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Abstract

:

In this paper, a novel dual-three-phase dual-rotor flux-switching permanent magnet (PM) (DRFSPM) machine, building upon conventional FSPM machines, is proposed, where the stator is equipped with dual PMs and dual armature windings, enabling it to operate in various working modes and provide fault tolerance in the event of PM or armature winding faults. Depending on the magnetization directions of the PMs, the proposed DRFSPM machine’s structure can be categorized as 6N-DRFSPM or NS-DRFSPM. In order to assess the electromagnetic performance of the proposed DRFSPM machines with two different magnetizing modes, the topology and operating principle of the two DRFSPM machines are introduced first. Then, the no-load air-gap flux density of the two proposed machines is investigated for a more optimized and purposeful design. Finally, a comparison of the electromagnetic performance between the two proposed DRFSPM machines is conducted by finite-element analysis (FEA), and the FEA-predicted results indicate that the proposed 6N-DRFSPM machine outperforms the NS-DRFSPM machine, as it exhibits a larger back-EMF and average torque and a smaller cogging torque and torque ripple.
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1. Introduction


With the rapid development of rare-earth permanent magnet (PM) materials, especially since 1983, the price of high-performance NdFeB PM materials has gradually decreased. Permanent magnet synchronous machines (PMSMs) are widely used in the industrial, agriculture, national defense, and aerospace fields due to their simple structure, high power density, and high efficiency [1,2,3].



According to the placement of PMs, PMSMs can be divided into rotor PMSMs (RPMSMs) and stator PMSMs (SPMSMs). RPMSMs mainly have two types of structures: a surface-mounted structure [4,5] and an interior structure [6]. However, for the surface-mounted PMSM, the PMs are associated with irreversible demagnetization and low output torque due to the direct contact between the PM and the air-gap magnetic field and the use of the protective cover of the PM [7]. For the interior PMSM, the disadvantages include magnetic leakage and difficulty in designing it due to the PMs embedded in the rotor and the complicated magnetic isolation structure [8]. To overcome the above shortcomings of RPMSMs, the SPMSM was proposed, in which the PM and armature winding are placed on the stator, so SPMSMs have gained more and more attention due to their easy heat dissipation and high torque density [9]. Among them, the flux-switching PM machine (FSPM) stands out since it exhibits a simple rotor structure, high reliability, convenient control, and high output power [10,11].



In order to improve the electromagnetic performance and fault tolerance of the motor, several scholars have carried out a lot of research. On the one hand, the internal stator split ratio of the PMSM is often relatively high, and the internal space of the motor cannot be effectively used. In order to solve this problem, the concept of the dual rotor was first introduced into induction machines [12], but there were some shortcomings, such as a low power factor and power density, due to the inherent factors of the motor. Later, some scholars proposed a dual-rotor PMSM [13,14], but the use of brushes or slip rings inevitably has the disadvantage of poor reliability, although the dual-rotor PMSM has a larger torque density. Then, magnetic-geared dual-rotor machines were proposed [15], but the existence of the magnetic blocks made the machine have a larger torque ripple. Therefore, a magnetic-geared dual-rotor motor (MGDRM) was proposed [16], where the inner and outer rotors were divided into three modules with a proper angular offset, and the cogging and torque ripple of the machine were significantly reduced. As a member of MGDRMs, the dual-rotor FSPM machine was first introduced in the axial-field FSPM machine [17,18]. Afterward, because of the low space utilization of the conventional U-core FSPM machine, some scholars proposed a partitioned-rotor FSPM machine, which exhibited a high torque density and high magnet utilization [19]. To overcome the complex structure of the conventional electric vehicle and the shortcomings of low space utilization, a co-axial dual-mechanical-port FSPM (CADMP-FSPM) machine was proposed [20,21], which integrated the generator and the traction motor radially, and the CADMP-FSPM machine improves system integration and makes full use of the space of the vehicle.



On the other hand, to enhance the fault tolerance and reliability of three-phase motors, some scholars proposed multi-phase motors [22,23,24], in which two sets of windings with a proper phase shift were placed on the stator or rotor. Among them, the most popular multi-phase structure is the dual three-phase motor. In [25], a single-rotor dual three-phase FSPM machine was proposed by changing the number of rotor poles and the combination methods of the armature windings of the conventional FSPM machine. Afterward, a series of in-depth research on its fault-tolerant control was conducted on the dual-three-phase single-rotor FSPM machine [26,27,28]. But those are rarely involved in dual-three-phase dual-rotor FSPM (DRFSPM) machines.



In order to make full use of the internal space of the FSPM machine and obtain high fault-tolerant performance, this paper proposes a dual-three-phase dual-rotor FSPM (DRFSPM) machine, which removes the magnetic isolation ring of the conventional dual-rotor FSPM machine and adds a set of PMs and a set of armature windings, so the DRFSPM machine has better fault tolerance and can continue to operate even with one faulty stator winding set or PM set. In addition, the proposed machine has two magnetizing modes, called the 6N-DRFSPM and NS-DRFSPM machines, respectively. DRFSPM machines were briefly introduced in [29], and this paper focuses on their theoretical analysis and performance comparison. The arrangement of this paper is as follows. Firstly, the proposed DRFSPM machines with two different magnetizing modes are introduced, and the topology, winding connection, operating principle, and no-load air-gap flux density of 6N-DRFSPM and NS-DRFSPM machines are investigated. Then, a series of finite-element analysis (FEA) results of the electromagnetic performance, including the back electromotive force (back-EMF), and the torque performance of the two proposed machines are presented. Finally, some conclusions are obtained.




2. Machine Topology


Based on the conventional FSPM machine shown in Figure 1, by removing the lower half of each PM and adding armature slots, as well as embedding the new PM set in the stator yoke above the armature slots, a dual-three-phase dual-rotor FSPM machine can be formed naturally, as shown in Figure 2 and Figure 3. The proposed DRFSPM machines are composed of inner and outer rotors, which have a 5-pole rotor core, and the inner rotor and outer rotor have a mechanical angle difference of 36°. The stator of the machine is embedded in two sets of PMs and two sets of armature windings. Each set of PMs has six pieces, which are evenly distributed along the circumference. Each set of armature windings consists of six coils evenly distributed along the circumference. The two proposed DRFSPM machines have the same structure except for the magnetizing modes.



As shown in Figure 2, the inner and outer PM sets are both circumferentially magnetized, but the magnetizing directions of the two PM sets are opposite; that is to say, two adjacent inner permanent magnets and outer permanent magnets are relatively magnetized, which is called the 6N-DRFSPM machine. In the other one, called the NS-DRFSPM machine, both the inner PM set and outer PM set are magnetized alternately in the circumferential direction, as shown in Figure 3.



For the 6N-DRFSPM machine, the stator is divided into six stator units; each stator unit is embedded in two PMs and two stator modulated teeth (MT), and the stator MT are sandwiched between the inner PM set and the outer PM set. Figure 2b shows an enlarged graphic of part of the stator of the 6N-DRFSPM machine. It should be noted that this enlarged part contains two stator units with four stator MT, namely, MTA, MTB, MTC, and MTD, all of which have a magnetizing effect because the inner PM set and the outer PM set are magnetized toward different directions. However, it is four PMs and four stator MT that form a stator unit for the NS-DRFSPM machine, and it can be seen in Figure 3b that there are four stator MT, MTE, MTF, MTG, and MTH, where MTE and MTG exhibit a magnetizing effect. Therefore, the pole-pair numbers (PPNs) of the proposed 6N-DRFSPM and NS-DRFSPM machines are not the same, with PPN = 6 and PPN = 3, respectively, and the 6N-DRFSPM machine should show superior electromagnetic performance due to more stator MT with a magnetizing effect.



Figure 4 presents the armature winding connections of the proposed DRFSPM machines. It should be noted that the proposed machines exhibit two sets of armature windings, where the two spatial radially distributed coils are serially connected into one phase winding: that is to say, two coils with a 180° phase difference form a phase; i.e., A1 and A2 constitute phase A′ of the inner armature winding, and A1′ and A2′ constitute phase A″ of the outer armature winding.



Different from the conventional 12-stator-coil/10-rotor-tooth (12/10) FSPM machine, the proposed DRFSPM machines have two sets of armature windings, and only the coil-MF vectors of the two opposite spatial radially distributed coils of each armature winding completely coincide; for example, the A1 and A2 coils form phase A′. As shown in Figure 5, the coil-EMF vectors of the two armature windings differ by 30°, because the outer armature winding and the inner armature winding are spatially misaligned by 30 mechanical degrees. Therefore, a dual-three-phase FSPM machine can be formed, which greatly increases the fault tolerance of the motor.




3. Operating Principle and Key Parameter Design


3.1. Operating Principle


Figure 6 and Figure 7 show the operating principle and effective flux path of the two proposed DRFSPM machines. When the inner and outer salient rotors are in position A and position C, respectively, the two proposed DRFSPM machines have no effective magnetic field lines flowing through phase A′ and phase A″; that is to say, the flux linkage of the proposed machines is zero at this rotor position. When the inner and outer salient rotors are at position B and position D, the effective magnetic field lines passing through the windings of phase A′ and phase A″ for the two proposed machines are the largest. At this time, the flux linkage of phase A′ and phase A″ corresponds to the two positions B and D in Figure 8. In addition, the two proposed machines with different magnetization modes reach the peak value of the flux linkage at the same rotor position.



It can be seen in Figure 6 that the magnetic field lines of the 6N-DRFSPM machine are divided into two portions, which form a closed path through the yokes of the inner and outer rotors, and there are four closed paths in total. It should be noted that four coils of phase A′ and phase A″ for the 6N-DRFSPM machine exhibit effective magnetic field lines passing through them. By contrast, the magnetic field lines of the NS-DRFSPM machine only pass through the inner or outer rotor. For the armature windings of phase A′ and phase A″, the closed flux paths flowing through the A1 and A1′ coils are the same, which pass through the inner rotor to form a closed path; meanwhile, the magnetic field lines go through the outer rotor to form a loop, which flows through the A2 and A2′ coils, as shown in Figure 7. It should be noted that there are two coils with no effective magnetic field lines passing through them, i.e., coils A1′ and A2 at position B and coils A1 and A2′ at position D. Therefore, although the closed flux paths of the 6N-DRFSPM machine are longer than those of the NS-DRFSPM machine, the fundamental amplitude of the flux linkage of the 6N-DRFSPM machine should be larger than that of the NS-DRFSPM machine.



Figure 8 shows the no-load flux linkage waveforms of the proposed DRFSPM machines under two different magnetizing modes, and P1, P2, P3, and P4 correspond to the four special positions in Figure 6 and Figure 7, namely, position A, position B, position C, and position D, respectively, where the flux linkages are the sum of the flux linkages of the corresponding inner and outer windings. It can be seen that the fundamental amplitude of the flux linkage of the 6N-DRFSPM machine is larger than that of the NS-DRFSPM machine by about 2 times; this is because the main flux path of the proposed DRFSPM machine is changed due to the different magnetization modes adopted in the proposed DRFSPM machines.




3.2. Design Considerations


For the DRFSPM machines, the magnetomotive force (MMF) produced by PMs includes the inner air-gap MMF and the outer air-gap MMF. Firstly, according to [30,31], by appropriately simplifying the motor model, the inner air-gap MMF modulated by the stator can be obtained as follows:


   F  PMS    θ  =   ∑  n = 1   + ∞     F  PM   cos     2 n − 1    P  PM   θ      



(1)




where    F  PM     is the magnitude of the MMF modulated by the stator, n represents the order of the Fourier series,    P  PM     represents the pole-pair number (PPN) of the stator PM, and  θ  is the mechanical position in the stationary coordinate system. Since the open arc of the magnetic teeth on both sides of the stator of the 6N-DRFSPM and NS-DRFSPM machines are exactly identical, the inner air-gap MMF modulated by the stator is exactly the same as the outer air-gap MMF. So, in both the 6N-DRFSPM and NS-DRFSPM machines,    P  PM     satisfies


   P  PM   =  N S   



(2)




where    N S    is the number of stator units.



However, for the FSPM machines, the pole-pair number is not only related to the number of PMs but also closely related to the direction of magnetization of the PMs. All PMs of the 6N-DRFSPM machine are magnetized in the same direction, while the PMs of the NS-DRFSPM machine are magnetized alternately; hence, the relationship between the stator units of 6N-DRFSPM (NS_6N) and NS-DRFSPM machines (NS_NS) is


   N   S _ NS    =    N   S _ 6 N     / 2   



(3)







In addition, since the inner and outer rotor pole numbers of the two proposed DRFSPM machines are exactly the same, according to [32,33], the inner air-gap MMF modulated by the stator can be obtained as the inner and outer rotor permeance, which can both be expressed as follows:


   Λ r    θ , t   =   ∑  m = 0 , 1 , 2 , ...  ∞    Λ  rm     cos   m  N r    θ −  Ω r  t      



(4)




where    Λ m    represents the amplitude of the rotor Fourier series, and m represents the order of the Fourier series. Therefore, the MMF modulated by the rotors of the two proposed DRFSPM machines can be expressed as follows:


     F  gs   =  F  PMs    θ  ⋅  Λ r    θ , t       =   ∑  n = 1 , 2 , 3 ,  ∞     ∑  m = 0 , 1 , 2 ,  ∞    F  PMs         n , m   cos     m  N r  ±   2 n − 1    P  PM     θ − m  N r   Ω r  t      



(5)







Based on the final air-gap MMF above and   B =    u 0  F  / δ   , the air-gap PM flux density    B  gs     of two proposed DRFSPM machines can be obtained:


     B  gs   =    u 0   F  gs    θ   / δ      =    u 0   δ    ∑  n = 1 , 2 , 3 ,  ∞     ∑  m = 0 , 1 , 2 ,  ∞    F  PMs         n , m   cos     m  N r  ±   2 n − 1    P  PM     θ − m  N r   Ω r  t      



(6)







Combining Equations (2), (3), and (6), the harmonic orders of the inner and outer air-gap PM flux densities of the two proposed DRFSPM machines can be acquired, which are listed in Table 1.



Figure 9 presents the inner and outer radial air-gap flux densities of the two proposed DRFSPM machines. By carrying out Fourier decomposition on the air-gap flux density above, the radial air-gap flux density harmonic distribution can be acquired, which is exhibited in Figure 10. It can be seen that for the 6N-DRFSPM machine, the dominant PPNs of the inner and outer air-gap field harmonic components are the same, mainly the 1st, 6th, 11th, and 16th. Among them, the 1st, 11th, and 16th pairs of pole harmonics in air-gap PM flux densities are generated due to the modulation of the salient rotor, which satisfies the order of the derived harmonic with m = 1, n = 1, 2, while the 6th harmonic is directly generated by the PMs of the 6N-DRFSPM machine. It can be seen in Figure 10b that for the NS-DRFSPM machine, the main air-gap flux density field harmonics are 2nd, 8th, 4th, 14th, and 10th harmonics, which are modulated by the salient pole rotor, satisfying m = 1, n = 1, 3, 5, and the 3rd, 9th, and 15th harmonics generated by PMs play a dominant role in the NS-DRFSPM machine as well. Although the PPN of the PM of the 6N-DRFSPM is two times that of the NS-DRFSPM machine, both two proposed DRFSPM machines satisfy     m  N r  ± n  N s      (m = 0, 1, 2, … n = 1, 2, 3, …).



Based on the above no-load PM flux density analysis considerations, the two proposed DRFSPM machines are globally optimized with the goal of maximizing torque as the optimization objective. For a relatively fair comparison, the 6N-DRFSPM and NS-DRFSPM machines share the same key design parameters, including the inner and outer rotors’ outer diameters, the stator’s inner and outer diameters, the air-gap length, the PM volume, the stack length, and the number of turns per phase, which are listed in Table 2.





4. Discussion of Electromagnetic Performance Analysis


4.1. No-Load Performance


Figure 11 depicts the no-load phase back-EMF waveforms and their corresponding harmonics of the two proposed machines at a rotating speed of 1500 r/min. It can be seen that the amplitude of the peak fundamental phase back-EMF in the 6N-DRFSPM machine is remarkably larger than that in the NS FSPM machine, by about 2 times, which corresponds to the no-load flux linkage in Figure 8. This is because there are more self-loops in the magnetic field of the NS-DRFSPM machine due to different magnetization methods, which results in less effective flux linkage going through the coils of phase A′ and phase A″ than in the 6N-DRFSPM machine. Meanwhile, the total distortion rates (THDs) of the phase back-EMF waveforms of the 6N-DRFSPM and NS-DRFSPM machines are 4.98% and 5.56%, respectively.



Figure 12 presents the cogging torque waveforms and corresponding FFT results of the two proposed DRFSPM machines. As observed in Figure 12a, the peak-to-peak cogging torque value of the 6N-DRFSPM machine is significantly smaller than that of the NS-DRFSPM machine, measuring 0.62 Nm and 1.59 Nm, respectively. Despite the different magnetizing modes used in the two machines, the cogging torque in both cases is primarily generated by the sixth harmonic component, as depicted in Figure 12b.




4.2. Torque Performance


In addition to evaluating the no-load performance, the torque performance of the two proposed DRFSPM machines under load conditions is also investigated. Figure 13 illustrates the relationship between the electromagnetic torque and the current angle for both DRFSPM machines. It can be observed that the maximum torque for both machines is achieved when the armature current leads the EMF by an angle of 0 degrees, indicating that the id = 0 control strategy can be implemented in both proposed DRFSPM machines.



As is well known, the electromagnetic torque of a motor can be expressed as follows:


   T  em   =      e a   i a  +  e b   i b  +  e c   i c     ω   



(7)




where    e a   ,    e b   , and    e c    represent the root-mean-square values of the back-EMF, and    i a   ,    i b   , and    i c    are the root-mean-square values of the armature current. From Equation (7), it can be seen that the torque of the motor is proportional to the foundational amplitude of the back-EMF, so the average torque of the 6N-DRFSPM machine is significantly larger than that of the NS-DRFSPM machine due to the larger back-EMF.



Figure 14 shows the average torque waveform of the proposed 6N- and NS-DRFSPM machines when the current density Jsa is 7.5 A/mm2 under id = 0 control. It should be noted that the average torque of the 6N-DRFSPM and NS-DRFSPM machines is 11.71 Nm and 7.92 Nm, respectively, which is consistent with the above analysis. In addition, the 6N-DRFSPM machine has a smaller torque ripple (17.2%) compared to the NS-DRFSPM machine (28.3%). However, both DRFSPM machines have significant torque ripple, mainly due to the large cogging torque. For the DRFSPM machines, torque ripple can be further reduced by selecting stator-slot/rotor-pole combinations such as 12/11 and 12/13 if the electrical frequency allows, by using rotor-skewing, etc.



Figure 15 depicts the average torque waveforms of the two proposed DRFSPM machines at different current densities. It can be seen that the 6N-DRFSPM machine exhibits greater electromagnetic torque compared with the NS-DRFSPM machine when the current density changes from 3 A/mm2 to 9 A/mm2, which further illustrates that the 6N-DRFSPM machine has better torque performance. However, due to the optimization goal of maximizing torque, both the DRFSPM machines have a certain degree of magnetic saturation, resulting in poor anti-saturation ability. Meanwhile, the efficiencies of the 6N-DRFSPM and NS-DRFSPM machines at 1500 r/min are 98.4% and 97.6%, respectively. The specific no-load performance, torque performance, and efficiency of the two proposed DRFSPM machines are listed in Table 3.





5. Conclusions


In this paper, a new type of dual-three-phase dual-rotor DRFSPM machine with two magnetizing modes, namely, 6N-DRFSPM and NS-DRFSPM machines, is proposed based on conventional FSPM machines.



The no-load PM flux density of the two proposed DRFSPM machines is investigated, revealing that the main components of the 6N-DRFSPM machine are the 1st, 6th, 11th, and 16th harmonics, while the main components of the NS-DRFSPM machine are the 3rd, 4th, 8th, 9th, 10th, 13th, 14th, and 15th harmonics. Both DRFSPM machines satisfy     m  N r  ±   2 n − 1    N s      (m = 0, 1, 2, … n = 1, 2, 3, …).



By analyzing and comparing the two proposed DRFSPM machines, several conclusions are drawn. The proposed 6N-DRFSPM machine exhibits superior electromagnetic performance due to more modulated teeth with a magnetizing effect. The effective flux linkages of the NS-DRFSPM machine passing through the coils are lower than those of the 6N-DRFSPM structure, resulting in worse electromagnetic performance since the NS-DRFSPM machine has more self-loops. The electromagnetic performance of the two proposed DRFSPM machines was compared in detail by FEA, and it is concluded that the 6N-DRFSPM machine exhibits better electromagnetic performance, such as a more sinusoidal and larger back-EMF, high average torque, and smaller torque ripple, and higher efficiency.
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Figure 1. The structure of the conventional FSPM machine. 
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Figure 2. The structure of the proposed 6N-DRFSPM machine. (a) The 6N-DRFSPM machine. (b) Partial enlargement. 
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Figure 3. The structure of the proposed NS-DRFSPM machine. (a) The NS-DRFSPM machine. (b) Partial enlargement. 
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Figure 4. The armature winding connections of the proposed DRFSPM machines. (a) The 6N-DRFSPM machine. (b) The NS-DRFSPM machine. 
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Figure 5. The coil-EMF vectors of the proposed 6N- and NS-DRFSPM machines. 
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Figure 6. No-load permanent magnetic field lines of the 6N-DRFSPM machine. (a) Position A. (b) Position B. (c) Position C. (d) Position D. 
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Figure 7. No-load permanent magnetic field lines of the NS-DRFSPM machine. (a) Position A. (b) Position B. (c) Position C. (d) Position D. 
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Figure 8. The no-load flux linkage of the proposed 6N-DRFSPM and NS-DRFSPM machines. 
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Figure 9. The radial air-gap PM flux density of 6N- and NS-DRFSPM machines. 
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Figure 10. The open-load radial air-gap PM flux density harmonic orders of the two DRFSPM machines. (a) 6N-DRFSPM machine. (b) NS-DRFSPM machine. 
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Figure 11. Waveforms of phase back-EMF per turn at 1500 r/min of two DRFSPM machines with different magnetization modes. (a) Waveforms. (b) Spectra. 






Figure 11. Waveforms of phase back-EMF per turn at 1500 r/min of two DRFSPM machines with different magnetization modes. (a) Waveforms. (b) Spectra.



[image: Energies 17 02102 g011a][image: Energies 17 02102 g011b]







[image: Energies 17 02102 g012] 





Figure 12. Cogging torque of two DRFSPM machines with different magnetization modes. (a) Waveforms. (b) Spectra. 
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Figure 13. Curves of torque versus current angle of two proposed DRFSPM machines with different magnetization modes. 
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Figure 14. Average torque of two proposed DRFSPM machines with different magnetization modes. 
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Figure 15. Average torque versus current density of two proposed DRFSPM machines with different magnetization modes. 
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Table 1. Characteristics of 6N-DRFSPM and NS-DRFSPM machines’ air-gap field harmonics.
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	Items
	Harmonic Order
	(m, n)





	6N-DRFSPM inner air gap
	     m  N r  ±   2 n − 1    N   S _ 6 N        
	m = 0, 1, 2, …

n = 1, 2, 3, …



	6N-DRFSPM outer air gap
	     m  N r  ±   2 n − 1    N   S _ 6 N        
	m = 0, 1, 2, …

n = 1, 2, 3, …



	NS-DRFSPM inner air gap
	     m  N r  ±   2 n − 1    N   S _ NS        
	m = 0, 1, 2, …

n = 1, 2, 3, …



	NS-DRFSPM outer air gap
	     m  N r  ±   2 n − 1    N   S _ NS        
	m = 0, 1, 2, …

n = 1, 2, 3, …










 





Table 2. Key design parameters of the two proposed DRFSPM machines.
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	Items
	6N-DRFSPM/NS-DRFSPM





	Pole number of inner/outer rotors
	5/5



	Outer diameter of inner/outer rotors (mm)
	128/36.6



	Outer diameter of stator (mm)
	107.3



	Active length of inner/outer air gaps (mm)
	0.35/0.35



	Stack length (mm)
	75



	Slot package factor (kpf)
	0.45



	PM type
	NdFeB



	Remanent (T)
	1.2



	Coercivity (kA/m)
	909



	Rated speed (rpm)
	1500



	Coil number per phase
	4



	Number of turns per coil
	70










 





Table 3. Comparative results of the 6N-DRFSPM and NS-DRFSPM machines.
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	Items
	6N-DRFSPM
	NS-DRFSPM





	Amplitude of fundamental phase back-EMF (V)
	208.2
	105.2



	THD of phase back-EMF
	4.98%
	5.56%



	Cogging torque (Nm)
	0.62
	1.59



	Average torque (Nm)
	11.71
	7.92



	Torque ripple
	17.2%
	28.3%



	Copper loss (W)
	82.5
	82.5



	Iron loss (W)
	37.3
	31.4



	Efficiency at Jsa = 7.5 A/mm2 and 1500 r/min
	0.938
	0.916
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