed cycle operation, depends on the appropriate selection of the multiple design 

parameters. The structure presented in Fig. 1 can be considered as a good example of a complex wind energy 

conversion system (even if limited to the DC bus) as it incorporates subsystems belonging to different physical 

domains with strong interference between each other, imposing to consider the globalism of the system in the 

design process, rather than exploring them separately. Therefore, the approach based on design optimization is 

justified and even necessary for achieving optimal results in a short amount of time. 

Due to the many operating points within the wind speed profile and because the optimization process requires 

many evaluations of the objective function, adapted models have to be considered in terms of results accuracy and 

simulation time. The most preferred is the one based on finite element analysis, because of its high precision. 

However, it is well known for its huge evaluation time making it a displeasing strategy to be considered in 

optimization. Nevertheless, it can be used outside the optimization loop as a validation model in order to refine 

the obtained results. But, when dealing with few initial specifications and many unknown parameters specific 

analytical and/or semi-analytical models are preferred over the numerical ones, as they perform much faster. 

This paper describes the considered optimization methodology used in the search of the optimal design of a direct-

driven BLDCPM generator with trapezoidal induced electromotive force (back-EMF) voltages for use in micro-

wind turbine applications. The optimization process is based on two modeling levels of different time scales and 

of different approaches, in order to calculate the generator’s performances. As the optimization will be performed 

over a long term wind speed profile, adequate simplification method of the profile is proposed and applied to the 

power losses calculation of the overall wind energy system. In order to achieve feasible solution several constraints 

have to be analyzed on the input/outputs of the model, resulting in a constrained mono-objective optimization. 

Due to the wind speed cycle operation, suitable algorithm and optimization strategy are also considered in order 

to find the global optimum of the objective function and to reduce the probability of falling into a local minimum.  

2. Modeling description of the wind energy system components 

2.1 Wind speed profile and wind turbine model 

The long-term wind speed profile considered is represented by the mean value taken over one hour of wind 

measurements, every hour for one year, resulting into 8759 operating points. A problem that can appear when  
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Fig. 1.   Architecture of the wind energy conversion system under study 

designing the generator over such a long term wind speed profile is linked to the direct-driven variable speed 

operation, meaning that the many fluctuations in the wind speed are visible in the power and frequency of the 

generator.   

As the wind turbine power changes with the cube of the wind speed, its expression emphasizes the importance that 

the dynamic properties of the wind speed have upon the wind energy conversion system. Hence, the three-bladed 

horizontal axis wind turbine chosen for this study provides the assessment of the available power in the wind speed 

[3] as: 

𝑃𝑤𝑡 = 0.5𝜌𝑎𝑖𝑟𝜋𝑅𝑤𝑡
2 𝐶𝑝(𝜆)𝑣𝑤

3                                                                           (1) 

with ρair being the air density (kg/m3), Rwt denotes the radius of the turbine-rotor blades (m), 𝜆, the tip-speed 

coefficient, vw, the wind speed (m/s), and Cp the power coefficient of the turbine, which provides an idea about 

how many of the kinetic energy from the air mass can be converted into mechanical energy by the wind turbine. 

This coefficient can be calculated through interpolation based on the factors provided in [4]. 

 2.2 Simulation models of the generator-rectifier assembly 

Two simulation models have been developed to characterize the behavior of the wind energy conversion system. 

Both of them depend on the sizing characteristics [5] of the generator (Fig. 2a) that is determined beforehand and 

works as a background function for each of the simulation model during the optimization. 

A) Analytical simulation model [6]: This model is based on the sizing characteristics of the generator, 

whereas its electromagnetic parameters are derived from the circuit equations of the machine by considering only 

the amplitude of the involved quantities. It is characterized as the fastest of the models, being very suited for the 

initial stage of design upon which the optimization could be performed. To be noted that no control is implemented 

for this model as the commutation of the phases is not explicitly taken into consideration.  

B) Semi-analytical simulation model [6],[7]:  This second model (Fig. 2b) is developed to take into account 

the switching pattern that depends on rotor angular position, the hysteresis current-control, as well as the 

commutation and conduction intervals of the controlled pulse width modulation (PWM) rectifier. It provides a 

better precision of the output solution than the analytical one, but it engages a long time for the simulation of all 

the points within the wind speed profile. In order to speed up its evaluation a wind speed cycle partition technique 

based on barycenter method is adapted to the maximum power point tracking (MPPT) operation area of the wind 

turbine and implemented in terms of wind energy system power losses. The adopted MPPT control strategy 

corresponds to an operation of the wind turbine at optimal power coefficient (𝐶𝑝_𝑜𝑝𝑡) and optimal tip-speed ratio 

(𝜆𝑜𝑝𝑡) [7].  The barycenter method divides the wind speed profile into a chosen number of regions (Fig. 3a), each 

region (r) being represented by its barycenter and the necessary parameters (Fig. 3b) needed for the losses 

calculation. The required parameters are derived by assuming, depending on the corresponding power loss 

expression, the electromagnetic power of the BLDCPM generator proportional to the cube of the wind speed and 

the rotational angular speed, Ω, linked to the wind speed through the equation of the tip-speed ratio. Accordingly, 

the electromagnetic torque of the generator is considered proportional to the square of the wind speed, being also 

expressed as a current dependent characteristic. An explicit description of the determination process of the power 

losses equations based on the barycenter method is reported in [6]. 

The expressions for these power losses are based on the equations provided in [4], [8], [9] and reformulated 

afterwards in connection to the barycenter method in order to calculate them for each region as follows: 

 Mechanical losses [4], [8] due to friction phenomena : 

𝑃𝑚𝑒𝑐ℎ ,𝑟 = 𝑓𝑤𝑡  Ω𝑟
2 𝑁𝑟

〈𝑣𝑤
2 〉𝑟

〈𝑣𝑤〉𝑟
2

                                                                              (2) 

with 𝑓𝑤𝑡 the friction coefficient (N.m/rad), 𝑁𝑟 the number of points in the region, Ω𝑟  the corresponding rotational 

speed (rad/s) of the region in cause, and 〈∙〉𝑟 denotes the mean value in the region. 

 Copper losses [8] caused by the induced currents in the stator windings : 

𝑃𝑗 ,𝑟 = 3𝑅𝐼𝑅𝑀𝑆 ,𝑟
2  𝑁𝑟

〈𝑣𝑤
4 〉𝑟

〈𝑣𝑤〉𝑟
4

                                                                                (3) 
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Fig. 2.   a) Geometric features of the BLDCPM generator and b) Semi-analytical simulation model implementation in 

MATLAB/Simulink environment 

 

Fig. 3.   a) Wind speed cycle division into a chosen number of regions and b) barycenter method parameters 

where  𝑅  represents the phase resistance (ohm) and 𝐼𝑅𝑀𝑆,𝑟 the phase current (A) of the barycenter for the considered 

region. 

 Iron losses [8] based on the magnetic properties of the materials : 

                                                   𝑃𝐹𝑒_ℎ𝑦𝑠 ,𝑟 = 𝑘ℎ𝑦𝑠 

𝑁𝑝

2𝜋
 (𝐵̂𝑡ℎ

𝛼 + 𝐵̂𝑠𝑦
𝛼 ) Ω𝑟 𝑁𝑟

〈𝑣𝑤〉𝑟

〈𝑣𝑤〉𝑟

                                                          (4) 

                                                  𝑃𝐹𝑒_𝑒𝑑𝑑𝑦 ,𝑟 = 𝑘𝑒𝑑𝑑𝑦 

𝑁𝑝
2

𝜋3
 (𝐵̂𝑡ℎ

2 + 2𝐵̂𝑠𝑦
2 ) Ω𝑟

2 𝑁𝑟

〈𝑣𝑤
2 〉𝑟

〈𝑣𝑤〉𝑟
2

                                                      (5) 

where 𝑘ℎ𝑦𝑠 and 𝑘𝑒𝑑𝑑𝑦 are hysteresis, respectively eddy current loss coefficients which can be calculated from 

manufacturer data, 𝑁𝑝 the pole pairs number and 𝐵̂𝑡ℎ and 𝐵̂𝑠𝑦 are the peak values of the stator tooth and yoke flux 

densities. 

 Conduction and switching losses [9] in the three-phase power converter based IGBT devices with anti-parallel 

diode units: 

  𝑃𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛_𝐼𝐺𝐵𝑇 ,𝑟 = 6 [
1

3
𝑓𝑚𝑜𝑑

 
(

𝑉𝐶𝐸 − 𝑉𝐶𝐸0

𝐼𝑛_𝐼𝐺𝐵𝑇

) 𝐼𝐶_𝑅𝑀𝑆 ,𝑟
2  𝑁𝑟

〈𝑣𝑤
4 〉𝑟

〈𝑣𝑤〉𝑟
4

+
1

3
𝑓𝑚𝑜𝑑𝑉𝐶𝐸0𝐼𝐶_𝑅𝑀𝑆 ,𝑟 𝑁𝑟

〈𝑣𝑤
2 〉𝑟

〈𝑣𝑤〉𝑟
2

] (6) 

                                   𝑃𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔_𝐼𝐺𝐵𝑇 ,𝑟 = 6 [
1

3
(𝐸𝑂𝑁 + 𝐸𝑂𝐹𝐹) 

𝑉𝑛

𝑉𝐶𝐶(𝑡𝑒𝑠𝑡)𝐼𝐶𝐶(𝑡𝑒𝑠𝑡)

𝐼𝐶_𝑝𝑘 ,𝑟 𝑓𝑠𝑤𝑁𝑟

〈𝑣𝑤
2 〉𝑟

〈𝑣𝑤〉𝑟
2

]                  (7) 

                                   𝑃𝑑𝑖𝑜𝑑𝑒 ,𝑟 = 6 [
1

3
(1 − 𝑓𝑚𝑜𝑑) 𝑉𝐹𝐼𝐶_𝑅𝑀𝑆 ,𝑟 𝑁𝑟

〈𝑣𝑤
2 〉𝑟

〈𝑣𝑤〉𝑟
2

] + 6𝑉𝐹𝑇𝑐𝑜𝑚𝑚𝑓𝑒𝑙𝑒𝐼𝐹_𝐴𝑉𝐺 ,𝑟𝑁𝑟

〈𝑣𝑤
2 〉𝑟

〈𝑣𝑤〉𝑟
2

           (8) 

                                         𝐼𝐶_𝑅𝑀𝑆 = 𝐼𝑅𝑀𝑆       ,     𝐼𝐶_𝑝𝑘 = 𝐼𝑅𝑀𝑆 + 10%𝐼𝑅𝑀𝑆        ,      𝐼𝐹_𝐴𝑉𝐺 =   𝐼𝐶_𝑝𝑘 2                             (9)⁄  
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Fig. 4.  Power flow in the wind energy conversion system 

with 𝑓𝑚𝑜𝑑 the modulation factor, 𝑉𝐶𝐸 the collector-emitter voltage of the insulated gate bipolar transistor (IGBT) 

(V), 𝑉𝐶𝐸0 is the ON-state, zero current collector-emitter voltage (V) which can be obtained from the manufacturer 

datasheet, 𝐼𝑛_𝐼𝐺𝐵𝑇  represents the nominal current of the transistors, 𝐼𝐶_𝑅𝑀𝑆 is the current during the 120◦ switch 

conduction period, 𝐸𝑂𝑁 and 𝐸𝑂𝐹𝐹  denote the turn-on and turn-off switching losses (J) of the transistors, 𝑉𝐶𝐶(𝑡𝑒𝑠𝑡) 

and 𝐼𝐶𝐶(𝑡𝑒𝑠𝑡) describe the test voltage (V) and current (A), 𝐼𝐶_𝑝𝑘 is calculated for a 110% overload of the generator 

winding current, 𝑓𝑠𝑤  is the switching frequency (Hz), 𝑉𝐹 the forward ON voltage in the diodes (V), 𝑇𝑐𝑜𝑚𝑚 and 

𝑓𝑒𝑙𝑒  express the phase commutation time (s) and the fundamental frequency of the machine (Hz), respectively and 

finally 𝐼𝐹_𝐴𝑉𝐺 is the average forward current of the diode during phase commutation. 

3. Optimization problem description 

3.1 Mono-objective function 

The objective function proposed for resolution is represented by the minimization of the overall power losses 

(𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠) in the system, based on the power flow presented in Fig. 4, during one year wind speed cycle operation, 

which indirectly implies the maximization of the output useful power. Other possible objectives could be the 

manufacturing cost, the reliability of the system, the lifetime expectancy, etc. but the amount of renewable energy 

provided by the wind turbine is preferred as it is correlated with major environmental concerns such as energy 

depletion and climate change.  

     𝑂𝑃1 = 𝑚𝑖𝑛(𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠) = 𝑚𝑖𝑛(𝑃𝑚𝑒𝑐ℎ_𝑡 + 𝑃𝑗_𝑡 + 𝑃𝐹𝑒_𝑡 + 𝑃𝑐𝑜𝑛𝑣_𝑡)                                          (10) 

3.2 Design variables and constraints 

The continuous (c) and discrete (d) type variables of the wind energy system considered to be optimized are 

presented in Table 1, along with their associated variation domain. The performance operating points of the wind 

turbine, i.e. the cut-in, rated and cut-off wind speeds are also set as variables to be optimized in order to provide 

the optimal turbine power curve and consequently the nominal power of the generator. As they strongly influence 

the length of the wind profile to be considered in the calculation of the wind energy system power losses and due 

to the nature of the employed optimization algorithm, their range of definition is slightly narrowed so that the 

turbine to start its operation at a cut-in wind speed less than the average wind of the profile. The cut-off wind speed 

is chosen to prevent the forces acting on the turbine structure at high wind speeds to damage the rotor. Depending 

on the design cost of the wind turbine a lower value can be set for this parameter, however for this study its 

proposed definition domain was favored to assess the large amount of data within the wind speed profile. 

The many design variables to be optimized may lead to non-feasible configurations as results of the optimization 

process. To resolve this difficulty several constraints were imposed on the: 

 Useful (output) power at cut-in wind speed: 

       𝑃𝑜𝑢𝑡_𝑣𝑖𝑛
> 0 [W]                                                                                 (11) 

 Generator inner diameter: 

  𝐷𝑖𝑛𝑡 ≥ 80 [mm]                                                                                  (12) 

 Permanent magnet thickness: 

  ℎ𝑝𝑚 ≤ 6 [mm]                                                                                    (13) 

 Maximum temperature of the copper windings: 

 𝑇𝐶𝑢,𝑟 ≤ 130 [℃]                                                                                  (14) 

Table 1. Wind turbine system design variables 
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Variable Notation Type Definition domain 

Cut-in wind speed [m/s] 𝑣𝑖𝑛 c [1÷4] 

Nominal wind speed [m/s] 𝑣𝑛 c [4÷20] 

Cut-off wind speed [m/s] 𝑣𝑚𝑎𝑥 c [20÷27] 

Number of pole pairs 𝑁𝑝 d {2,…,20} 

Stator bore diameter [mm] 𝐷𝑠 c [100÷500] 

Magnetic length [mm] 𝐿𝑚 c [50÷500] 

Air gap thickness [mm] 𝑔 c [0.5÷5] 

Ratio length rotor/stator 𝑟𝑟𝑠 c [1÷1.2] 

Peak magnetic induction in the airgap [T] 𝐵̂𝑔 c [0.5÷1] 

Peak magnetic induction in the rotor yoke [T] 𝐵̂𝑟𝑦 c [0.6÷1.6] 

Peak magnetic induction in the stator yoke [T] 𝐵̂𝑠𝑦 c [0.6÷1.6] 

Peak magnetic induction in the stator teeth [T] 𝐵̂𝑡ℎ c [0.6÷1.8] 

Current density [A/mm2] 𝛿𝑑𝑒𝑛𝑠 c [0.5÷8] 

Ratio DC voltage/EMF 𝑘𝑣 c [0.5÷10] 

Commutation frequency [kHz] 𝑓𝑠𝑤 c [1÷30] 

DC bus voltage [V] 𝑉𝑑𝑐 c [48÷300] 

Table 2. Genetic algorithm control parameters 

Population size   500 

Number of generations 100*number of design variables 

Crossover Probability 0.8 

Mutation Rate 1/ number of design variables 

 

 Maximum current in the phase windings to avoid magnets demagnetization: 

 𝐼𝑅𝑀𝑆,𝑟 ≤ 𝐼𝑑𝑒𝑚𝑎𝑔 3⁄                                                                               (15) 

 Rising time of the phase current: 

  𝑡𝑖𝑚𝑒_𝐼𝑅𝑀𝑆,𝑟 ≤
1

30 𝑓𝑒𝑙𝑒

 [s]                                                                      (16) 

 Relative hysteresis band-width of stator current: 

 
∆𝑖𝑟

𝐼𝑅𝑀𝑆,𝑟

≤ 0.1                                                                                              (17) 

 Generator total mass: 

 𝑀𝑔𝑒𝑛_𝑡 ≤ 20 [kg]                                                                                   (18) 

 Generator efficiency over the long-term wind cycle, obtained as the ratio between the total output power 

(∑ 〈𝑃𝑜𝑢𝑡_𝑔𝑒𝑛〉𝑖
𝑁
𝑖=1 ) of the generator and the total input power given by the wind turbine (∑ 〈𝑃𝑖𝑛_𝑤𝑡〉𝑖

𝑁
𝑖=1 ), with 

𝑁 being the number of wind speeds within the considered wind profile: 

  𝜂𝑔𝑒𝑛_𝑐𝑦𝑐𝑙𝑒 ≥ 0.9                                                                                      (19) 

Equations (14)-(17) are set of constraints that apply to all regions. 

The above problem formulation becomes a constrained mono-objective optimization that is solved by using a 

stochastic method, in particular the genetic algorithm (GA) [10] from the MATLAB® environment to find the 

geometrical and electrical parameters that satisfy the problem constraints while performing the minimization of 

the power losses of the wind energy system over one year wind speed profile. The considered control parameters 

of the genetic algorithm are those listed in Table 2.  

4. Optimization methodology and results 

4.1 Single-level optimization approach 

The first attempt is to perform the optimization upon the analytical simulation model based on few initial data and 

specifications, so that a first design that respects all the constraints could be generated. The workflow of the global 

design optimization process for the single level approach is depicted in Fig. 5.  

After 11 minutes and 526,001 model evaluations, the optimization upon the analytical model is finished and the 

optimum design variables are further used for verifying the obtained results by evaluating with them the semi-

analytical model over complete wind cycle operation and also the semi-analytical model associated to the  
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Fig. 5.   Semi-analytical simulation model implementation in Matlab/Simulink environment 

 

Fig. 6.  Relative error between the analytical and semi-analytical models 

Table 3. Analytical and semi-analytical models comparison 

 
Analytic  

with complete cycle 

Semi-analytic with 

barycenter method 

Semi-analytic with 

complete cycle 

No. of operating points     8,759 6 8,759 

Simulation time < 1 [s] ≈ 16 [s] ≈ 2 [h] 

 

barycenter method. It is to be noted that the simulations of the semi-analytical model account for electrical 

dynamics, as they analyze the generator behavior during one electrical period (0 ≤ t ≤ T), but for mechanical 

steady-state, since only one wind speed value (i.e. the average wind speed over one hour wind speed measurements 

for the complete cycle and the wind speed value corresponding to the barycenter of one region for the barycenter 

method, respectively) is set as input for each simulation. 

Previous work [6] established that just six regions are enough to partition the wind cycle and approximate, with 

an acceptable relative error, the total power losses in the wind energy system, as also noticeable in Fig. 6. The 

relative errors between the (i) analytical (𝐴𝑁𝑐𝑦𝑐𝑙𝑒) model with complete cycle (red) and (ii) the semi-analytical 

(𝑆𝐴𝑏𝑎𝑟𝑦) model with barycenter method (blue), for several quantities, are provided. A comparison in terms of 

computation time and operating points is also given in Table 3.  

4.2 Two-level optimization approach 

For a refining of the optimization results with analytical model, a correction strategy that uses evaluations of the 

semi-analytical model associated to the barycenter method is proposed and implemented in the two level 

optimization approach, as presented in Fig. 7. As seen in the previous section, some differences arise between the 

output parameters of the analytical and semi-analytical models under complete cycle operation. 
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Fig. 7.  Correction process of the analytical model by means of output space mapping 

 

Fig. 8.  Convergence history for the a) total global losses in the wind turbine system, b) system efficiency, c) total output 

power over the wind cycle and d) maximum base current 

This issue is fixed by building a surrogate model that includes the analytical model and a correction on its outputs. 

The optimization process is started again until the discrepancy between the surrogate (SU) model and the semi-

analytical model with barycenter method is small enough. The correction is based on output space-mapping 

technique [11]. 

The stop criterion of the correction loop (Fig. 7) is: 

100
|𝑃𝑙𝑜𝑠𝑠_𝑡𝑜𝑡𝑎𝑙_𝑆𝐴𝑏𝑎𝑟𝑦

𝑘 − 𝑃𝑙𝑜𝑠𝑠_𝑡𝑜𝑡𝑎𝑙_𝑆𝑈
𝑘 |

|𝑃𝑙𝑜𝑠𝑠_𝑡𝑜𝑡𝑎𝑙_𝑆𝐴𝑏𝑎𝑟𝑦

𝑘 |
 <  0.1%                                                           (20) 

where the indexes 𝑆𝐴𝑏𝑎𝑟𝑦 and SU correspond to the semi-analytical model associated to the barycenter method 

and surrogate model, respectively, while k denotes the iteration. The convergence history for some particular 

output variables are displayed in Fig. 8. The optimal results found at the 6th iteration were then used to compare 

the electromagnetic behavior of the BLDCPM generator with the semi-analytical model and finite element (FE) 

method. The cross-sectional model of the machine was thus created and subjected to transient magnetic field 

analysis by means of JMAG Designer software [12]. 
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Fig. 9.  Magnetic flux-line distribution and flux density representation in FE (a) and comparative FE-computed and semi-

analytically-modeled back-EMF waveforms of the optimal BLDCPM generator (b) 

  

Fig. 10.  FE and semi-analytically computed phase current and electromagnetic torque waveforms of the optimal BLDCPM 

generator 

In Fig. 9 the magnetic flux density in the generator is shown, along with a comparison between the back-EMF 

waveforms, obtained through FE simulation under open-stator circuit (no-load) conditions and the ideal ones given 

by the semi-analytical model.  

To visualize also the electromagnetic torque response of the generator and the stator-winding phase currents for 

the base operating point, a 2D FE time-stepping analysis was carried out, the obtained waveforms being displayed 

in Fig. 10 and compared to the ones given by the semi-analytical model. A dissimilarity can be noticed between 

the electromagnetic torque waveforms of the two models, as well as a relative error of 6% among their average 

values. This may be justified by the fact that neither the cogging torque (resulting from the interaction of the 

magnets with the slotted stator), nor the magnetic saturation have been considered in the semi-analytical model. 

5. Conclusions 

In this paper the optimal design of a direct-driven BLDCPM generator for use in micro-wind turbine applications 

has been investigated. The design optimization process is based on two simulation models, one more accurate and 

the other faster but not so precise and relies on the use of an evolutionary optimization algorithm to find the 

geometrical and electrical parameters that satisfy the problem constraints while performing the minimization of 

the power losses of the wind energy system over a long-term wind speed profile. For refined results, an adjustment 

of the analytical model based on output space-mapping has been implemented by comparison to the semi-analytical 

one associated to a barycenter method that allows easy exploitation of large amount of data available from the 

wind cycle. Comparative analysis have also been carried out through semi-analytical model and FE simulations 

for the optimal design of the BLDCPM generator found at the last iteration in the two level optimization approach. 
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6. Appendix 

6.1 Wind Energy System Parameters 

The optimal design parameters (in bold) of the wind energy system found at the last iteration in the two level 

approach are listed below in Table 4, along with several other parameters considered fixed during the optimization 

process: 

Table 4.  Wind turbine system parameters 

System component Parameter Value 

Wind Turbine Radius of the turbine-rotor blades Rwt = 1.5 [m] 
Friction coefficient fwt = 0.025 [Nm/rad] 
Optimal power coefficient Cp_opt = 0.441 

Optimal tip speed ratio λopt = 6.9 

Cut-in wind speed 𝐯𝐢𝐧 = 𝟐. 𝟗 [𝐦/𝐬] 
Nominal wind speed 𝐯𝐧 =  𝟗. 𝟕𝟕 [𝐦/𝐬] 
Cut-off wind speed 𝐯𝐦𝐚𝐱 = 𝟐𝟏. 𝟑𝟑 [𝐦/𝐬] 

BLDCPM generator Number of pole pairs 𝐍𝐩 =  𝟏𝟎 

Stator bore diameter 𝐃𝐬 = 𝟐𝟏𝟔[𝐦𝐦] 
Magnetic length  𝐋𝐦 = 𝟕𝟔[𝐦𝐦] 
Air gap thickness  𝐠 = 𝟏. 𝟏 [𝐦𝐦] 
Ratio length rotor/stator 𝐫𝐫𝐬 = 𝟏. 𝟏𝟐𝟖 

Width of the main stator tooth  lth = 12.47 [mm] 

Depth of the main stator tooth hth = 17.4 [mm]  

Total number of conductors n = 441 

Thickness of the main stator pole shoe hc = 2.83 [mm] 
Width of the intermediate stator tooth 𝑙𝑡ℎ_𝑖𝑛𝑡 = 2.5 [𝑚𝑚] 

Thickness of the intermediate stator pole shoe hc_int = 2.88 [mm] 

Thickness of the permanent magnet hpm = 3[mm] 

Thickness of the stator yoke hsy = 8.77 [mm] 

Thickness of the rotor yoke hry = 7.8 [mm] 

Inner diameter Dint =  155[mm] 
Outer diameter Dext =  240[mm] 

Peak magnetic induction in the airgap  𝐁̂𝐠 = 𝟎. 𝟔𝟑 [𝐓] 

Peak magnetic induction in the rotor yoke  𝐁̂𝐫𝐲 = 𝟏. 𝟓𝟐 [𝐓] 

Peak magnetic induction in the stator yoke 𝐁̂𝐬𝐲 = 𝟏. 𝟐𝟐 [𝐓] 

Peak magnetic induction in the stator teeth  𝐁̂𝐭𝐡 = 𝟏. 𝟕𝟏 [𝐓] 
Ratio DC voltage/EMF 𝐤𝐯 = 𝟐. 𝟓𝟓 

Current density  𝛅𝐝𝐞𝐧𝐬 = 𝟑. 𝟒𝟐 [𝐀/𝐦𝐦𝟐] 
Phase resistance Rph =  0.14[ohm] 

Phase inductance Lph = 3.7 [mH] 

Base power Pb = 1734 [W] 
Base speed Ωb = 45 [rad/s] 

Generator total mass Mgen_t = 14.7 [kg] 

Three-phase rectifier 
Commutation frequency  𝐟𝐬𝐰 =  𝟐𝟓. 𝟖[𝐤𝐇𝐳] 
DC bus voltage  𝐕𝐝𝐜 = 𝟐𝟔𝟑 [𝐕] 
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