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Abstract

:

In contrast to internal combustion engine vehicles, electric vehicles (EVs) obtain the power required for the compressor of air conditioning system from an electric source. Therefore, an optimal design for electric motor, the main component of an electric compressor, is essential for improving EV mileage. A multi-objective optimal design is required because the characteristics of the motor are in a trade-off relationship with each other. When the finite element method (FEM) is used, multi-objective optimal designs for the motor take a significant amount of time because of the diversity analyses required for the optimal-model search. To solve this problem, in this study, a multi-objective optimal design method of an SPMSM for an EVs air conditioner system compressor was proposed and applied using the NSGA-II and an analytical method. The validity of the proposed method was confirmed by comparing the characteristics of the optimal design model with those of the initially designed model.
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1. Introduction


In internal combustion engine vehicles, the compressor of the air conditioner is powered by the engine. By contrast, batteries are the only power source for electric vehicles (EVs), as electric compressors in EVs are battery-powered. Consequently, lightweight and high-efficiency electric compressors are essential to increasing the mileage of EVs [1,2]. Thus, an optimal design for the surface permanent magnet synchronous motor (SPMSM) is required because it is the main component of an electric compressor. Recently, the Taguchi method, response surface method (RSM), and genetic algorithm (GA) method have been applied to the optimal design of motors in electric compressors [3,4,5].



The Taguchi method and RSM are surrogate model-based optimization methods that generate a response surface through a relatively small number of analysis points. The designer can proceed with the optimal design relatively quickly by selecting a desired point on the response surface. However, since this is not a point directly analyzed, but generated through the trend of the analysis points, there is an error in those with non-linear characteristics. In addition, it is difficult to derive the global optimal point, so it depends on the experience of the designer. GAs are stochastic algorithms that repeat the generation in the direction that satisfies the objective function based on the initial points. Generation is a sequence of selection, crossover, mutation. Points close to the objective function are selected, and new points are created by crossing the selected points. It also preserves diversity through mutation. It has a high global optimization capability but requires several analysis points. Subsequently, it leads to a long optimization time [6]. Therefore, there is a need for a method that reduces the optimization time while maintaining global optimization capabilities; a combination of analytical methods and stochastic algorithms could be the appropriate solution [7].



This study proposed a multi-objective optimal-design method for SPMSMs in electric compressors. A non-dominated sorting GA (NSGA-II) was applied to find a Pareto front, and an analytical method was applied to solve the time-consumption problem of Pareto optimization.



To verify the proposed method, it was applied to the optimal design of an SPMSM for an EV air-conditioner compressor. The optimal design results were compared with those of initial models. In addition, the experimental results of the initial models were presented.




2. Analytical Method


Figure 1 shows the SPMSM for an EV air conditioner compressor. Figure 1a depicts the actual shape of the SPMSM, which, through several assumptions, can be simplified to the analytical model shown in Figure 1b. The assumptions for the analytical model are as follows [8,9]:




	
The end effects are negligible;



	
The magnetic flux density only has radial and tangential components;



	
The stator and rotor cores have infinite permeability;



	
The relative permeability of permanent magnet (PM) is the same as that of air;



	
The slotting effect is accounted for using Carter’s coefficient.








Generally, the relative permeability of rare-earth PMs is almost the same as that of air, and the effect of the end region is negligible, except for super-high-speed motors or special circumstances. To prevent torque saturation, the iron core of the motor is typically designed so as not to be saturated. Therefore, it is reasonable to assume that the iron core has an infinite permeability. Finally, assuming that the magnetic flux density has only radial and tangential components, the magnetic vector potential has only a z component.



2.1. Magnetic Field Solution


The governing equations of the magnetic vector potential A are presented in (1), and (2) for each region of the analytical model in Figure 1b; for region I, it is Laplace′s equation, and for region II, it is Poisson′s equation.


     ∇ 2   A I  =  (   1 r   ∂  ∂ r    (  r  ∂  ∂ r    )    +    1   r 2       ∂ 2  A   ∂  θ 2    +      ∂ 2  A   ∂  z 2       )    a ^  z  = 0  



(1)






   ∇ 2   A  I I   =  (   1 r   ∂  ∂ r    (  r  ∂  ∂ r    )    +    1   r 2       ∂ 2  A   ∂  θ 2    +      ∂ 2  A   ∂  z 2     )      a ^  z  = − μ  (  ∇ × M  )   



(2)







The magnetization of the PM, represented by M, is expressed in (3), and (4) as a Fourier series according to the magnetization direction, where n, q, Mp, Mr, and θ represent the harmonic order, PM pole pair, parallel, and radial magnetization, and rotor reference angle, respectively.


      M →  p  =     ∑  n = 1  ∞    {   M  r n   cos q θ     a ^  r  +  M  θ n   sin q θ     a ^  θ   }     



(3)






      M →  r  =     ∑  n = 1  ∞    M  r n   cos q θ     a ^  r     



(4)







The components of the magnetic flux density are derived using the relationship between the magnetic vector and the potential, as presented in (5).


     B r  =  1 r    ∂ A   ∂ θ     a ^  r        ,          B θ  = −   ∂ A   ∂ r     a ^  θ   



(5)




where Br, Βθ represent radial, and tangential flux density, respectively. Finally, the unknown coefficient is derived from the boundary conditions, as shown in (6), and (7).


     B  θ I   = 0      ∥        r =  R s        ,        B  θ I I   = 0      ∥        r =  R i     



(6)






     B  r I   =    B  r I I      ∥        r =  R o        ,        B  θ I   =  B  θ I I        ∥        r =  R o     



(7)







The magnetic flux density deduced through the governing equation and boundary conditions are as follows:


       B  r I   =  q r   {   C  n 1    r q  +  D  n 1    r  − q    }  cos ( q θ ) ,      B  r I I   =  q r   {   C  n 2    r q  +  D  n 2    r  − q   +    μ 0  q  M  r n   r    q 2  − 1    }  cos ( q θ ) ,      B  θ I   = − q  {   C  n 1    r  q − 1   +  D  n 1    r  − q − 1    }  sin ( q θ ) ,      B  θ I I   = − q  {   C  n 2    r  q − 1   −  D  n 1    r  − q − 1   +    μ 0   M  r n      q 2  − 1    }  sin ( q θ )    



(8)




where r, Cn1, Cn2, Dn1, and Dn2 represent the harmonics, radius from the center, and undetermined coefficient, respectively.



Since the permeability is assumed to be infinite, there is no tangential flux density in the stator core. Therefore, flux linkage can be derived by integrating Br as much as the coil pitch. The flux linkage is as follows:


  ψ =    ∫  b y   a y     B  r I   ( r , α )  R s   l a     d α  



(9)




where ay, by represent the in and out positions of the coil. r, α, la represent radius from center, stator reference angle, and stator axial length, respectively. The back EMF can be calculated through Faraday’s law. Figure 2 compares the air gap magnetic flux density and back EMF derived through the analytical method with FEM.



As for the magnetic flux density induced by armature reaction, both regions I and II in the analytical model are assumed to be air. Similarly, for PM magnetization M, the current of the stator 3-phase coil is modeled as line current density J expanded as Fourier series in (10), where m represents the phase number.


    J =   ∑  m = 1  3     ∑  n = 1  ∞    {   a  m n   cos n θ +  b  m n   sin n θ  }       



(10)







The boundary condition for the armature reaction field is as follows:


     B  θ I   = −  μ 0  J      ∥        r =  R s        ,        B  θ I   = 0      ∥        r =  R i     



(11)








2.2. Copper Loss


To set the efficiency as objective function of optimization, the motor losses should be calculated. The DC copper loss is expressed in (12), where Rph and Iphrms are the phase resistance and RMS phase current, respectively.


   P  c o p p e r   =     3  R  p h    I  p h   r m s     2     



(12)







Except for super-high-speed motors or motors that use rectangular-type wires, the motor copper loss is a DC loss. Generally, motors use stranded wires, which makes the skin-effect negligible. Therefore, this study only deals with DC loss.




2.3. Core Loss


The core loss equation is expressed as follows [10,11]:


   P  c o r e   =  P h  +  P c  +  P e  =  K h  f    (   B m   )   2  +  K c     (  f  B m   )   2  +  K e     (  f  B m   )    1.5    



(13)




where Kh, Kc, and Ke denote the hysteresis, eddy current, and excess loss coefficients, respectively. These coefficients are obtained from experimental data provided by electrical steel manufacturers. Bm represents the mth harmonic of the magnetic flux density. The stator can be divided into teeth and yoke areas. Since the teeth and yoke are distributed symmetrically according to the number of slots, the core loss can be calculated by substituting B after deriving the magnetic flux density for one tooth and the yoke. Figure 3a depicts the magnetic flux flow in the stator. The flux flowing through the teeth region flows through the yoke region. The flux linkage to the teeth can be obtained by integrating the air-gap flux density with respect to the tooth angle. As the ratio of magnetic flux flowing through the teeth to the magnetic flux flowing through the yoke is constant, based on pole slot combination, the magnetic flux density of the yoke can be obtained using TYratio. Figure 3b shows the FEM and analytical results of the flux according to the rotor position. Analytical teeth flux provides accurate results with the FEM. The yoke flux can be calculated by multiplying the teeth flux with 1.62. In this model, (6p27s) the TYratio is 1.62.




2.4. Eddy Current Loss


The eddy current lo Peddy flowing in the PM can be derived by substituting the eddy current density, expressed in (14), into (15) [12].


   J e  = σ E = −  σ m    ∂  A I    ∂ t    



(14)






   P  e d d y   =  I e    2   R  p m   =  J s    2  S  l a  /  σ m   



(15)




where Je, σm, Ie, and Rpm represent the eddy current density, conductivity of the PM, eddy current RMS value, and PM electrical resistance, respectively. Js is the RMS value of the eddy current per pole pair, S is the surface of eddy current flow, and la is the PM axial length. The PM eddy current loss can be calculated by substituting the analytically calculated AI into the eddy current equation.





3. Optimal Design Process


The SPMSM generates only a magnetic torque because there is no difference in inductance between the d- and q-axes. The magnetic torque is expressed in (16) as follows [13]:


   T m  =  (   π 4   k w   B  g 1   a c  )   D g    2   L  s t k    



(16)




where kw, Bg1, ac, Dg, Lstk, represent the winding factor, flux density per pole, electrical loading, rotor outer diameter, rotor axial length, respectively. The pole-slot combination and winding layout selection are the first stages of motor design. Generally, these stages are determined based on the design specifications. Subsequently, the winding coefficient is automatically determined. The magnetic torque consists of three components: electric loading, magnetic loading, and rotor size. Therefore, the design of an SPMSM is determined mainly by the selection of each component. However, such selection is challenging because each component influences the others.



To solve this problem, this study establishes a method for designing a stator based on a given rotor specification and then optimizes it by selecting the rotor specification through NSGA-II.



3.1. Stator Design Based on a Given Rotor


Figure 4 depicts the conceptual diagram of a rotor and stator of an inner rotor motor.    D  r o    ,    D  r i    ,    θ m   ,    θ  e m     represent the rotor outer and inner diameter, electric angle of 180 degrees, and the angle of occupied by the pole, respectively. Given the rotor specifications, the magnetic loading and rotor size are determined automatically. Therefore, the only remaining component is the stator (electric loading). The first step in designing a stator is to select the number of coil turns, represented by Nc. According to the voltage limit, Nc is calculated using (17), where Efmax, Φfmax, and we represent the back-EMF 1st wave, flux-linkage 1st wave, and electric angular speed, respectively.


   E  f max   =  ϕ  f max    w e   N c   



(17)






   I  p h max   =    T  r e     1.5 p  N c   ϕ  f max      



(18)







The phase current required to generate the rated torque, Tre, is determined from (18). The teeth thickness Tt, yoke thickness Ty, and rotor core thickness Trc are determined from (19)


   T t  =    ϕ  t max      B  t m   /  L  s t k         ,      T y  = T Y r a t i o ×  T t      ,      T  r c   = 2  ϕ p   B  r c    L  s t k    



(19)




where Φtmax and Φp represent the peak value of magnetic flux in the teeth and the magnetic flux per pole, respectively. Btm and Brc are the tooth and rotor core saturation limits, respectively, which are set at 1.4–1.5 [T] to prevent stator saturation. As mentioned in Section II, the magnetic flux through the teeth and yoke has a constant ratio according to the pole-slot combination. Therefore, multiplying TYratio by the teeth thickness determines the thickness of the yoke, which has the same saturation level as that of teeth.



The last stage of stator design is to determine the teeth length Hs2, which can be calculated using the slot fill factor limit Ksf and current density limit Jlim.


   A  c u   =    I  p h r m s      J  lim               ,            n  s n   =    A  c u      A  d w      



(20)







Acu is the coil area that satisfies the current-density limit. Adw is the area of a strand. Using (20), the number of strands, nsn is determined.


   A  s r   =    A  c u      K  s f             ,          H  s 2   =   2  A  s r      B  s 1   +  B  s 2      



(21)







Asr is the slot area required to satisfy the slot fill factor limit. By substituting Asr to (21), the teeth length Hs2 is determined.




3.2. NSGA—II


Motors have trade-off characteristics because they have various constraints and specifications. For example, when more current is applied to increase the power density, copper loss increases and the stator saturates, which may lower the efficiency. Those with trade-off characteristics can be optimally designed through the Pareto-front, which can be derived through multi-objective genetic algorithm (MOGA).



MOGA is an algorithm with high global solution search capability. It repeats generations—selection, crossover, mutation—to become closer to the objective function. Figure 5a shows that the more generations are repeated, the more analysis points are created to fit the specified objective function. Pareto optimization is a method used in multi-objective optimization to determine the frontier of non-dominated optimal points, where each objective function cannot be improved without degrading other objective function.



The NSGA-II is a type of MOGA proposed by K.Deb [14]. As shown in Figure 5b, it classifies analysis points by section through non-dominated sorting, and calculates the distance between analysis points through crowing distance sorting. After that, by prioritizing the separated sections with low density and close to the objective function, the optimization time is shortened and the diversity of solutions is maintained.



Herein, the NSGA-II was applied to select the optimal rotor specification and derive the Pareto front of the motor efficiency, power density with the PM consumption, and back-EMF THD as constraints.



Since the method of designing the stator based on a given rotor specification has been established, the tooth linkage flux and back EMF are derived by applying the rotor specification as pole arc ratio, magnet thickness, rotor outer diameter, and rotor axial length, and using these values to design the stator, SPMSM can be designed.




3.3. Flowchart of the Proposed SPMSM Optimal Design


Figure 6 shows a flowchart of the proposed SPMSM optimal design method. It consists of four stages: pre-processing, analytical modeling, NSGA-II, and optimization.



	-

	
Pre-process







At this stage, the designer determines the pole-slot combination and winding layout with respect to design specifications such as the load profile, rated speed, and size limitation. This study assumed this step to have already been completed.



	-

	
Analytical model







At this stage, an analytical model is built to design a stator that satisfies the design specifications based on the given rotor specifications. Several characteristics, such as the output torque, PM consumption, back-EMF THD, power density, electromagnetic loss, and efficiency of the designed motor, are analyzed. Here, if a designed model does not satisfy the design specification, a penalty is assigned so that NSGA-II determines whether it is an infeasible model.



	-

	
NSGA-II







At this stage, four variables representing the rotor specification–rotor out diameter, rotor axial length, PM thickness, and PM embrace– become the variables of NSGA-II. NSGA-II creates new rotor variables that satisfy the objective function with each generation. The generated rotor variables are transmitted to the analytical model stage to derive electromagnetic characteristic values and stator specifications. After that, the objective functions calculated by the analytical model are transferred to the NSGA-II to derive the Pareto front. This process is repeated until the maximum number of algorithm iterations set by the designer is achieved. Usually, because this process requires several analysis points, it takes a significant amount of time when using FEM. However, in this study, the analysis time was almost negligible because it was analyzed using an analytical model.



	-

	
Optimization







At this stage, the optimal model is selected from the derived Pareto front. All models existing on the Pareto front can be optimized and determined by the motor characteristics, which are more important.




3.4. Verification


To verify the proposed method, it was applied to design a 4.5 [kW] SPMSM for an EV air conditioner compressor. The design specifications are listed in Table 1. Since the cooling method was refrigerant-integrated cooling, it had a high current density limit.



Specific power, back-EMF THD, efficiency, and PM consumption were selected as the objective functions. The NSGA-II maximum number of iterations and the population were set to 100 and 300, respectively.



Therefore, the total number of analysis points was 30,000. Figure 7 shows the Pareto front of the power density, efficiency. The optimal model selection criteria were as follows: maintaining the efficiency, increasing the output density, reducing the back-EMF THD, and reducing the PM consumption. Compared to the initial model results, the back-EMF THD and PM consumption decreased by 10.2% and 17.1%, respectively, the power density increased by 9.09%, and the efficiency remained unchanged, as shown in Figure 8b.



Table 2 lists the initial and optimal model results in comparison with those of the FEM. In initial and optimal model, because the error of the back-EMF fundamental wave is −0.31%, and 2.94%, the current error for the required torque is 2.24%, and −0.67%. The back-EMF THD analysis results of the optimal model tend to decrease compared to the initial model. Moreover, the efficiency has an error of 0.11% and 0.2%, respectively. As most of the errors are within 5%, the proposed method is considered valid. In addition, it was confirmed that the analysis time was significantly reduced.





4. Prototype Experiment


Figure 9 shows the manufactured initial model and test set. The experiment was performed using a generator connected to the opposite shaft of the test motor as a load. As shown in Figure 10, the back-EMF experimental results agree with the FEM analysis results. Table 3 lists the results of the efficiency tests under the rated operating conditions. The error rate of the efficiency was approximately 4%, and this error was attributed to two factors.



First, the current density of the initial model was 16 Arms/mm2, and the cooling method was a compressor-integrated refrigerant cooling method. However, in this experiment, only air cooling was performed, owing to the limitation of the test set. Therefore, the copper loss increased owing to an increase in the winding temperature. Second, based on the abnormal noise during no-load operation in the used bearing, it could be assumed that the mechanical loss owing to the bearing was larger than in the general case. Additionally, distinct from the sinusoidal current analysis, in reality, harmonic currents are generated due to the inverter, reducing torque and increasing electromagnetic losses. Thus, the efficiency decreases.




5. Conclusions


This study proposed a multi-objective optimal design method for an SPMSM using NSGA-II and an analytical method.



First, flux linkage and back EMF were derived through rotor variables. After that, the stator was designed within the constraints and required specifications, and the electromagnetic characteristics of the motor were calculated and transmitted to NSGA-II. Based on the values, NSGA-II repeats the generations and creates a Pareto-front, a set of optimal points.



By applying the proposed method to the optimal design of SPMSM for EV air conditioner compressor, the efficiency was maintained while reducing the PM consumption by 17.1% and back EMF THD by 10.2%. In addition, when considering the stator, rotor core, winding, and PM parts of the motor, the power density has been improved by 9.09%. In addition, it was confirmed that the analysis time through the analytical method was significantly less than that of the FEM as 2 s.



Finally, the proposed method was verified by comparing the optimal design results with those of the FEM and the initial model.
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Figure 1. Surface permanent magnet synchronous motor (SPMSM) for electric vehicle (EV) air conditioner compressor (a) Analysis model (b) Simplified slot less analytical model. 
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Figure 2. Results of the analytical method, and FEM: (a) air-gap flux density, and (b) back-EMF. 
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Figure 3. (a) Conceptual diagram of the magnetic flux flow, and (b) the tooth and yoke magnetic flux according to rotor position. 
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Figure 4. Conceptual diagram of motor: (a) Rotor; (b) Stator. 
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Figure 5. Conceptual diagram of (a) Pareto-front, and (b) NSGA-II. 
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Figure 6. Flowchart of the proposed SPMSM optimal design method. 
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Figure 7. Pareto-front of power density, efficiency. 
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Figure 8. Initial and optimal model comparison (a) Size; (b) Parameters. 
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Figure 9. Manufactured initial model and experiment set. 
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Figure 10. Back-EMF experiment result. 
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Table 1. Design specification of SPMSM for EV air conditioner compressor.
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	Parameter
	Unit
	Value





	Rated Power
	[kW]
	4.5



	Rated RPM
	[rpm]
	6540



	Rated Torque
	[Nm]
	6.6



	Pole/Slot
	-
	6/27



	DC Link Voltage
	[Vdc]
	288



	Current Density
	[   A  r m s   /   mm  2  ]  
	15–20



	Slot Fill Factor
	[%]
	38
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Table 2. Optimal Model Results Comparison with FEM.






Table 2. Optimal Model Results Comparison with FEM.





	
Parameter

	
Initial Model

	
Optimal Model




	
Analytical

	
FEM

	
Error [%]

	
Analytical

	
FEM

	
Error [%]






	
   H m    [mm]

	
4.7

	

	
4

	




	
   L  s t k     [mm]

	
50

	

	
50

	




	
   D  s o     [mm]

	
96.97

	
100

	
3.03

	
93.22

	
96

	
2.9




	
Embrace

	
0.8

	

	
0.79

	




	
   I  p h     [   A  p e a k    ]

	
21.69

	
22.18

	
2.24

	
20.74

	
20.68

	
−0.66




	
Average Torque [  Nm ]  

	
6.6

	

	
6.6

	




	
Back EMF 1st [   V  p e a k    ]

	
126.79

	
126.4

	
−0.31

	
132.79

	
136.81

	
2.94




	
Back-EMF THD [%]

	
6.54

	
7

	
6.53

	
6.08

	
6.29

	
3.24




	
Coreloss [W]

	
56.65

	
54.36

	
−4.23

	
53.54

	
55.9

	
4.23




	
Eddy-current Loss [W]

	
2.84

	
3.04

	
6.48

	
3.39

	
34

	
0.28




	
Copperloss [W]

	
203.42

	
198.31

	
−2.57

	
210.41

	
195.64

	
−7.55




	
Power Density [kW/kg]

	
1.77

	
1.7

	
−4.61

	
1.93

	
1.87

	
−3.5




	
Efficiency [%]

	
93.59

	
93.7

	
0.11

	
93.52

	
93.71

	
0.2




	
PM Consumption [kg]

	
0.23

	

	
0.19

	




	
Analysis Time [s]

	
2

	
134

	
-

	
2

	
134

	
-
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Table 3. Efficiency experiment results @Rated point.






Table 3. Efficiency experiment results @Rated point.





	Parameter
	Unit
	FEM
	Experiment
	Error [%]





	Efficiency
	[%]
	93.7
	90.1
	3.8
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