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In this paper, a new method based on the evolutionary algorithms is proposed for optimal 

design of a slotless permanent magnet brushless DC (BLDC) motor with surface mounted 

magnets. BLDC motor is the ideal choice for applications that require high reliability, high 

efficiency, and high power-to-volume ratio. These motors are widely used in sensitive 

applications such as medical instruments, space crafts and submarines. In these applications 

having high efficiency, minimum volume and cost are very important. So, in this paper, the 

objective function of design is presented considering efficiency, volume and cost, 

simultaneously. The modified social spider algorithm (MSSA) is one of the newest 

evolutionary algorithms whose capabilities have been proved in solving complicated 

optimization problems. The MSSO algorithm must find the optimal value of geometric 

parameter of motor including number of pole pairs, cross sectional area of wire, pole–arc 

per pole–pitch ratio, magnet thickness, stator/rotor core thickness, winding thickness, 

mechanical air gap, rotor radius, current density, wire gauge and stator/rotor axial length to 

minimize the power losses, volume and cost. The simulation results show that the proposed 

method has excellent performance in slotless permanent magnet BLDC design. 

1. Introduction 

BLDC motors are coming of age due to continuous 

improvement in high energy permanent magnet materials, 

power semiconductor and digital integrated circuits. In any 

application requiring an electric motor where the space and 

weight are at a premium, the BLDC motors becomes the 

ideal choice. A BLDC motor has high power to mass ratio, 

good dissipation characteristics and high speed capabilities. 

Limitations of brushed DC motors overcome by BLDC 

motors include lower efficiency, susceptibility of the 

commutator assembly to mechanical wear, consequent need 

for servicing, less ruggedness and requirement for more 

expensive control electronics. Due to their favorable 

electrical and mechanical properties, BLDC motors are 

widely used in servo applications such as automotive, 

aerospace, medical field, instrumentation areas, 

electromechanical actuation systems and industrial 

automation requirements [1-4]. 

Considering the application filed of BLDC motor, it is 

very important that this type of motor has maximum 

efficiency or minimum power loss, minimum volume and 

minimum cost. The optimal design of BLDC motor is a 
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nonlinear and complicated optimization problem with 

numerous variables and limitations. Furthermore, it is a non-

differential problem, so classical methods that use gradient 

information could not be used. During the recent years, 

various evolutionary algorithms such as genetic algorithm 

(GA) inspired by the Darwinian law of survival of the fittest, 

particle swarm optimization (PSO) inspired by the social 

behavior of bird flocking or fish schooling, bee’s algorithm 

(BA) inspired by the foraging behavior of bee’s, and 

Biogeography-Based Optimization (BBO) inspired by the 

migration behavior of island species have been presented for 

solving the nonlinear-non-differential optimization problem.  

In recent years, several researchers have used 

evolutionary algorithms in optimal design of electrical 

machines [5-11]. Upadhyay and Rajagopal [5] have 

proposed a GA-based optimal design of a permanent magnet 

BLDC motor considering efficiency as the objective function 

and motor weight and temperature rise as the constraints [5]. 

Rahideh et al. [6] have used genetic algorithm for the optimal 

design of BLDC motor considering power loss, volume and 

cost. Cvetkovski et al. [7] have proposed a new method to 

single phase permanent magnet brushless DC motor optimal 

design by using a genetic algorithm. The objective function 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwiSiM3foJ_UAhWOalAKHZBpCvUQFggjMAA&url=http%3A%2F%2Fwww.statisticshowto.com%2Fnon-differential-misclassification%2F&usg=AFQjCNELbQYStwR9aWPtVcmIha0hNf2L1g&sig2=-iUyBOJmJDKQ5BzvDaOQng
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwiSiM3foJ_UAhWOalAKHZBpCvUQFggjMAA&url=http%3A%2F%2Fwww.statisticshowto.com%2Fnon-differential-misclassification%2F&usg=AFQjCNELbQYStwR9aWPtVcmIha0hNf2L1g&sig2=-iUyBOJmJDKQ5BzvDaOQng
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of the optimization search is selected to be the efficiency of 

the motor and the design process is defined as a 

maximization problem. Based on the values of some specific 

motor parameters, a comparative analysis of the improved 

motor and the initial motor design is performed. As an 

addition to the comparative analysis, a Finite Element 

Method modeling and analysis of both models is also 

performed. Rao and Othman [8] have investigated the 

application of GA and simulated annealing techniques for 

optimal design and analysis of a brushless DC motor is 

investigated.  

Umadevi et al. [9] have depicted an enhanced particle 

swarm optimization (PSO) algorithm for the design of 

BLDC motor. The algorithm is applied to shape optimization 

of a 120W BLDC motor using a multi objective optimization 

problem. The objectives have been the maximization of 

average torque and minimization of cogging torque in the 

BLDC motor, magnet length, air gap and stator slot opening 

are considered as the design variables. The results obtained 

using the PSO algorithm have indicated that it is capable of 

giving better design solutions when compared and 

investigated with those obtained from GA and finite element 

analysis. Fang et al. [10] have used an improved magnetic 

equivalent circuit (MEC) to calculate the nonlinear magnetic 

field in an interior-type permanent-magnet (IPM) BLDC 

motor. The PSO algorithm is then employed to refine the 

design for optimal structural parameters that result in the 

lowest cost and highest performance [10]. Shabanian  et al. 

[11] have applied BA for the optimal design of BLDC motor 

and the performance of proposed method is compared with 

other algorithms such as bat algorithm [11]. 

It is well known that both exploration and exploitation 

are necessary for the population-based optimization 

algorithms, such as GA, PSO, and so on. In these 

optimization algorithms, the exploration refers to the ability 

of investigating various unknown regions in the solution 

space to discover the global optimum. While, the 

exploitation refers to the ability of applying the knowledge 

of the previous good solutions to find the better solutions 

[12]. In practice, the exploration and exploitation contradict 

with each other, and in order to achieve good optimization 

performance, the two abilities should be well balanced. The 

results presented in [13, 14] show that the SSA is capable of 

providing superior results compared to many previously 

proposed metaheuristic techniques. 

MSSA is one of the most powerful optimization 

algorithms having the exploration and exploitation 

capabilities simultaneously [15]. So, in this paper, we 

proposed the application of MSSA for the optimal design of 

slotless permanent magnet BLDC motor. The rest of paper is 

organized as follow. The second section briefly describe the 

optimization algorithm and introduce the proposed method. 

Section three present some simulation results and finally 

section four concludes the paper. 

2. Proposed Method  

In this paper, a new method for the optimal design of a 

slotless permanent magnet BLDC motor with surface 

mounted magnets using SSO has been presented considering 

torque, power, maximum speed, voltage, losses and cost. The 

proposed objective function is formed by a set of geometrical 

variables such as, number of pole pairs (p), cross sectional 

area of the winding (Ac), pole–arc per pole–pitch ratio (β), 

magnet thickness (lm), stator/rotor core thickness (ly), 

winding thickness (lw), mechanical air gap (lg), rotor radius 

(rr), current density (Jcu), wire gauge and stator/rotor axial 

length (ls), which is usually represented by the machine form 

factor (λ). More details regarding the BLDC motor 

geometrical variables can be found in Rahideh et al. [6].  

The SSA algorithm is based on the simulation of 

cooperative behavior of social-spiders. In the SSO algorithm, 

individuals emulate a group of spiders which interact to each 

other based on the biological laws of the cooperative colony. 

The algorithm considers two different search agents 

(spiders): males and females. Depending on gender, each 

individual is conducted by a set of different evolutionary 

operators which mimic different cooperative behaviors that 

are typically found in the colony. The MSSA is the same as 

the original SSA except that the binary mask based random 

walk used to generate new solutions for the next iteration has 

been replaced with the new mutation process, after which a 

selection process is applied. More details about MSSA 

algorithm can be found in [15].  

An objective function has been proposed covering the 

power losses, material cost and volume of the motor 

simultaneously, besides the mechanical and electrical 

requirements. In addition to these criteria, other objectives 

may be considered such as cogging torque minimization, 

vibration reduction, magnetic flux leakage and leakage 

inductance minimization. Generally, inclusion some of these 

criteria in the formulas is not convenient and a structural 

modification to the motor is required. For instance, cogging 

torque is almost eliminated in the slotless configuration 

against slotted structure of BLDC motors. Also, an 

increment in the accuracy of fabrication procedure reduces 

the vibration. Therefore, the most important and common 

criteria are loss, cost and mass which are considered in the 

present work. 

The main stage in the optimization of BLDC motor 

design is choosing objective function and setting constraints. 

First, the optimization variables, i.e. those motor parameters 

that needed to be optimally found, should be represented as 

a vector as 

𝑆𝑝𝑖𝑑𝑒𝑟 = [𝑃  𝛽  𝑙𝑚   𝑙𝑦   𝑙𝑤   𝑙𝑔  𝑟𝑟   𝜆  𝐴𝑐  𝐽𝑐𝑢]                       (1) 

The form of a proper objective function depends on the 

application and the required quantity of the motor. In this 

study the objective function consists of losses, cost and 

volume (mass) all of which should be minimized 

simultaneously. Three weighting factors are considered in 

order to bring all the objectives in a comparable scale and to 

control the importance of each individual objective. 

Therefore the objective function is written as 

𝑓𝑜(𝑥) = 𝜔𝑉𝑉𝑡(𝑥) + 𝜔𝑃𝑃𝑡𝑜𝑡𝑎𝑙(𝑥) + 𝜔𝐶𝐶(𝑥)                    (2) 

where, 𝜔𝑃 , 𝜔𝑉 and 𝜔𝑃 are weighting factors, 𝑉𝑡 is the volume 

of motor, 𝑃𝑡𝑜𝑡𝑎𝑙  is the total power loss of motor and 𝐶 is the 

total cost of the materials used in the motor design. 

The electrical requirement is the level of voltage source 

for the motor, 𝑉∗. This constraint is satisfied by a proper 

choice of the wire gauge for the BLDC motor windings.  

Besides, the mechanical specifications can be represented 

by a set of inequality constraints, such as 

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Kondapalli%20Siva%20Rama%20Rao.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Kondapalli%20Siva%20Rama%20Rao.QT.&newsearch=true
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𝑇𝑒𝑚 > 𝑇𝑒𝑚
∗                                                                                 (3) 

𝜔𝑟
𝑚𝑎𝑥 ≥ 𝜔𝑟

∗                                                                               (4) 

where, 𝑇𝑒𝑚
∗ , 𝜔𝑟

∗ and 𝜔𝑟
𝑚𝑎𝑥  are required torque, required 

rotational speed, and the maximum speed at the required 

torque, respectively. 

4. Simulation Results  

4.1. Motor Constant 

In this section, we evaluate the performance of proposed 

method. The computational experiments for this section 

were done on Intel core i7 Duo with 16 GB RAM using 

ASUS computer. The computer program was performed on 

MATLAB (version 8.5.0.197613 [R2015a], Massachusetts, 

USA) environment. To solve the optimization problem, one 

needs to initialize the constant parameters of the motor and 

the optimization technique parameters (see Table 1).  

Table 1. Motor constants [6] 

𝑘𝑓 0.7 𝜔𝑃 0.02 

𝑘𝑐  0.666 𝜔𝑉  666 

𝑘𝑠 0.95 𝜔𝐶  0.0125 

𝑘𝑟 1 𝜌𝑚(𝑘𝑔 𝑚−3) 7400 

𝛿 5 𝜌𝑤(𝑘𝑔 𝑚−3) 8900 

𝐵𝑟(𝑇) 1 𝜌𝑦(𝑘𝑔 𝑚−3) 7700 

𝐵𝑠𝑦
𝑘𝑛𝑒𝑒(𝑇) 1.5 𝑇𝑒𝑚

∗ (𝑁𝑚) 10 

ρ(Ωm) 1.8 × 10−8 𝜔𝑟
∗(𝑟𝑎𝑑 𝑠−1) 157 

𝑉∗(𝑣) 140 𝛾 1 

𝑛 1.92𝑎 ĸ(𝐴2𝑚−3) 1011 

4.2. Performance of the proposed method 

In this section the performance of proposed method is 

investigated. In each optimization algorithm, control 

parameters have important role on its performance. In MSSA 

algorithm, parameters such as number of spiders, number of 

male spiders, number of female spiders etc. must be 

determined carefully. The parameters of MSSA are listed in 

Table 2.  This values are selected after extensive simulation 

and based on the best answer.  
 

Table 2. MSSA parameters 
 

Parameter Value 

Spider number (N) 70 

𝑁𝑓 55 

𝑁𝑚 15 

𝛼0 2.5 

𝛽0 2 

𝛿0 3 

Max iteration 100 

The obtained optimum values after optimization are 

listed in Table 3. Other characteristics of the motor are listed 

in Table 4, where 𝑃𝑜𝑢𝑡  is the output power of the motor. 

 

Table 3. Optimum value of the motor geometric 

parameters 

Parameters Optimal value 

𝑃 5 

𝛽 0.6926 

𝑙𝑚 0.0121 

𝑙𝑦 0.0082 

𝑙𝑤 0.0033 

𝑙𝑔 0.0010 

𝑟𝑟 0.0592 

1 𝜆⁄  𝑜𝑟 𝑙𝑠 0.073 

𝐴𝑐 1.9954 

𝐽𝑐𝑢 5.8132 × 106 

 

Table 4. Characteristics of the optimized motor using SSO 

𝑉𝑡 0.0011 

C 65.64 

𝑃𝑡𝑜𝑡𝑎𝑙  51.052 

𝑃𝑐𝑢 42.1821 

𝑃ℎ 4.4114 

𝑃𝑒 2.4500 

𝑃𝑏 2.1195 

𝑃𝑤 0.0782 

𝜔𝑉𝑉𝑡 0.789 

𝜔𝐶𝐶 0.8205 

𝜔𝑃𝑃𝑡𝑜𝑡𝑎𝑙  1.0233 

𝜔𝑉𝑉𝑡 + 𝜔𝑃𝑃𝑡𝑜𝑡𝑎𝑙 + 𝜔𝐶𝐶 2.6211 

Efficiency 96.67 

standard ±0.01 
V (Volt) 130.34 

I (Ampere) 11.6115 

Input power 1513 

Output power 1463 

 
The convergence of MSSA is shown in Figure 1. Also, 

the variation of each optimization parameter during MSSA 

run is shown in Figures 2 and 3. It can be observed that after 

47 iterations, all the parameters are stables and reach to their 

optimum value. Therefore, it is shown that the MSSA has a 

excellent speed for convergence. In Figure 4, the 

performance of MSSA is shown in different runs. It can be 

seen that MSSA has robust performance in different runs.  
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Figure 1. Convergence of MSSA 

 

 

 

 
Figure 2. Convergence of 1st,2nd, 3rd and 4th geometric parameter during optimization 
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Figure 3. Convergence of 5th, 6th, 7th, 8th, 9th and 10th geometric parameter during optimization 

 

 

 

 
 

Figure 4. The performance of MSSA in different runs 
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4.3. Comparison with Other Methods 

In order to compare the performance of MSSA with 

another nature inspired algorithms, we have used SSA, 

genetic algorithm (GA) [6], chaotic bat algorithm (CBA) 

[11] and bees algorithm [11] to evolve the proposed method. 

The SSA, GA, CBA and BA results have been shown in 

Table 5. In this table, the value of fitness function, standard 

deviation nad the needed iteration to obtain the optimal value 

are listed. The standard deviation is calculated for 50 

different runs. According to results in Table 5, the best 

performance obtained by MSSA-BLDC is 2.6211. It can be 

seen that the success rates of MSSA is higher than the 

performance of other methods. 

 
Table 5. Performance of different method for BLDC motor 

design 

Method 𝑓𝑜 Standard deviation Needed 

iteration 

SSA 2.6902 ±0.04 128 

GA 2.773 ±0.1 250 

CBA 2.6942 ±0.07 179 

BA 2.6345 ±0.03 90 

MSSA 2.6211 ±0.01 47 

5. Conclusion 

In this paper, a new technique for the design optimization 

of slotless BLDC motors with surface magnet structure has 

been presented considering torque, maximum speed, voltage, 

losses and cost. An objective function has been proposed 

covering the power losses, material cost and volume of the 

motor besides the mechanical and electrical requirements. 

This method is based on capability of nature based 

optimization algorithms in finding the optimal solution. For 

this purpose we have considered MSSA, SSA, GA, CBA and 

BA. Unlike the other nature based optimization algorithms, 

the MSSA has no complicated evolutionary operators such 

as crossover, roulette wheel and mutation. After the design 

optimization of a given slotless BLDC motor using 

optimization algorithms, some conclusions can be drawn. 

As well known, both exploration and exploitation are 

necessary for the population-based optimization algorithms. 

In practice, the exploration and exploitation contradict with 

each other, and in order to achieve good optimization 

performance, the two abilities should be well balanced.  The 

superior performance of the SSO is due to its ability to 

simultaneously refine a local search, while still searching 

globally. It can do this because of the information exchange 

between the top eggs and the exploration globally due to the 

abandoning of nests and search via Immigration. Second, 

simulation results illustrate that MSSA have a little 

dependency on variation of the parameters. Third concerning 

the computational efforts, MSSA was very fast, requiring a 

few seconds to find the optimum. The results have been 

analyzed and showed the efficacy of the proposed technique 

for design of electrical machineries. 
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