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Abstract

:

With the development of new energy vehicles, the NVH (Noise, Vibration, Harshness) performance of the permanent magnet synchronous motors (PMSM) for vehicles has attracted more and more attention. The rotor slotting optimization analysis is the critical issue in the NVH performance study of PMSM. In this paper, the theoretical formula of the PMSM radial electromagnetic force is presented. Based on which, the spatial order and frequency order characteristics of the radial force of a 6-pole 36-slot PMSM are analyzed. Firstly, electromagnetic simulation of the motor is carried out, and the specific force components, which may cause an NVH problem, is extracted. Secondly, the harmonics are calculated with a method of freezing the relative magnetic permeability. Thirdly, the motor is optimized by rotor slotting to reduce the amplitudes of these harmonics, and the effect on electromagnetic noise is analyzed in theory and simulation. Finally, the NVH test in original state and after rotor slotting state was performed in the semi-anechoic chamber. The accuracy of the theory and simulation was verified based on the comparison of the measured noise data. This paper provides a new NVH optimization idea, this method can quickly locate the fundamental problem location of electromagnetic NVH, provide a fast channel for electromagnetic NVH optimization from simulation to verification, and improve the optimization efficiency of NVH.
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1. Introduction


With the development of new energy vehicles, the NVH performance of the permanent magnet synchronous motors (PMSM) for vehicles has attracted more and more attention [1,2,3,4].



A relative permeance function for the slotted machine was proposed in [5] to modulate the radial component of flux density distribution predicted by the slotless model, which has received extensive applications in the surface permanent magnet motor (SPMM) for predicting radial force. In [6,7,8,9], radial electromagnetic force is calculated by the finite element method, and the influence of radial electromagnetic force on noise and vibration is studied. The pole-slot combination of PMSM is one of the key issues affecting its NVH. In [10,11,12,13], the air gap magnetic flux density and electromagnetic force were obtained by the finite element method to study the influence of the pole-slot combination of the motor on vibration and noise. In [14], by coupling the analysis model with the finite element model, the hybrid model takes into account the permeability, slot height, and rotor shape, and calculates the complex global air-gap permeability per unit area, which makes the calculation of air-gap magnetic density with high accuracy and calculation speed. In [15], it is proposed that the lower harmonic components of the radial electromagnetic force is mainly due to the interaction between the magnet field and the armature-reaction field, which is largely determined by the combination of the pole and slot numbers, and it is much more reliable to calculate the radial force in the middle of the air gap rather than close to the stator bore. Zuo et al. [16] proposed that the electromagnetic force caused by stator slotting effect contributes most to the overall noise. In addition, with reducing the amplitude of the electromagnetic force, which is close to the resonant frequency by optimizing the slot width, the sound pressure level (SPL) is reduced by 6 dB (A). It is also raised in the paper that to reduce the vibration and noise of the motor, optimizing the electromagnetic force or increasing the structural stiffness both works. However the latter is costly, so the most widely used method is to avoid the electromagnetic force appearing near the modal frequency. In [17], a combined simulation of electromagnetic field, mechanical field, and acoustic field was applied to predict the vibration and noise of a three-phase 12-pole 36-slot claw pole alternators. Simulation results agree well with the results measured by experiments. Results show that the vibration and noise of the motor is mainly caused by the electromagnetic force of spatial order 0 and order 6. In [18], in order to reduce the rated unbalanced magnetic force, three 3-slot/2-pole permanent magnet (PM) motors with different auxiliary slots were studied and compared. A 2D finite element method is introduced, and its unbalanced magnetic force characteristics are analyzed, and the unbalanced magnetic force with different auxiliary slots is studied. It is mentioned in [19] that reducing harmonic components of the air gap flux density can effectively attenuate the cogging torque and suppress the torque ripple, thereby reducing motor vibration. This goal is achieved in the paper by the means of optimizing the shape of the permanent magnet and the shape of the rotor surface. In [20], a slotted rotor configuration is proposed to reduce the torque ripple and radical vibration force. The flux density distributions are discussed to explain the principle that the torque ripple and radical vibration of motor is smaller with a slotted rotor and skew-slot stator.



In this paper, a 6-pole 36-slot vehicle PMSM is studied. The spatial order and frequency order of the electromagnetic force of the motor are analyzed. In addition, the motor is optimized by rotor slotting to weaken the electromagnetic force and improve the motor NVH performance. This paper provides a new NVH optimization idea, that is, first of all, the mechanism analysis of the problematic electromagnetic order noise is decomposed, and the related harmonics are decomposed. Under the premise that other factors are unchanged, reducing the amplitude of these harmonics can achieve the purpose of optimizing the electromagnetic order noise. This method can quickly locate the fundamental problem location of electromagnetic NVH, provide a fast channel for electromagnetic NVH optimization from simulation to verification, and improve the optimization efficiency of NVH.




2. Spatial Order and Frequency Order Analysis of the Radial Electromagnetic Force


Ignoring the influence of the tangential component of the air gap magnetic field, the radial electromagnetic force density of the PMSM can be calculated according to the Maxwell tensor equation as follows:


   P r   (  θ , t  )  ≈    b r 2   (  θ , t  )    2  μ 0     



(1)




where, θ is the angular position in the stator steady frame, t is the time, μ0 is air gap magnetic permeability, and br(θ,t) is the radial air gap flux density, which can be expressed as:


   b r   (  θ , t  )  =  [   f m   (  θ , t  )  +  f s   (  θ , t  )   ]  λ  (  θ , t  )   



(2)




where, fm(θ,t) is the magnetomotive force (MMF) of the permanent magnet, fs(θ,t) is the armature MMF, and λ(θ,t) is the air gap permeance.



Ignoring the slotting effect of the stator, the MMF of the permanent magnet is as follows:


   f m   (  θ , t  )  =   ∑      μ = 2 k + 1       k = 0 , 1 , 2 , …     ∞     F μ  cos ( μ p θ − μ p ω t  )   



(3)




where, p is the pole pairs, w is the angular velocity, and Fu is the amplitude of the μth MMF.



Ignoring the harmonics of the current [21], the MMF of the armature is:


   f s  ( θ , t ) =   ∑       υ = 6 k ± 1       k = 0 , 1 , 2 , …      ∞     F υ  cos ( υ p θ ∓ p ω t  )   



(4)




where, Fv is the amplitude of the υth MMF.



Considering the effect of stator slotting, the air gap permeance can be determined as:


  λ ( θ , t ) =  Λ 0  +   ∑   i = 1 , 2 , 3 , …  ∞   Λ i  cos i Z θ  



(5)




where, λ0 is the amplitude of the static component of the air gap permeance, λi is the amplitude of the ith component, and Z is the number of slots.



Applying Equations (2)–(5) to Equation (1), the radial electromagnetic force density can be determined as:


     P r   (  θ , t  )  ≈  1  2  μ 0      [   f m   (  θ , t  )  +  f s   (  θ , t  )   ]  2  λ   (  θ , t  )  2      =  1  4  μ 0     {      ∑      μ 1   = 2 k  + 1        k = 0 , 1 , 2 ,  …     ∞     ∑      μ 2  = 2 k + 1       k = 0 , 1 , 2 , …     ∞     ∑  i = 1 , 2 , 3 , …  ∞    f  m 1     ’   f  m 2     ’  cos  {   [   (   μ 1  ±  μ 2   )  p ± i Z  ]  θ −  (   μ 1  ±  μ 2   )  p ω t  }        +       ∑      ν 1  = 6 k ± 1        k 1  = 0 , 1 , 2 , …     ∞     ∑      ν 2  = 6 k ± 1        k 2  = 0 , 1 , 2 , …     ∞     ∑  i = 1 , 2 , 3 , …  ∞    f  s 1     ’   f  s 2     ’   {    cos  {   [   (   v 1  +  ν 2   )  p ± i Z  ]  θ ∓ 2 p ω t  }  +     cos  [   (   v 1  −  ν 2   )  p ± i Z  ]  θ    }        +       ∑     μ = 2 k + 1       k = 0 , 1 , 2 , …     ∞     ∑     ν = 6 k ± 1       k = 0 , 1 , 2 , …     ∞     ∑  i = 1 , 2 , 3 , …  ∞    f m    ’   f s    ’   {    cos  {   [   (  μ + ν  )  p ± i Z  ]  θ −  (  μ ± 1  )  p ω t  }  +     cos  {   [   (  μ − ν  )  p ± i Z  ]  θ −  (  μ ∓ 1  )  p ω t  }     }           }     



(6)







The radial vibration amplitude of the motor is closely related to the spatial orders and frequencies of the electromagnetic force, as shown in the following equation [22]:


  Y ∝    P r     n 4     1  1 −    (     f n     f  m o      )   2     



(7)




where, n is the spatial order of the radial electromagnetic force, Pr and fn is the corresponding amplitude and frequency respectively, and fmo is the radial modal frequency of the motor.



According to Equation (6), the spatial order and frequency order characteristics of the radial electromagnetic force of the 6-pole 36-slot PMSM can be obtained, as shown in Table 1:



In Table 1, “Unload” means that the output torque is 0 when the motor is running, “Full Load” means the maximum output torque corresponding to the current speed of the motor. As can be seen from the table, except for the 0th order, the spatial orders and frequency orders of the 6-pole 36-slot PMSM are integer multiples of 6, and the lowest order is 6. It can be known from Equation (7) that the radial vibration amplitude of the motor is proportional to the amplitude of the electromagnetic force and inversely proportional to the fourth power of its spatial order, so the low-order components of the electromagnetic force is the main cause of vibration and noise. For a 6-pole 36-slot PMSM, the force harmonics with 0th and 6th spatial orders are the main factors causing the vibration and noise of the motor. Additionally when the 0th and 6th modal frequencies of the motor are equal to or close to the force harmonics frequencies of the corresponding order, it will cause resonance [23]. In other cases, forced vibration may occur in the motor.




3. Simulation Analysis of the Radial Electromagnetic Force


The structural parameters of the motor are shown in Table 2. The 2D model of the motor is established with the simulation software to obtain the electromagnetic force. Since the magnetic circuit of the motor is symmetrical, it can be equivalent to a 1-pole 6-slot unit motor model, and the simulation results of the full model can be obtained by using the symmetry boundary conditions. Figure 1a,b shows the magnetic flux density distribution of the original motor and the optimized motor by rotor slotting. Due to the slotting effect, the rotor structure of the motor has changed, the length of the air gap as well as the magnetic flux density at the slot position has been changed, and then the magnetic circuit of the rotor has been changed consequently.



3.1. Harmonics of the Radial Electromagnetic Force


The magnetic flux density at the middle position of the air gap in simulation was selected to calculate the radial electromagnetic force with the Maxwell tensor equation. It can be known from Equation (6) that the radial electromagnetic force is a function related to the angular position and time. By performing the 2-D Fourier transform of the radial force density, the time–space diagram of which can be obtained, and it is easier to analyze the characteristics of the radial force related to the frequency order and the spatial order, as shown in Figure 2.



According to the previous theoretical analysis, components of 0th and 6th spatial orders are the main causes of the vibration and noise of this motor. Therefore, we only need to pay attention to the harmonics of the 0th and 6th spatial orders, and the higher order components can be ignored. At the same time, the frequency orders of this motor are integer multiples of 6. The constant component of the radial force density, i.e., components with frequency order 0, is ignored in the figure. Through the analysis of the figure, it can be seen that there is a large amplitude at the frequency order and space order of (6,6), (18,0), (36,0), (42,6), and (72,0) (where (18,0) represents the frequency order of 18 and the spatial order of 0, the same below). So, it may cause large vibration and noise at these frequencies. According to Equation (6), the electromagnetic force are excited by the permanent magnet field and the armature field, so the force harmonics of the above specific orders are due to the interaction of the specific magnetic field harmonics between the permanent magnet and the armature. These harmonics and their interactions are listed in Table 3:



The table lists some interactions of the magnetic field harmonics that produce radial electromagnetic forces of specific frequency orders and spatial orders. As the order increases, the amplitude of the magnetic field harmonic will decreases greatly. Therefore, this paper only focused on the low-order harmonics and ignores the influence of higher-order harmonics.




3.2. Magnetic Field Harmonics Analysis after Rotor Slotting


According to the research in [18,19,20], rotor slotting is an effective way to optimize electromagnetic NVH. Then, this paper used the method of rotor slotting to optimize electromagnetic NVH. Firstly, the slotting was performed twice in each unit motor, and then the slotting angle, slotting radius, and center distance were taken as the optimization indicators. The slotting angle optimization step was 0.5 degrees, and the optimization range was 0–30 degrees. The slotting radius optimization step was 0.1 mm, the optimization range was 23–25 mm, the center distance optimization step was 1 mm, and the optimization range was 60–75 mm. Additionally, the amplitudes of the harmonic combinations in Table 3 were used for optimization targets. Multiobjective optimization was performed in the finite element software to obtain a specific optimized position for the rotor slotting. Based on the analysis of the original motor, the rotor was slotted at the specific positions to weaken the specific harmonics of the permanent magnet field and armature field so as to reduce the amplitude of the radial electromagnetic force with orders of (6,6), (18,0), (36,0), (42,6), and (72,0) and to reduce the noise in result. 12 arc-shaped slots were processed on the surface of the rotor. The slot position is shown in Figure 3a,b, and the slot parameters are shown in Table 4.



The center distance in Table 4 is the distance between the center of the rotor and the center of the slot arc, and the angle is the side of unit motor to the center distance line, as shown in Figure 3c.



By freezing the relative magnetic permeability, the air gap magnetic density generated by the permanent magnet and the armature was simulated respectively, and the Fourier transform was used to extract the amplitude of the harmonic components of specific orders for further analysis. According to the relations between the electromagnetic force and the magnetic field harmonics in Table 3, the harmonics resulting in electromagnetic force of orders (6,6), (18,0), (36,0), (42,6), and (72,0) were extracted and compared between the original motor and the optimized motor, as shown in Figure 4.



From the analysis of Figure 4, it can be seen that the fundamental amplitude of the radial air gap flux density of the armature field of the motor after rotor slotting decreased compared with the original state, thereby causing the amplitude of the radial force of orders (6,6), (36,0), (42,6), and (72,0) to decrease. Therefore, the radial electromagnetic forces of 6th, 36th, 42th, and 72th frequency orders were reduced, and it is predicted that the noise of these frequencies will decrease. It can be seen from the analysis of Figure 4b that the harmonics of order (18, 0) was not reduced, so it was predicted that the current optimization technique did not improve the noise of frequency order 18.




3.3. Comparison of Radial Electromagnetic Force Before and After Rotor Slotting


Figure 5 is a time–space diagram of the radial force density after optimization, and Figure 6b,c are comparisons of amplitude of radial force of orders (6,6), (18,0), (36,0), (42,6), and (72,0) before and after optimization. It can be seen from the figure that the radial electromagnetic forces of orders (6,6), (36,0), (42,6), and (72,0) decrease in varying degree, while the change of order (18,0) was not obvious. In the case that other factors remained unchanged, it could be considered that the vibration and noise of orders (6,6), (36,0), (42,6), and (72,0) were improved, but that of order (18,0) was not significantly improved. Then, the simulation results need to be verified experimentally.




3.4. Tangential Electromagnetic Force Analysis


It is well known that the optimization of motor NVH performance should be carried out under the premise of not reducing or slightly reducing the output torque. If the output torque is greatly weakened, then the NVH optimization at this condition is not optimal. The output torque of the motor was generated by the tangential electromagnetic force. Figure 7 shows the comparison of the amplitude of tangential air gap flux density of the motor before and after optimization. It can be seen from the figure that the fundamental amplitude of the tangential air gap flux density increased, and the 3rd, 9th, and 11th harmonics were greatly reduced, thereby reducing the torque ripple. However, since the 5th harmonic increased after rotor slotting, there was still some optimization space in reducing the torque ripple. The output torque of the motor is shown in Table 5. The output torque only decreased by 1.09% after rotor slotting, which had little effect on the power performance of the motor.





4. Test and Verification


In order to verify the accuracy of theoretical analysis and simulation, the NVH test of the motor was carried out in the semi-anechoic chamber [24], and the motors before and after optimization were tested under the same conditions respectively, and the noise test results were compared. The detailed parameters of the test equipment and test conditions are shown in Table 6 and Table 7. The noise of the motor during operation is measured by a microphone placed 0.1 m above the motor envelope, as shown in Figure 8. The time domain data of the noise of the motor before and after optimization were collected and compared after data processing.



The colormap of the noise test is shown in Figure 9. Figure 9a is the test result of the motor noise in the original state, and Figure 9b is the test result in the rotor slotting state. According to Figure 9, it can be seen from the colormap obtained from the experimental test that during the process of the motor speed increasing from 100 to 8000 rpm, the electromagnetic order noise of the motor was an integer multiple of 6, which was consistent with the previous theoretical analysis results. At the same time, according to the space–time diagrams of the radial force density in Figure 2 and Figure 5, it can be seen that this motor would have NVH problems in the frequency order of 6th, 18th, 36th, 42nd, and 72nd, and both colormaps verify the simulation results. According to comparison of Figure 9a,b, it can be seen that the noise energy of the 6th, 36th, and 72nd frequency order after optimization decrease compared to the original one. The noise of the 18th order did not change much, which was consistent with the simulation results, and the accuracy of theoretical analysis and simulation results was verified. Since the noise of 42nd order was relatively small, the improvement after optimization was not obvious.



By using the rotor slotting method, the 6th, 36th, and 72nd frequency order noise of the motor could be reduced, and the electromagnetic NVH performance was improved. Furthermore, in actual testing, under the premise that other factors were unchanged, reducing the harmonic amplitude by using the method of rotor slotting could indeed effectively reduce the electromagnetic order noise. Additionally, the fast-channel method of electromagnetic NVH optimization proposed in this paper was also verified.




5. Conclusions


(1) Through the theoretical analysis, the frequency order and spatial order of the 6-pole 36-slot PMSM were integer multiples of 6. With simulation analysis, it was found that the motor had a large radial force density amplitude at orders (6,6), (18,0), (36,0), (42,6), and (72,0), which might cause a large electromagnetic vibration and noise.



(2) After decomposing the electromagnetic force of specific orders, it was found that the fundamental amplitude of the radial air gap flux density of the armature reaction field decreased due to the rotor slotting optimization, which weakened the radial electromagnetic force of orders (6,6), (36,0), (42,6), and (72,0). After rotor slotting, the output torque decreased by 1.09%, which had little effect on the power performance of the motor.



(3) The results of the motor NVH test shows that the noise energy of the 6th, 36th, and 72nd frequency order was reduced after rotor slotting, and the 18th order noise changed little, which was consistent with the simulation results. The accuracy of theoretical analysis and simulation results was verified. For the 42nd order noise, the noise energy was very small, and the improvement after optimization was not obvious.



(4) According to conclusion (3), we could draw a conjecture that a large radial electromagnetic force did not necessarily cause significant electromagnetic vibration and noise, but obvious electromagnetic vibration and noise was generally caused by a large radial electromagnetic force. The accuracy of this conjecture would be verified in the future studies.



(5) This paper proposed a new electromagnetic order noise optimization method, that is, under the premise that other factors were unchanged, the harmonics obtained from the mechanism analysis were used as optimization targets, and the rotor slotting was used to weaken these harmonics amplitudes to achieve the purpose of reducing electromagnetic order noise. The method could quickly locate the root cause of electromagnetic NVH and provide a fast channel for electromagnetic NVH optimization from simulation to verification, and improve the optimization efficiency of NVH.
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Nomenclature




	Notations
	Meaning



	br(θ,t)
	the radial air gap flux density



	fm(θ,t)
	the permanent magnet magnetomotive force(MMF)



	fmo
	the radial modal frequency of the motor



	fn
	the radial electromagnetic force frequency



	fs(θ,t)
	the armature MMF



	Fu
	the amplitude of the μth MMF



	Fv
	the amplitude of the υth MMF



	n
	the spatial order of the radial electromagnetic force



	p
	the pole pairs



	Pr
	the radial electromagnetic force amplitude



	Pr(θ,t)
	the radial electromagnetic force density



	t
	time



	w
	the angular velocity



	Y
	the radial vibration amplitude of the motor



	Z
	the number of slots



	μ
	the permanent magnet harmonics



	υ
	the armature harmonics



	μ0
	air gap magnetic permeability



	θ
	the angular position in the stator steady frame



	λ(θ,t)
	air gap permeance



	λ0
	the amplitude of the static component of the air gap permeance



	λi
	the amplitude of the ith component of the air gap permeance
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Figure 1. Motor flux density distribution. 
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Figure 2. Time–space diagram of the radial force density of the motor in original state. 
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Figure 3. Rotor slot position. 
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Figure 4. The comparison of air gap flux density harmonic amplitude of orders before and after rotor slotting. (a) Order (6,6); (b) order (18,0); (c) order (36,0); (d) order (42,6); and (e) order (72,0). 
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Figure 5. Time–space diagram of the radial force density after the rotor slotting. 
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Figure 6. The comparisons of radial force density of orders before and after rotor slotting. (a) Order 6 and (b) order (18,0), (36,0), (42,6), and (72,0). 
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Figure 7. Comparison of tangential air gap flux density harmonic amplitude. 
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Figure 8. Noise test. 
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Figure 9. Noise test colormap. 
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Table 1. Spatial order and frequency order characteristics of 6-pole 36-slot permanent magnet synchronous motors (PMSM).
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	Conditions
	Spatial Orders
	Frequency Orders





	Unload
	0, 6, 12, …
	0, 6, 12, 18, 24, 30, 36, …



	Full Load
	0, 6, 12, ...
	0, 6, 12, 18, 24, 30, 36, …
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Table 2. Motor structure parameters.






Table 2. Motor structure parameters.





	Items
	Unit
	Value





	Number of Rotor Pole
	-
	6



	Number of Stator Slot
	-
	36



	Stator Outer Diameter
	mm
	179



	Stator Inner Diameter
	mm
	91.2



	Rotor Outer Diameter
	mm
	90.3



	Rotor Inner Diameter
	mm
	26.8



	Air Gap Length
	mm
	0.45



	PM Width
	mm
	15.4



	PM Thickness
	mm
	3.13



	PM Material
	-
	N35



	Remanence of PM
	T
	1.23



	Iron Core Material
	-
	DW540
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Table 3. Magnetic field harmonics that cause specific order electromagnetic force of a 6-pole 36-slot PMSM.
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	Frequency Orders
	Spatial Order
	Interactions of Magnetic Field Harmonics





	6
	6
	      (  μ = 1 , ν = 11  )  ,  (  μ = 1 , ν = 13  )  ,  (  μ = 3 , ν = 11  )  ,  (  μ = 3 , ν = 13  )  ,      (   ν 1  = 1 ,  ν 2  = 13  )  , …     



	18
	0
	    (  μ = 5 , ν = 7  )  ,  (  μ = 5 , ν = 17  )  ,  (  μ = 7 , ν = 5  )  ,  (  μ = 7 , ν = 19  )  , …   



	36
	0
	      (  μ = 11 , ν = 1  )  ,  (  μ = 11 , ν = 23  )  ,  (  μ = 13 , ν = 1  )  ,  (  μ = 13 , ν = 25  )  ,      (   μ 1  = 1 ,  μ 2  = 11  )  ,  (   μ 1  = 3 ,  μ 2  = 9  )  ,  (   μ 1  = 5 ,  μ 2   = 7   )  …     



	42
	6
	      (  μ = 13 , ν = 1  )  ,  (  μ = 13 , ν = 23  )  ,  (  μ = 15 , ν = 1  )  ,      (   μ 1  = 1 ,  μ 2  = 13  )  ,  (   μ 1  = 3 ,  μ 2  = 11  )  ,  (   μ 1  = 5 ,  μ 2   = 9   )  …     



	72
	0
	      (  μ = 23 , ν = 1  )  ,  (  μ = 25 , ν = 1  )  ,      (   μ 1  = 1 ,  μ 2  = 23  )  ,  (   μ 1  = 3 ,  μ 2  = 21  )  ,  (   μ 1  = 5 ,  μ 2   = 19   )  …     
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Table 4. Rotor slot parameters.






Table 4. Rotor slot parameters.





	Items
	Unit
	Value





	Center Distance
	mm
	69



	Angle
	°
	14.5



	Slotting Radius
	mm
	24.5
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Table 5. Comparison of output torque before and after slotting.
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	Original State (Nm/RMS)
	Rotor Slotting State (Nm/RMS)
	Reduced Percentage (%)





	94.09
	93.06
	1.09
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Table 6. Test equipment and environment.
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	Items
	Unit
	Value





	Background Noise
	dB(A)
	10



	Cut-off Frequency
	Hz
	50



	Sound Absorption Structure
	-
	ASA



	Dynamometer Maximum Power
	kW
	220



	Dynamometer Maximum Torque
	Nm
	450



	Dynamometer Maximum Speed
	r/min
	10000



	Dynamometer Inertia
	kg/m2
	0.05
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Table 7. Test conditions.






Table 7. Test conditions.





	Items
	Unit
	Value





	Speed
	r/min
	100–8000



	Power
	kW
	70



	DC Voltage
	V
	350



	Maximum DC Current
	A
	200



	Operating Temperature
	°C
	60–80
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