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Abstract:



A general pattern, which can include different types of permanent magnet (PM) arrangement in PM synchronous motors (PMSMs) is presented. By varying the geometric parameters of the general pattern, the template can automatically produce different types of PM arrangement in the rotor. By choosing the best arrangement of PMs using optimization method, one can obtain a better performance and lower manufacturing cost. Six of the most widely used conventional types of rotor structures can be obtained through the parameter variation of the general pattern. These types include five embedded PM types and a traditional surface-mounted PM type. The proposed approach combines optimization method embedded with finite element method (FEM) for solving the multi-objective optimization for the PM structures. To save computing load, this paper employs a strategy of sub-group optimization, which is on account of the impact levels of the design parameters on the objective functions, and a parallel computation, which is a valid method to shorten the computing time. As an application example, a PMSM is optimally designed. Its simulation results and prototype experiments are provided to showcase the effectiveness of the proposed method.
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1. Introduction


Non-renewable energy resources have been severely consumed with the atmospheric contamination and greenhouse effect [1]. Energy saving in general has become an essential problem for mankind today. An alternative solution is to replace traditional induction motors with high-efficiency permanent magnet (PM) motors. Due to a drastic reduction in price of PMs in recent years, wide applications of PM motors, which are gaining ground, have become possible [2]. Rare earth PMs have many advantages, such as: strong shape plasticity, high utilization rate of raw materials, and, easy mass production [3]. PMs have exceedingly helpful applications in developing household and industrial electric motors.



PM synchronous motor (PMSM) is a kind of typical electric motors with high efficiency [4,5]. Its excitation of magnetic field is from PMs rather than electric current. It has no excitation loss, which can greatly reduce copper loss of the machine, and then enhance the power efficiency and power factor [6]. Because of a series of advantages, the analysis and design of PMSMs have become hot topics in motor industry [7].



The conventional design method of PM machines is based on designer’s experience. To design a synchronous motor with excellent performance and economic cost, it is necessary to do optimal design of the structures of the PMs in the motor. Emerging from the development so far, the PMSM has a variety of different types of rotor PM structures. Overall, the basic three prominent PM arrangements of rotor structures are surface mounted magnets, radially magnetized magnets (embedded type), and circumferentially magnetized magnets (spoke type) [8,9,10,11]. Examples of surface mounted type and embedded type, which are involved in this article, are shown in Figure 1.


Figure 1. Permanent magnet synchronous motors (PMSM) rotor structures. (a) Embedded type; (b) Surfaced-mounted type.
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The performance of the PMSMs can be elevated by employing rare earth magnets [1,12,13]. In order to guarantee the designs of these machines in the best possible manner, many researches have been done in order to optimize the sizes of PMs [12,14]. From the early classical research works on single-phase PMSMs, to the extended works, wide detailed facets of the performances of this class of machines are covered, for example, torque behavior, power efficiency, and so on [13]. An approach to improve interior PM (IPM) synchronous motors was proposed in [15]. A technique of optimization of magnet shape of surface-mounted motor was carried out in [16]. In [17], finite-element method (FEM) was applied to analyze a PMSM with a slotted solid rotor, and an increment of electromagnetic torque was claimed.



For decades, the optimization methods have been applied to the design of induction machines. When more than one objective function is optimized simultaneously, the problem presents a set of solutions, which are referred to as Pareto Front [18]. It includes the solutions representing the best compromise satisfying all of the objectives. From the Pareto Front, the optimal solution of the optimization problem can be chosen by the designer’s balanced consideration on overall performance.



A multi-objective evolutionary algorithm for optimizing an IPM motor was brought out in Reference [19]. Then, some researchers developed the multi-objective optimization method further [20,21]. Methodology based on reluctance networks and multi-objective multi-level optimization by means of Non Dominated Sorting Genetic Algorithm II (NSGA-II) was presented in [22].



To achieve high efficiency, high torque, and other requirements, the state-of-the-art technologies for new generation of PMSM with improved features are currently based on different materials, including soft magnetic laminations and rare-earth elements (REEs) [23], among which rare-earth neodymium magnets (NdFeB) is highlighted [24]. Recent researches have the interest in the discovery of rare-earth-free materials with excellent PM properties [25]. Other materials, for example, ferrite magnet, have been studied to replace the NdFeB [26]. In this paper, a general pattern of PMSM that is practical for the NdFeB, which is widely applied in industry will be presented.



Usually the arrangement of PMs in the motor is based on designer’s experience, or multiple attempts of simulation. However, it could be difficult to take the performance of the motor and the cost into consideration at the same time. On the other hand, multiple attempts can cause a heavy computing load. In order to realize the preceding aims, many researchers have done works of automatic optimization design. For example, Laskaris [27] optimized the shape of magnetics in a surface mounted PM motor.



In this paper, the novel general pattern of PM arrangement can produce many different types of rotor structures. The general pattern can produce at least six most commonly used types of PM arrangements, as shown in Figure 2, including five embedded types and a typical surface-mounted type. The proposed general pattern is applied to the PMSM design. By varing the design parameters of the PM, the type of the PM structures can be determined automatically, which is the main advantage of this proposed method. Based on the analysis of the impact of the design parameters to objective functions, a strategy of sub-group optimization is also proposed. Then, a multi-objective optimization (MOP) will be applied based on this model. The whole process aims to find an optimal structure of PMs for the rotor of the PMSM with an acceptable cost of PMs. Finally, simulation test and experiment results will be given in this paper.


Figure 2. Most commonly employed rotor types. (a) Concentrate type; (b) Radial type; (c) U type; (d) V type; (e) W type; (f) Surface mounted type.
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2. Basic Design of the PMSM


When the basic structure of the motor is settled, the designer needs to determine the geometry size of each part of the motor accordingly.



The inner diameter of the stator has a close relationship with electrical energy conversion ability. The larger the inner diameter of the stator is, the greater the energy conversion of equivalent volume is. However, if the inner diameter of the stator is too large, it will cause the reduction of stator space. When the outer stator diameter is fixed, the large inner diameter of the stator can make the stator yoke of thinning, and then the flux density in the yoke will be saturated easily. In this paper, the inner diameter of the stator is set as a main variable of the optimization.



In this paper, the motor as a typical example has 24 slots in the stator core. When designing the stator iron core, the main parameters are: the groove opening size, the width of tooth, and the thickness of the yoke. These are also set as variables of the optimization. With the proposed general pattern of PMSM, the structure of the rotor iron core can be designed by determining the parameters of the general pattern of PMs. These parameters should be able to make appropriate changes then lead to different shapes and the distribution of PMs.




3. General Pattern of the PMSM


The design aim of this paper is to elevate the torque per loss and control the comprehensive cost of the motor (including the cost of motor material, the cost of batch production process, etc.). Based on the proposed general pattern of PMs, one specific type, including one of the six possible types of rotor structures, can be determined automatically according to the values of the design parameters.



3.1. General Model of PMs


When considering that the shape of PM should be able to vary from a rectangular magnet pole of embedded PM to magnet tile pole of surface-mounted PM, the general shape of one piece of PM is presented as shown in Figure 3.


Figure 3. General pattern of one piece of permanent magnet (PM).
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The magnetic tile is edged up and down by two three-point arcs: [image: ] and [image: ]. The corresponding radius of arc [image: ] and [image: ] are, respectively, R1 and R2. B is the midpoint of [image: ] and E is the midpoint of [image: ]. The thickness at AD is h1 and the thickness at BE is h2. h1 and h2 are not necessarily equal.



Suppose kA is the slope of [image: ], and kB is the slope of [image: ]. kD is the slope of [image: ], and kE is the slope of [image: ].



If h1 = h2, then it is a magnet pole with constant thickness. When kA = kB, then the two arcs of the magnet pole model will be straight lines, and this means that this model should be a rectangle, as shown in Figure 4a. When kA ≠ kB, the shape of the magnet pole will be modified, as shown in Figure 4b. These two types of magnet pole are the most commonly used types in industry.


Figure 4. Possible shapes of magnet pole produced from the general pattern. (a) Straight PM with uniform thickness; (b) Bending PM with uniform thickness; (c) Straight PM with uneven thickness; (d) Bending PM with uneven thickness.
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If h1 ≠ h2, then the magnet pole will have unequal thickness. When kA ≠ kB, and kD = kE, then the model will be modified, as shown in Figure 4c. When kA ≠ kB, and kD ≠ kE, then the model will be modified, as shown in Figure 4d. When the shape of the magnet pole is confirmed, its tilt angle and the location of magnet pole can be controlled by the design parameters.



Based on the general pattern of the PMs, an innovative PMSM may be generated.




3.2. Basic Data of the PMSM


Basic dimensions of the motor include the length of the iron core, the diameter of air gap, the sizes of stator silicon steel sheet, the rotor silicon steel sheet, and axis parts. The basic geometry sizes are listed in Table 1.



Table 1. Basic geometrical size of the PMSM motor.







	
Type

	
Name

	
Value






	
Motor

	
Air gap

	
2.51 mm




	
Length of the iron core

	
90 mm




	
Rated voltage

	
220 V




	
Rated power

	
7.5 kW




	
Stator

	
Number of slots

	
24




	
Outer diameter of stator

	
90.5 mm




	
Rated current

	
25 A




	
Rotor

	
Number of pole pairs

	
2




	
Rotation speed

	
8000 rpm




	
Axle

	
Outer diameter

	
20 mm










The design parameters Bs0, Bs1 Bs2, Hs0, Hs1, Hs2 of the slot are shown in Figure 5. In Table 2, sd is the slot depth. Di is the inner diameter of stator, and hy is the thickness of the stator yoke. In the optimization, the volume of the motor is stable, which means, the outer diameter of the stator is constant.


Figure 5. Design parameters of the stator slot.
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Table 2. Design variables of the stator.







	
Type

	
Design Parameters

	
Value Ranges






	
Stator

	
Di

	
48–55 mm




	
Bs0

	
0.2–0.5 mm




	
Bs1

	
0.1–0.3 mm




	
Bs2

	
0.8–1.5 mm




	
Hs0

	
0.8–1.2 mm




	
Hs1

	
2.0–2.5 mm




	
Hs2

	
1.5–2.5 mm




	
sd

	
9–13 mm




	
hy

	
15–22 mm











3.3. Parameters of the Optimization of the PMSM


For different types of PMSM, the number of parameters may be different and the constraint conditions will be altered accordingly. Figure 6 shows the parameters for magnet pole for both embedded types and surface mounted types. Table 2 and Table 3 show the limitation of the values of the design variables. dt is the distance between the flux barrier and the outer surface of rotor. db is the length of the flux barrier. L1 and L2 are the length of two PMs. β1 and β2 are the angles of inclination for both PMs. hm is the thickness of the PMs.


Figure 6. Design parameters of the PMs. (a) Embedded type; (b) Surface-mounted type.
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Table 3. Design variables of the rotor.







	
Type

	
Design Parameters

	
Value Ranges






	
Rotor

	
Flg

	
1–10




	
hm

	
1.5–4 mm




	
α

	
1–3 deg




	
θ

	
83–88 deg




	
dt

	
1.5–2 mm




	
db

	
0.3–1.2 mm




	
β1

	
20–90 deg




	
β2

	
20–120 deg




	
L1

	
3–7 mm




	
L2

	
3–7 mm










Since the shape of the magnet pole should be capable of modification from rectangle to magnetic tile, a parameter Flg is defined,


Flg = kA/kB



(1)







In optimization, when the values of the parameters are settled, with the constraint conditions, the type of PMSM is determined and the corresponding electromagnetic field computation can be undertaken using FEM.





4. Multi-Objective Optimization


4.1. Setup of the Optimization Problem


Multi-objective optimization problems (MOPs) often appear in practical design processes. Setting proper objective functions and constraint conditions are essential for solving the MOPs.



In this paper, to evaluate the performance of the designed motor, one not only focuses on the torque, but also takes the total loss into consideration. Therefore, the first objective function is f1. It is defined as below. fTL is torque over loss, which is an indicator for observing the performance of the motor.


[image: ]



(2)







Another crucial aspect that needs to be considered during the design of PMSM is the cost. Since most variation of the cost happens on the PMs, in this work, the cost of PMs, which includes material expense, processing charge, and the average labor cost, is defined as the second objective function. Each cost function contains three parts: the cost of material, the cost of labor, and the cost of tooling. The cost of tooling is usually associated with additional mold manufacturing when the PM has uncommon shape. Based on the quotation from a motor manufacturing factory Ningbo Xingde Tech Co., Ltd, the cost of tooling is $3200. The objective function of the cost of PM is defined as,
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(3)




where N is the number of pieces of PMs; V is the volume (cm3) of a single PM; and, k is the coefficient of the influence of shapes on the price:


[image: ]








s is the coefficient of difficulty for manufacturing:


[image: ]








and, ω is the factor that shows if the PM type is commonly used or not:


[image: ]











If the type of magnetic pole is uncommon, it will lead to an extra cost.



The optimization problem is described as below:


[image: ]



(4)




where f(X) is the objective functions; g(X) is the constraint condition. g1, g2 are constants. [image: ] is the set of design parameters; n is the number of design parameters; and, m is the number of the constraint conditions.



The parameters of the rotor in Table 2 and Table 3 present the constraint conditions of the PMSM.



	(1).

	
If Flg > 1, and if 1.5 ≤ hm ≤ 4 mm, 1 ≤ α ≤ 3 deg and 83 ≤ θ ≤ 88 deg are established at the same time, then the coefficients for other parameters are set to be zero. This generated motor is surface mounted type.




	(2).

	
If Flg = 1, and L1 = 0, then if 3 ≤ L2 ≤ 7 mm, 20 ≤ β2 ≤ 40 deg, 1.5 ≤ hm ≤ 4 mm, 1.5 ≤ dt ≤ 2 mm, and 0.3 ≤ db ≤ 1.2 mm are established at the same time, then the coefficients for other parameters are set to be zero. This generated motor is V type.




	(3).

	
If Flg = 1, L1 > 0, then if β1 = 0 deg, 1.5 ≤ hm ≤ 4 mm, 1.5 ≤ dt ≤ 2 mm, and 0.3 ≤ db ≤ 1.2 mm, then the coefficients for other parameters are set to be zero. This generated motor is radial type.




	(4).

	
If Flg = 1, L1 > 0, then if β1 = 90 deg, 1.5 ≤ hm ≤ 4 mm, 1.5 ≤ dt ≤ 2 mm, and 0.3 ≤ db ≤ 1.2 mm then the coefficients for other parameters are set to be zero. This generated motor is concentrate type.




	(5).

	
If Flg = 1, L1 > 0, and L2 > 0, if 20 ≤ β1 ≤ 40 deg, 20 ≤ β2 ≤ 40 deg, 1.5 ≤ hm ≤ 4 mm, 1.5 ≤ dt ≤ 2 mm, and 0.3 ≤ db ≤ 1.2 mm are established at the same time, then the coefficients for other parameters are set to be zero. This generated motor is W type.




	(6).

	
If Flg = 1, L1 > 0, and L2 > 0, if 20 ≤ β1 ≤ 40 deg, β2 = 120 deg, 1.5 ≤ hm ≤ 4 mm, 1.5 ≤ dt ≤ 2 mm, and 0.3 ≤ db ≤ 1.2 mm are established at the same time, then the coefficients for other parameters are set to be zero. This generated motor is U type.







In MOP, normally it is not able to achieve the optimum for all of the objective functions. The balance among different objective functions is necessary. The balance requests to obtain a Pareto non-dominated solution set. Based on the Pareto Front, the designers can find an appropriate solution for a compromise among all objective functions.




4.2. Sensitivity Analysis for the Design Parameters


In order to estimate the impact of the design parameters to the objective functions, sensitivity tests are carried out firstly. The tested design parameter changes with an increment, while all of the other parameters remain the same. The variation rate of a design parameter is defined as rp,


[image: ]



(5)




where Δx represents the variation of a variable. The range of the value of this variable is (xMin, xMax). As typical examples, when the rp changes from 10% to 100%, for the design parameters of the stator, the rates of change for the objective functions are shown in Table 4; for the W type embedded PMSM, the rates of change for the objective functions are shown in Table 5. Table 6 presents the results of the surface-mounted motor.



Table 4. Sensitivity analysis of the stator.







	
Name

	
Rates of Change for fTL




	
rp = 0.1

	
rp = 0.2

	
rp = 0.4

	
rp = 0.8

	
rp = 1






	
Di

	
2.73

	
2.61

	
2.87

	
2.45

	
2.56




	
hy

	
2.11

	
2.09

	
2.17

	
2.14

	
2.01




	
sd

	
2.45

	
2.45

	
2.44

	
2.44

	
2.44




	
Hs0

	
0.09

	
0.07

	
0.07

	
0.08

	
0.09




	
Hs1

	
0.10

	
0.07

	
0.09

	
0.09

	
0.08




	
Hs2

	
0.06

	
0.08

	
0.007

	
0.09

	
0.09




	
Bs0

	
0.03

	
0.03

	
0.04

	
0.05

	
0.05




	
Bs1

	
0.11

	
0.10

	
0.11

	
0.09

	
0.09




	
Bs2

	
0.09

	
0.12

	
0.12

	
0.10

	
0.10










Table 5. Sensitivity analysis of the rotor.







	
Name

	
Rates of Change for fTL

	
Rates of Change for fcost




	
rp = 0.2

	
rp = 0.4

	
rp = 0.8

	
rp = 0.2

	
rp = 0.4

	
rp = 0.8






	
hm

	
1.65

	
1.63

	
1.59

	
0.21

	
0.20

	
0.19




	
L1

	
3.72

	
3.64

	
3.66

	
0.19

	
0.24

	
0.23




	
L2

	
3.16

	
3.24

	
3.23

	
0.20

	
0.21

	
0.25




	
β1

	
0.41

	
0.43

	
0.42

	
/

	
/

	
/




	
β2

	
0.33

	
0.35

	
0.34

	
/

	
/

	
/




	
dt

	
0.03

	
0.03

	
0.02

	
/

	
/

	
/




	
db

	
0.02

	
0.02

	
0.02

	
/

	
/

	
/










Table 6. Sensitivity analysis of the surface-mounted type of rotor.







	
Name

	
Rates of Change for fTL

	
Rates of Change for fcost




	
rp = 0.2

	
rp = 0.4

	
rp = 0.8

	
rp = 0.2

	
rp = 0.4

	
rp = 0.8






	
hm

	
1.81

	
1.85

	
1.83

	
0.21

	
0.21

	
0.22




	
θ

	
2.12

	
2.13

	
2.10

	
0.19

	
0.23

	
0.20




	
α

	
0.35

	
0.37

	
0.33

	
/

	
/

	
/










According to the results in three tables, it is obvious that in stator, all of the parameters only affect the objective function fTL. The parameters Di, hy, and sd have larger impact on the value of objective function fTL than other parameters. On the rotor, the angles of the PM and the size of magnetic isolation bridges also only have impact on fTL. Moreover, the parameters indicating the size of the PMs have more effect to both objective functions than other parameters.




4.3. Sub-Group Optimization Strategy


The MOP, with dozens of design parameters, would need a large amount of computation as FEM is employed to simulate the operation of electric machines. Usually the process may take several days. It is also a hotspot for researchers to find out a practical methodology to reduce the computing load. By analyzing the sensitivities of design parameters, as shown in Table 4, Table 5 and Table 6, the design parameters can be divided into two types: the ones have larger effect on the objective functions and the others have less effect.



Di is an essential parameter that can affect the geometrical size of both the stator and rotor. Hence, in the optimization, the optimization of Di is pulled out as the first loop of the entire optimizing process, which is illustrated in Figure 7. Golden section method is applied for this one-dimensional optimization.


Figure 7. Flow chart of the sub-group optimization.
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Moreover, in the stator side, the parameters hy, and sd constitute the parameters of Group I, and the other six parameters constitute the Group II.



Since the variables of Group I and Group II only affect one objective function that is associated with torque, single-objective optimization method is applied at these processes. In this paper, a particle swarm optimization (PSO) [28] is employed. It is a global searching algorithm, which has fast convergence and strong versatility.



On the rotor side, the parameters of positions of the magnetic pole: β1, β2, dt, db, and α constitute Group III. Optimization of Group III is also single-objective optimization process, so PSO is homologously applied at this part of process. The parameters of magnetic pole size are: hm, L1, L2, and θ constitute Group IV. These variables may affective the values of both objective functions. Hence NSGA-II is employed for applying the optimization process of Group IV.



For the purpose of reducing computing time, a parallel computation is employed in the optimization. The optimization process is shown in Figure 7. In this flow chart, the processes of optimizing stator and optimizing rotor are specifically expressed in Figure 8.


Figure 8. Optimization processes of stator and rotor. (a) Stator; (b) Rotor.
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4.4. Result of the MOP


Multi-objective evolutionary algorithms (EAs) that use nondominated sorting and sharing have been criticized mainly for three parts: (1) O(MN3) computational complexity (M is the number of objectives and N is the population size); (2) nonelitism approach; and, (3) the need for specifying a sharing parameter. NSGA-II, which is a nondominated sorting-based algorithm, can alleviate all of the above three difficulties. Specifically, it is a fast nondominated sorting approach with O(MN2) computational complexity [29].



The Pareto Front of the MOP is shown as in Figure 9. One point in the figure represents one of the Pareto solutions.


Figure 9. The Pareto Front of the multi-objective optimization (MOP).
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In this article, the torque over loss should be maximized while the cost of PMs is minimized. Hence the final solution usually can be chosen in the middle part of the Pareto Front. The NSGA-II employed in this work is a random algorithm, so the Pareto Front for different operation will be disparity. The optimization process is repeated for three times, and two optimal solutions are chosen at each time. Six optimal solutions are listed in the Table 7.



Table 7. Optimal solutions of the MOP.







	
Number

	
Type of Motor

	
fTL (N/M‧W)

	
fcost ($)






	
1

	
Concentrate

	
0.011

	
6.62




	
2

	
Surface-mounted

	
0.022

	
7.14




	
3

	
V type

	
0.017

	
7.06




	
4

	
Surface-mounted

	
0.025

	
7.38




	
5

	
V type

	
0.013

	
6.82




	
6

	
Surface-mounted

	
0.024

	
7.27










After comprehensive consideration on the values of two objective functions and discussion with the factory, the fourth solution in Table 5 is chosen as the final optimal solution. The details of the optimal design parameters are presented in Table 8.



Table 8. Finial solutions of the MOP.







	
Design Parameter

	
Value

	
Design Parameter

	
Value






	
Di (mm)

	
52.22

	
Bs0 (mm)

	
0.02




	
hy (mm)

	
7.84

	
Bs1 (mm)

	
3.08




	
sd (mm)

	
11.30

	
Bs2 (mm)

	
8.71




	
Hs0 (mm)

	
1.09

	
hm (mm)

	
3.80




	
Hs1 (mm)

	
2.22

	
θ (deg)

	
89




	
Hs2 (mm)

	
7.99

	
α (deg)

	
0.5












5. Experimental Verification of Optimized PMSM


After the optimization process is completed, in order to compare the simulation results with the practical experiment results, a prototype is manufactured according to the optimized design parameters. The material of the PMs in the motor is N35. The B-H curve of N35 is shown in Figure 10.


Figure 10. B-H curves of N35.



[image: Energies 10 01700 g010]






The structure of the prototype is shown from Figure 11a–c.


Figure 11. (a) The rotor with carbon fiber sleeve; (b) The appearance of stator; (c) The appearance of the prototype motor.
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The material of magnetic poles is NdFeb PM material, and the type of silicon steel sheet is DG41. It is the electrical steel sheet with thickness of 0.35 mm. Under the 400 Hz alternate frequency, and magnetic induction intensity for 10 T, the iron loss density is 11 W.



In order to test the accuracy of the simulation, the no-load back electromotive force under different rotating speed is simulated and experimentally measured. The results are compared in Table 9. The electromagnetic torque is also an essential indicator of the performance of the motor. To test the torque under certain rotating speeds and load currents, the setup of the motor with torque flange for experiment is shown in Figure 12. The comparison of the simulation results and the experimental results are shown in Table 10. From the comparisons of computed and measured electromotive force and torque, it is noticeable that the simulation results are accurate.


Figure 12. The prototype with torque flange.
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Table 9. No-load back electromotive force under different rotating speeds.







	
Speed (rad/s)

	
Simulation Results of EMF (V)

	
Experiment Results of EMF (V)






	
100

	
24.6

	
23.8




	
200

	
50.5

	
48




	
300

	
73.1

	
72




	
400

	
98.6

	
95.8




	
500

	
124.4

	
119.7




	
600

	
147.9

	
143.6




	
700

	
169.2

	
167.5




	
800

	
195.1

	
191.3




	
900

	
223

	
215.2




	
1000

	
246.2

	
239




	
1100

	
264.9

	
262.8




	
1200

	
290.4

	
286.7










Table 10. Electromagnetic torque under different phase current.







	
Speed (rad/s)

	
Current (A)

	
Simulation Results of Torque (N/M)

	
Experiment Results of Torque (N/M)






	
300

	
25

	
9.9

	
10




	
500

	
25.6

	
10.2

	
10.1




	
800

	
25.6

	
10.0

	
10.1




	
1000

	
25

	
9.9

	
9.9




	
1200

	
24.5

	
9.7

	
9.7










A typical magnetic flux distribution and flux density distribution of the magnetic field analysis of the motor is shown as in Figure 13.


Figure 13. The electromagnetic field analysis of the prototype. (a) Flux lines; (b) The magnetic flux density distribution.
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No-load back electromotive force is one of the performance parameters that needs to be addressed when designing the PMSM. The no-load back electromotive force for the designed prototype under the rated speed is shown in Figure 14.


Figure 14. No-load back electromotive force.
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The error between the simulation result and experiment result is defined as in (6). The error level of the simulation results is presented in Figure 15a,b. It is obvious that the error level of back electromotive force is below 6% and the error level of the torque is below 1%.


[image: ]



(6)






Figure 15. (a) The error level of the simulation results of back electromotive force; (b) The error level of the simulation results of torque.
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6. Conclusions


In this paper, the parameters on both stator and rotor are chosen as the design variables, with the torque over loss and the PM cost as objective functions. A general model of magnetic poles is presented and applied in the optimization of PMSM. Both single-objective optimization and multi-objective optimization algorithms are employed in this work. The sensitivity analysis of the design parameters helps to determine the impact levels of the design parameters to the objective functions. Based on the sensitivity analysis, a sub-group optimization strategy is presented. After the optimization using PSO, the structure of stator achieves the optimum temporarily. Then, the multi-objective optimization using NSGA-II begins. When the optimization process is complete, in the Pareto solution set, a final optimal solution is chosen as the design of the prototype motor. In the end, the simulation outcomes compare with the experimental outcomes, which shows that the simulation is accurate. Generally, the technique proposed in this paper is feasible and accurate in optimization design of the PM structures of the rotor for the PMSM. It can help designers to decide which type of PMs is proper for a specific application.
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