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Abstract

:

In this paper, the design procedure and optimization process of a multi-phase flux-switching permanent magnet (FSPM) generator for wind power generation system is investigated. Two different optimization methods—stepwise optimization and global optimization—are implemented and applied to the optimization of the proposed nine-phase FSPM generator-based wind power system. Both the advantages and disadvantages of two optimization methods are compared and analyzed. The results indicate that the stepwise optimization can achieve good effects on individual optimization objectives, whereas the global optimization can not only achieve a good optimization effect on a single objective, but also can find design point on the Pareto front, which can effectively optimize different multi-objects. The electromagnetic performance of the nine-phase FSPM generator is verified by experiments on a prototyped machine and the measured results show that the proposed generator exhibits the favorable characteristics of high torque, low torque ripple, and high efficiency.
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1. Introduction


Among all renewable energy technologies, wind power generation is one of the most mature technologies with broad development and commercial application prospects. The development of wind power is a priority worldwide. Wind power generation systems, especially the research and development of generator topology, have become the key technology in the whole wind power industry. It not only directly affects the quality and efficiency of power output, but also affects the performance and system structure of the whole wind power conversion device [1,2,3,4].



The direct-drive permanent magnet (PM) generator-based wind turbine exhibits many advantages, including high power density, high efficiency, simple structure, and high reliability. In the future, a permanent magnet synchronous generator (PMSG) is bound to become the market mainstream of high power (2.5 MW and above) wind turbines.



At present, the permanent magnets of PMSGs are all placed on the surface of the rotor [5]. The permanent magnets directly exposed to the air gap magnetic field will generate additional eddy current losses due to the cogging effect on the stator when the rotor rotates, aggravating the heating of the PMs on the rotor [6,7,8]. However, if the permanent magnets are placed on the rotor, less heat is dissipated. In addition, the armature magnetic field and the permanent magnetic field are in the same direction. Therefore, if there is any careless design or use, the permanent magnets on the rotor will easily overheat and cause irreversible demagnetization, which will affect the normal operation of the wind power generation system and its service life. To deal with the above shortcomings of the rotor-PM generator, a flux-switching permanent magnet (FSPM) generator was proposed, where the armature winding and PMs are both placed on the stator [9,10]. The FSPM generator has the advantages of simple rotor structure, high air gap magnetic density, and not easy to demagnetize [11,12,13].



The armature winding of the FSPM generator is consistent and complementary, which can effectively reduce or offset the even-order harmonics in the induced no-load electromotive force (EMF). With the trend of increased power rating, multiphase winding is employed and investigated in this paper due to the following advantages, such as reduced power per phase, low torque ripple, high torque density, high efficiency, strong fault tolerance, and flexible control [14,15].



To improve electromagnetic performance, many optimization methods have been studied. In the early stage, due to the limited simulation ability, the analytical method is mainly used to optimize the important size parameters of machines [16,17]. At present, with the rapid improvement of computers, the global optimization methods based on multi-objective optimization algorithms and response surfaces have become popular [18,19]. However, few studies on comparing these two optimization methods have been conducted, which is exactly the key purpose of his paper to implement the two optimization methods on a nine-phase FSPM generator.



The organization of this paper is as follows. In Section 2, the basic structure and main parameters of a FSPM generator are introduced. In Section 3, two optimization methods are used to optimize a nine-phase generator, and the optimization results are compared, indicating that the global optimization can achieve better optimization results. Furthermore, the finite element analysis (FEA)-based simulation also verifies this result. In Section 4, a prototyped generator is manufactured and tested, and the experimental results confirm the feasibility of the design. Finally, conclusions are drawn in Section 5.




2. Topology and Initial Design of FSPM Generator


For a FSPM machine, the number of stator slots usually meets the requirement of Ps = m*Ncoil, where Ps is the stator slots number, m is the phase number, and Ncoil is the number of windings per phase. Considering the symmetry, Ncoil = 2k, where k is a positive integer. In this research, a nine-phase winding structure is adopted. Then, the number of stator teeth (slots) of a nine-phase FSPM generator can be 18, 36, 72, … etc. Generally, the number of rotor poles of a FSPM machine is selected to meet Pr = Ps ± 2, where Pr is the rotor teeth number. As the rotor tooth number increases, the fundamental armature current frequency will increase, resulting in the rise of iron loss. Therefore, normally, Pr < Ps is adopted. According to the conclusion of the literature [20], the 36-slot/34-pole FPSM machine has a lower cogging torque and higher torque density, Therefore, the combination of 36-slot/34-pole is selected in this study.



The topology and structure of the proposed nine-phase FSPM generator is shown in Figure 1. The winding distribution of the proposed FSPM structure is shown in Figure 1b. As far as the generator structure is concerned, there is no obvious differences between the nine-phase FSPM topology and a conventional three-phase machine except the numbers of stator slots and rotor poles, so the operation principle of the nine-phase FSPM machine is similar to a three-phase machine. The key specifications are in Table 1.




3. Optimization method


3.1. Parameter Model


Figure 2 shows the parameterized cross section of the model, where the U-shaped cores structure has been proved to exhibit better electromagnetic performance (Li et al., 2014). As shown, the model contains 11 parameters that are rationalized and confined according to Table 2.



As the dimensions are directly constrained by each other, it is not conducive for the optimization to directly use these dimensions. Therefore, some intermediate parameters are used to represent all the parameters, which are ksio, Khpm, Kwst, Kwrt, Kwpm, krty, and khrt, as listed in Table 3. In this design, the width coefficient of PM (Kwpm) adopts the minimum value which meets the requirements of magnetic circuit. In the existing design of the FSPM generator, the tooth root width of the rotor wrty is usually selected as twice the tooth width of the rotor wrt. Moreover, the tooth height of the rotor hrt is required to be 1.5 times greater than the tooth width wrt of the rotor. On this basis, the optimization will focus on the other four parameters ksio, Khpm, Kwst, and Kwrt. The main optimization objectives are torque under the same current density (Torque), torque per unit volume of PM (Torque/Vpm), and efficiency (Efi).




3.2. Stepwise Optimization Method


	
Step1: Split ratio optimization.






The split ratio (ksio) of the motor has a great influence on the torque of the FSPM. Air gap radius increases with the increase of split ratio, which is conducive to the torque output. However, a larger split ratio will also lead to the limitation of the stator space, and thereby result in the insufficient phase current under the fixed slot full rate and current density. Therefore, in the first step of optimization, the models with a different split ratio under fixed outer diameter are simulated, and the results are shown in Figure 3.



Taking the maximum electromagnetic torque as the optimization objective, the optimal split ratio of 36-slot/34-pole FSPM motor is 0.7. Although the volume of PM will gradually decrease with the increase of split ratio, which results in the decrease of electromagnetic torque. However, as shown in Figure 3, the decrease of electromagnetic torque per unit volume of PM (i.e., the output of PM per unit volume) is very small when the split ratio increases from 0.72 to 0.8. That is to say, the utilization rate of PM is almost unchanged with the decrease of the amount of PM. Therefore, the split ratio ksio of FSPM motor is determined to be 0.73 after considering the electromagnetic torque, PM consumption, and power factor.



	
Step2: Permanent magnet size optimization.






The size and volume of PM directly determine the air gap flux density of the generator and affect motor power density and efficiency. In addition, the price of rare earth PM materials is high, and the output power per unit volume of PM is usually one of the important indicators to measure the quality of motor design. Therefore, the factors related to the determination of the structure size of the PM are analyzed for the optimization. In the previous FSPM design, the length of the permanent magnet is equal to the thickness of the stator in the radial direction. However, in this study, the design principle of using a U-shaped stator and shortening the length of the permanent magnet is proposed. Because there exists flux leakage in the original motor, reducing the length of the permanent magnet not only does not reduce the torque but also provides a higher unit permanent magnet torque. In this step, the permanent magnet length coefficient (Khpm, Khpm = hpm/(Rso − Rsi)) will be optimized.



The relationship between the permanent magnet length coefficient and torque is obtained by FEM simulation, as shown in Figure 4. The torque increases with the increase of Khpm until Khpm reaches 0.9. Then, torque decreases with the increase of Khpm. Torque/Vpm increases with the increase of Khpm when Khpm < 0.8. When Khpm is between 0.8 and 0.9, Torque/Vpm is unchanged. Considering Torque and Torque/Vpm, Khpm = 0.85 is selected in this design.



	
Step3: Stator slot size optimization.






The stator core size mainly affects the core loss and winding area. Therefore, Torque and Efi are considered as the objectives when optimizing the stator size. In this optimization step, the stator tooth width coefficient (Kwst, Kwst = wst/(Rsi * pi/18)) is selected as the parameter to be optimized. The stator tooth and stator yoke have the same magnetic flux, so the stator tooth width is equal to the stator yoke thickness (wsy = wst). The relationship between torque, Efficiency, and Kwst of FSPM is shown in Figure 5. The efficiency increases with the increase of stator tooth width when Kwst < 0.24 and decreases with the increase of stator tooth width Kwst > 0.24. The torque decreases with the increase of stator tooth width. Therefore, Kwst = 0.24 is selected in this design.



	
Step4: Rotor slot size optimization.






Without considering the magnetic field saturation, increasing the rotor tooth width will increase the permanent magnetic flux from the turning chain to the winding, and thereby increase the induced potential and electromagnetic torque. In this step, the Torque is compared under different tooth width coefficients Kwrt, wrty and hrt all change with Kwrt.



As shown in Figure 6, when the rotor tooth width coefficient Kwrt increases from 0.2 to 0.27, the id = 0 control method is adopted, the current density of the loading slot is 5.7 A/mm2, and the electromagnetic torque increases from 265 Nm to 297 Nm. However, as the magnetic field continues to increase, the torque hardly changes due to the saturation of the magnetic field. Therefore, to improve the electromagnetic torque, Kwrt between 0.27 and 0.29 is the better range.




3.3. Global Optimization Method


Through the above optimization process, several main structural parameters of the motor can be determined. Considering that the motor is a multivariable, nonlinear, strong coupling energy conversion device, the change of each structural parameter will affect the optimal design range of other structural parameters. Therefore, employing the global optimization and multiparameter scanning at the same time to find a relatively optimal combination of structural parameters is another optimization idea.



To improve the efficiency of multi-objective optimization and realize trade-off design, some effective optimization algorithms are adopted and implemented in the optimization process. Among them, as a common algorithm, multi-objective genetic algorithm has the obvious characteristics of providing convenience to deal with multi-objective optimization problem and comprehensive trade-off problem, so it is widely used in solving multi-objective problems in the research field of motors. Therefore, based on the overall response surface calculation results, this paper introduces a multi-objective genetic algorithm to achieve effective optimization.



The objective function and related constraints are defined as follows:


         Fun :   F [ Max [ T ] ,   Max [ E f i ] ,   Min [ T   /   V    p m    ] ]        s . t . :  {       T e    ≥    200   Nm         E f i    ≥    0   . 96             



(1)







After the simulation of the sample points, the response surface (RS) of the output parameters can be established. Then, the response surface model is employed for the optimization. This will save a lot of calculation time. Figure 7 shows the RS Torque and core loss distributions with different inputs. The errors of the RS are less than 2%.



Figure 8 shows the Pareto solution results of the global optimization of the FSPM obtained by non-dominated sorting genetic optimization algorithm-II (NSGA II). The red line in the two-dimensional graph is a set of non-dominated solutions satisfying the two objectives. The surface on 3D Pareto solutions is the Pareto front. The black dot points meet the constraint requirements, while the gray points do not. As shown in the Pareto front, the maximum Torque can reach 350 N.m, Torque/Vpm can reach 2.8 N.m/m3, and Efi can reach 0.98. The value of each objective is superior to the stepwise optimization. However, there is no point can achieve three optimal values at the same time. The final design points can be selected according to the design preference.




3.4. Comparison of Optimization Results


The parameter values and objective values of the two optimization methods before and after optimization are shown in Table 4. The detailed loss values are given in Table 5. The global optimization value is only a point on the Pareto front. The simulation waveforms of torque, core loss, and coil loss are shown in Figure 9. As shown, compared with the initial model, both optimization methods improve the electromagnetic performance significantly. In the aspect of Torque, the chosen design point of global optimization is lower than that of stepwise optimization. However, the Efi and Torque/Vpm of the design points selected on the Pareto front are better than those of stepwise optimization.



In terms of the amount of calculation required for optimization, the number of models that needs to be simulated for stepwise optimization is less than 50. Although the global optimization uses a response surface to replace the required model calculation in the iterative optimization process, it still needs to simulate no less than (45 = 1024) models to construct the response surface. Due to the use of response surface, iterative calculation does not need to calculate more finite element models. In traditional global optimization, NSGA II optimization requires calculate at least 50 iterations with 100 population (50 * 100 = 50,000). Generally speaking, the finite element models needing to be calculated in the global optimization method proposed in this paper are far less than the traditional optimization method of response surface, although it is more than 20 times of finite element model to be calculated in stepwise optimization.





4. Experiments


According to the above optimization design results, the design parameters of a 36-slot/34-pole FSPM generator are determined, as shown in Table 4 (Global optimization), and a prototype is made. Figure 10 shows the rotor core and U-shaped stator core of the FSPM prototype.



Figure 11 shows test platform. The test platform of the drive system, mainly including DC motor, DC load cabinet, torque sensor, FSPM generator, nine phases full bridge rectifier, DC regulated capacitor, resistance load, voltage, and current sensor and its sampling circuit, signal detection, and processing circuit, dspace1005 real-time simulation system.



Figure 12 shows the no-load induced potential waveforms of the A1 phase, B1 phase, and C1 phase at the speed of 600 r/min. Figure 12a is the simulation waveform. The simulation result of the no-load induced potential amplitude of each phase is 487.8 V, and the effective value is about 342 V. Figure 12b is the measured no-load induced potential waveform, and its amplitude is about 490 V, and the effective value is about 340 V. The error between the measured value and the simulation value mainly includes lamination coefficient, magnetic flux leakage coefficient estimation error, and processing error.



Figure 13 shows the torque waveform on the motor shaft measured by the HBM torque sensor when the speed is 600 r/min with the load loaded. The pulsation rate of the measured torque waveform is higher than the simulation value, mainly due to two reasons: first, the accuracy of the installation platform is not enough, and second, there are many electrical types of equipment in the experimental site, which cause interference to the control of the prime mover and pulsation when the prime mover itself rotates. The average torque is 275 Nm, according to which the input power of the prototype at the working point can be calculated as 17,804 W. After testing the voltage and current of each phase resistance load, the measured output power P = 17,272 W is calculated, that is, the measured efficiency is η = 96.8%. Excluding the measurement error, the measured efficiency is consistent with the estimated value in the last section, which meets the design requirements.




5. Conclusions


A nine-phase FSPM generator with 36 stator slots and 34 rotor poles is designed for wind power generation in this study. The influence of the pole number and slot number on the magnetic circuit of the motor is analyzed, and the appropriate pole number and slot number generator structure of the motor is selected. The influence of several key parameters on the important electromagnetic performances torque, torque per unit volume of PM, and efficiency are analyzed by finite element analysis. Two different optimization methods—stepwise optimization method and global optimization method—have been adopted in the optimization of the proposed FSPM generator. Both optimization methods can improve the performance of the motor effectively. There are no obvious differences between stepwise optimization and global optimization in the optimization of single performance. The number of models needed to be simulated for stepwise optimization is far less than that of global optimization, which means the stepwise optimization is suitable for the application of single-objective optimization. In contrast, the performance of the prototype after global optimization is more comprehensive. Global optimization is more conducive to the multi-objective optimization design of the electromagnetic system. When there are multiple parameters to be optimized and there is obvious mutual interference between the parameters, global optimization is a more appropriate optimization method. When the optimization objective is single or the parameters to be optimized are irrelevant, stepwise optimization is more appropriate. However, when there are too many parameters to be optimized, the amount of calculation required for global optimization is too large which will cost a lot of time. The proposed FSPM generator structure has the characteristics of high torque, low torque ripple, and high efficiency.
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Figure 1. Structure of the nine-phase FSPM generator. (a) 3-D structure; (b) Sectional view. 
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Figure 2. Key design geometric parameters of the FSPM generator. 
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Figure 3. Relationship between torque and split ratio of FSPM generator. 
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Figure 4. This is a figure. Schemes follow the same formatting. 
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Figure 5. Relationship between torque, efficiency, and Kwst of FSPM generator. 
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Figure 6. Relationship between torque and Kwrt of FSPM generator. 






Figure 6. Relationship between torque and Kwrt of FSPM generator.



[image: Energies 14 04754 g006]







[image: Energies 14 04754 g007 550] 





Figure 7. RS analysis of and Core loss distributions with inputs. (a) RS of torque distributions with Khpm and ksio. (b) RS of torque distributions with kwst and ksio. (c) RS of Core loss distributions with Khpm and kwst. (d) RS of Core loss distributions with Khpm and ksio. 
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Figure 8. 2D and 3D Pareto solutions of global optimization. (a) 2D Pareto solutions. (b) 3D Pareto solutions. 
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Figure 9. Comparison of torque and loss before and after optimization. (a) Simulated Torque wave of three design points. (b) Simulated coil loss and core loss wave of three design points. 
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Figure 10. Rotor core and stator core of the prototype. 
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Figure 11. 36-slot/34-pole FSPM prototype and test platform. 
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Figure 12. 36-slot/34-pole FSPM generator a set of three-phase (A1, B1, C1) No-load Back EMF @ 600 r/min: (a) Simulated. (b) Measured. 
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Figure 13. Measured torque under 5.7 A/mm2 current density @ 600 r/min. 
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Table 1. Key design parameters of the nine-phase FSPM generator.
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	Specification
	Value





	Power
	17 kW



	Speed
	600 r/min



	Phase voltage
	230 V



	Phase number
	9



	Stack length
	172 mm



	Stator outer diameter
	327 mm



	Rotor bore diameter
	120 mm



	Air gap length
	1 mm



	Br of PMs
	1.2 T



	Permeability of PM
	1.05










[image: Table] 





Table 2. Initial design parameters of the FSPM generator.
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	Parameters
	Description
	Value





	Rso
	Stator outer radius
	Rso



	Rsi
	Stator inner radius
	Rso × ksio



	wst
	Stator tooth width
	Kwst × Rsi × pi/18



	wsy
	Stator yoke width
	Kwst × Rsi × pi/18



	wsl
	Stator slot opening width
	Rsi × pi /18 (1−2 × Kwst−Kwpm)



	hpm
	PM height
	Khpm × (Rso-Rsi)



	wpm
	PM width
	Kwpm × Rsi × pi/18



	wsl
	Stator slot width
	Rsi × pi/18−2 × wst−wpm



	wrt
	Rotor teeth tip width
	Kwrt (Rsi−1 mm) × pi/18



	wrty
	Rotor teeth root width
	krty × wrt



	hrt
	PM height
	khrt × wrt
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Table 3. Initial intermediate parameters of the FSPM generator.
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	Variable
	Description
	Range





	ksio
	split ratio
	(0.55, 0.85)



	Khpm
	Height coefficient of PM
	(0.65, 1.0)



	Kwst
	Stator tooth width coefficient
	(0.23, 0.30)



	Kwrt
	Rotor tooth width coefficient
	(0.2, 0.3)



	Kwpm
	Width coefficient of PM
	0.25



	krty
	wrty/wrt
	2.0



	khrt
	hrt/wrt
	1.5
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Table 4. Design parameters of the FSPM generator.
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	Variable
	Initial
	Stepwise

Optimization
	Global

Optimization





	ksio
	0.8
	0.72
	0.70



	Khpm
	0.92
	0.85
	0.76



	Kwst
	0.25
	0.24
	0.24



	Kwrt
	0.25
	0.27
	0.29



	T
	217
	283
	273



	T/Vpm
	2.4
	2.65
	2.75



	Efi
	0.945
	0.965
	0.979



	Torque ripple (%)
	2.45
	2.22
	2.24



	PM Weight (kg)
	2.13
	2.49
	2.34
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Table 5. Loss of each part before and after optimization.
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	Variable
	Initial
	Stepwise

Optimization
	Global

Optimization





	PM loss (W)
	185
	162
	103



	Stator core loss (W)
	231
	192
	110



	Rotor core loss (W)
	89
	82
	65



	Copper loss (W)
	273
	305
	282
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