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Abstract

:

This paper deals with design of permanent magnet synchronous generators (PMSG) for diesel engine generators. The PMSG is required to reduce the total harmonic distortion (THD) reduction of the induced electromotive force (EMF) for the enhancement of power quality. In this paper, a design method is proposed to reduce the THD of the induced EMF for power quality enhancement in the PMSG. First, the selection process for the number of poles and slots is described. Second, the rotor shape design is proposed using an eccentric curve and slit shape. Based on the results of the first process, the optimal rotor shape is selected to achieve the additional THD reduction of the induced EMF. Finally, the performance for the optimal rotor shape is verified through a 2-dimensional finite element analysis (2D FEA) and prototype.
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1. Introduction


As the demands of high efficiency for electric machines increase, synchronous motors for diesel engine generators have been converted from wound field types to permanent magnet types. In order to increase the high-quality electric power of permanent magnet synchronous generators (PMSGs), an inverter is widely used instead of a separate exciter [1,2].



Compared to a wound field type generator, the PMSG also has a key strength in physical size reduction. Moreover, PMSGs produce higher quality output than the wound field type generator because they control the voltage and frequency using an inverter. However, loss and vibration are inevitable if the combination of the number of poles and slots is not selected carefully [3]. Furthermore, the power quality of the generator is affected by the total harmonic distortion (THD) of the induced electromotive force (EMF) at the no load and load drive for the generator drive conditions.



Generally, the induced EMF THD increases more at the load than at no-load for the drive conditions of the generator. This is because the wave form of the magnetic flux density in the air gap is distorted due to the influence of the armature reaction [4]. Therefore, it is an essential design factor to reduce the induced EMF THD at the load drive in the generator design. Furthermore, if the power factor (PF) in the PMSG is less than one, the induced EMF THD at the load drive increases. This reduced PF deteriorates the power quality of the PMSG. In order to reduce the induced EMF THD, a rotor shape design is commonly used.



Eccentricity and pole angle are key design parameters in the rotor shape design. However, eccentricity is generally applied to enhance the performance in three types of permanent magnet electric machines. First, the spoke-type machine deals with the eccentricity to reduce the induced EMF THD and torque ripple for the cost reduction of the rare earth magnet [5]. Second, the surface permanent magnet machine (SPM) also deals with eccentricity, mainly to reduce cogging torque for automotive EPS (electric power steering) systems [6,7]. The reduction of cogging torque is the most essential quality factor to enhance steering feeling. Finally, the internal permanent magnet (IPM) also deals with eccentricity to reduce not only the torque ripple and induced EMF THD, but also iron loss [8,9]. The reduction of iron loss is a key design factor in the IPM-type machine to improve efficiency at high speed, such as in electric vehicles (EVs) [10,11,12].



For this reason, it can be concluded that most previous research mainly focused on eccentricity to reduce the induced EMF THD and torque ripple. Accordingly, eccentricity is considerably effective at reducing induced EMF THD. However, eccentricity has two weaknesses. One is the increase of THD at the load drive, while the other is the reduction of induced EMF magnitude. Therefore, it is necessary to overcome these weaknesses resulting from the eccentricity.



This paper proposes a design method to reduce the induced EMF THD at the load drive and increase the magnitude of induced EMF for power quality enhancement in PMSGs. First, the selection process of the number of poles and slots for the initial design is described. Second, the rotor shape design is proposed using the eccentric curve and slit shape. Based on the results of this first process, the optimal rotor shape is designed to achieve additional THD reduction and increase EMF magnitude. Finally, the performance for the final design is verified through 2D finite element analysis (FEA) and experimentation.




2. Proposed Design Process of PMSG


2.1. Selection of Pole and Slot Number


This paper deals with the PMSG for a diesel engine. The rated voltage and frequency was 380 V, with a root mean value for line-to-line, and 60 Hz, respectively. The rated output power was 78 kW and the cooling type was air-forced cooling. The pole number four was selected to meet the 60 Hz of output power frequency by considering the rated rotational speed (1800 rpm) of the diesel engine. The design specifications are shown in Table 1.



The permanent magnet in the PMSG is a N42SH and its residual flux density is Br = 1.2 [T] at 100 °C. In this paper, the Br value was used to analyze the PMSG for the 2D FEA.



Generally, the size of an electric machine is determined based on the design specifications. The sizing parameters are one of the main methods to decide the size of an electric machine. In this paper, the sizing parameters were used to decide the size of the PMSG. The sizing factors are the torque per rotor unit volume (TRV) and the shape ratio (SR), as expressed in Equations (1) and (2) [13,14].


  T R V =    T  r a t e d     π      (   D r  / 2  )   2     L  s t k      



(1)






  S R =    L  s t k      D r     



(2)







In (1) and (2), Trated, Dr, and Lstk represent the rated torque, external diameter of the rotor, and the stack length of the stator and rotor, respectively. In this paper, the values of the TRV and SR in sizing are referred to as 30 kNm/m3 and 2.37, respectively [13,14]. Table 1 lists the design specification, including the values of TRV and SR.



The stack length and diameter of the rotor were calculated using (1) and (2), as shown Table 1. In this paper, the layout type of the magnet in the PMSG is an IPM (internal permanent magnet) to prevent the magnet from spattering in the rotor. The induced EMF THD for the generator differs from the slot number and winding type.



Fractional slot winding, one of the winding types, is characterized by a high winding coefficient and a low induced EMF THD. In factional slot winding, the high winding coefficient refers to the high fundamental component value of the induced EMF [15]. In order to reduce the induced EMF THD using fractional slot winding, the selection process for the slot number was carried out as described below.



Figure 1 shows the wave form of the induced EMF at the no-load drive of 1800 rpm with four poles. The wave form of the induced EMF at the no-load drive was analyzed by space harmonic analysis, one of the analytical methods.



The space harmonic analysis calculates the characteristics of the electric machine by modelling the flux density of the air gap with the mathematical method. The strength of the space harmonic analysis is to shorten the analysis time when compared to numerical methods, such as 2D FEA. Figure 2 shows the simplified model of the PMSG with polar coordinates for space harmonic analysis. In Figure 2, Ds and Dm represent the internal radius of the stator and the external radius of the magnet, respectively. However, the following assumptions are required [16]:




	
The end effect is neglected;



	
Permeability of the cores in the stator and rotor µ is infinite;



	
The tooth tip of the slot open in the stator is neglected;



	
The permanent magnet has a constant periodicity in θ direction.








Region I and II in Figure 2 are the region of the air gap and the permanent magnet. In region I, the magnetic scalar potential φ is governed by Laplace’s equation and the distribution of φ can be expressed by Equation (3) [16].


     ∂ 2   φ I    ∂  r 2    +  1 r    ∂  φ I    ∂ r   +  1   r 2       ∂ 2   φ I    ∂  θ 2    = 0    



(3)







For region II, the φ is governed by Poisson’s equation and the distribution of φ can be expressed by Equation (4). In (4), Mr and µr refer to the magnetization in radial direction and the relative recoil permeability of the permanent magnet, respectively [16].


     ∂ 2   φ  I I     ∂  r 2    +  1 r    ∂  φ  I I     ∂ r   +  1   r 2       ∂ 2   φ  I I     ∂  θ 2    =    M r    r    μ r       



(4)







Therefore, the wave form of the induced EMF, including the air gap flux density and flux linkage, can be analyzed by Equations (3) and (4) with Figure 1 [17].



In this paper, the space harmonic analysis is used to confirm the quick results of the induced EMF THD in the initial design step for the selection of the pole and slot number.



Table 2 shows the fundamental root mean square (rms) and THD for the induced EMF, and the radial force order at the no-load drive with four poles according to the slot number, as shown in Figure 1. The fundamental components were calculated by using the harmonic order analysis based on the wave form in Figure 1. In Table 2, q refers to the slot number per phase per pole. The radial harmonic order, rλ, was calculated using Equation (4). In Table 2, the induced EMF THD, whose values were less than 10%, had slot numbers 18, 27, 30, 33, 39, and 42. Therefore, these slot numbers corresponded to fractional slot winding.



However, these fractional slot windings have an inevitable weakness: vulnerability to vibration. The magnetic force in the radial direction, occurring in the air gap, causes these vibrations [18].



The magnetic force in the radial direction also has fundamental and harmonic components. The deformation amount of the stator ∆d differs from the radial harmonic order rλ, the harmonic order of the magnetic force in the radial direction. The ∆d is inversely proportional to the 4th power of rλ approximately, as shown in Equation (5) [19].


  Δ d   ≈    1   r λ 4       



(5)







Therefore, the lower the radial harmonic order, the larger the deformation amount of the stator. The maximum value of rλ in Table 2 was calculated using Equation (6). In (6), Ns and Np represent the slot number and pole number, respectively, while r refers to the space harmonic order for the space distribution of induced EMF in the rotor. As the distribution of the induced EMF can be approximated by a square wave form, r has an odd integer [19].


  r =    |  0.5    r λ    ∓    N s   |    2    N p       



(6)




where r is an odd integer.



Based on these procedures, the possible slot number in Table 2 should meet the constraints which have low a THD and a high rλ among the fractional winding mentioned above. As a result, the candidate slot numbers were 18, 30, and 40. However, the final slot number selected was 18 to meet the fill factor ratio in Table 1 among the candidate slot numbers.



Figure 3 shows the initial design model with four poles and 18 slots. The 2D FEA was conducted to confirm the induced EMF for the initial design.



Figure 4a shows the wave form of the phase induced EMF at a no-load drive with 1800 rpm using 2D FEA. In Figure 4b, the 3rd order exists due to the slot open of the stator, which was not considered in the space harmonic analysis used in Figure 1 [16].




2.2. Reduction Design of the Induced EMF THD


The rotor shape design was conducted to reduce the THD of the induced EMF in the initial design, as shown in Figure 3. In this paper, the shapes of eccentricity and slit are used in the rotor shape design of the PMSG. Generally, eccentricity in the rotor is one of the general methods used for reducing the THD of the induced EMF and torque ripple [5,6,7,8,9,10,11,12]. Figure 5a shows the eccentricity applied for the rotor based on the rotor diameter specified in Table 1. For the slit in Figure 5b, this was proposed to improve the wave form of the induced EMF so as to be a sinusoidal wave form.



Therefore, this paper proposes two shapes in the rotor shape design. First, the eccentricity in the rotor shape is investigated to affect the magnitude and THD of the induced EMF wave form.



Figure 6 shows the wave form of the induced EMF at the no-load and load drives according to the eccentricity. The wave forms in Figure 6 were obtained using 2D FEA. As the eccentricity increased, the wave form came closer to becoming a sinusoidal wave form in both the no-load and load drives. In Figure 6b, the analysis conditions of the load drive show that the power was 78 kW and the PF (power factor) was 0.8. The wave form of the induced EMF is considerably distorted due to the armature reaction, as shown in Figure 6b [20].



As the eccentricity increases in Figure 6, it was expected that this would reduce the fundamental component with the root mean (rms) value for the wave form of the induced EMF. The fundamental component with the rms value is denoted as the fundamental component below. Figure 7 shows the fundamental component and the THD of the induced EMF at the no-load and load drives according to the eccentricity. In Figure 7a, the fundamental components of the induced EMF at the no-load and load drives decreased. However, the change rates for the two fundamental components were 4.1% and 3.2%, respectively.



The change rate means the percentage of the induced EMF for the two eccentricities was 0 and 15 mm. Accordingly, the change rates for the induced EMF were relatively small according to the eccentricity. In case of the induced EMF THD at the no-load and load drives, the induced EMF THD decreased as the eccentricity increased. However, in the case of the no-load drive, the THD had a minimum value at the eccentricity of 10 mm and then increased again.



Second, the other proposed design was a hybrid model, an eccentric shape including the slit shape of Figure 5b. Figure 8 and Figure 9 show the wave form and THD for the proposed model at the no-load and load drives. The wave forms in Figure 8 were obtained by 2D FEA. These figures correspond to Figure 6 and Figure 7, respectively. When applying the slit design, the eccentricity increased, and the wave forms of the induced EMF at the no-load and load drives moved closer to a sinusoidal wave form in a similar way to Figure 6.



Figure 9 also shows the fundamental component and THD of the induced EMF at the no-load and load drives for the proposed design models used in Figure 5b. Figure 10 shows the summarized results of the fundamental component and the THD for the two proposed models in Figure 5. The fundamental components of the eccentricity model with the slit in Figure 10a are relatively higher than that of the eccentricity model according to the eccentricity at both the no-load and load drives.



For the induced EMF THD in Figure 10b, the eccentricity model with the slit was also relatively lower than that of the eccentricity model at both the no-load and load drives. In the load drive, the induced EMF THD of the eccentricity model with the slit was significantly reduced to 60% when compared to that of the eccentricity model at an eccentricity of 10 mm, as shown in Table 3.



Therefore, the final model selected was the eccentricity model with the slit. An eccentricity of 10 mm was selected to minimize the induced EMF THD at the no-load and load drive. Figure 11 shows the final rotor shape design. In Table 4, the THD of the final design model was reduced by 41% at the load-drive compared to the conventional design with only eccentricity. It was also confirmed that the fundamental component of the induced EMF for the final design has higher values than that of the conventional design at the no-load and load drives.





3. Generator Characteristics and Analysis of Mechanical Stiffness


3.1. Generator Characteristics


In order to investigate the characteristics of the PMSG for the final model, a comparison of the THD reduction between the initial and final rotor shape design is discussed. Figure 12 shows the wave form and harmonic order of the induced EMF at the no-load drives for the initial design of Figure 3 and the final design of Figure 11.



Figure 13 shows the wave form and harmonic order of the induced EMF at the no-load and load drives for the final design. In these figures, the 3rd harmonic order is significantly reduced. Therefore, it was confirmed that the 3rd harmonic order, due to the slot opening in the initial design, was significantly reduced.



In order to verify the characteristics of the PMSG for the final design in Figure 11, the dq equivalent circuit was used as shown in Figure 14. The dq equivalent circuit has the strength of being able to analyze the characteristics of the PMSG with direct current (DC) circuits, as compared to an analysis of alternating currents for the 3-phase model [21].



Figure 15a,b show the basic model of the 3-phase and dq transformed model, respectively. The voltage equation in Figure 15a is expressed by Equation (7) [22].


   [       v u         v v         v w       ]  =  [       R a  + p  L u      p  M  v u       p  M  w u         p  M  u v        R a  + p  L v      p  M  w u         p  M  u w       p  M  v w        R a  + p  L w       ]   [       i u         i v         i w       ]  −  [      ω  ψ f  sin θ       ω  ψ f  sin  (  θ − 2 π / 3  )        ω  ψ f  sin  (  θ + 2 π / 3  )       ]     



(7)







In (7), the voltage equation has AC circuits with P, which is the differential operator. Equation (8) is the transformed matrix from the 3-phase model of Figure 15a to the dq model of Figure 15b [21].


  C =    2 3     [      c o s θ     c o s  (  θ − 2 π / 3  )      c o s  (  θ + 2 π / 3  )        − s i n θ     − s i n  (  θ − 2 π / 3  )      − s i n  (  θ + 2 π / 3  )       ]     



(8)







The voltage equation of the dq model in Figure 14 is expressed by Equations (9) and (10). In (9) and (10), the parameters have constant values. Therefore, the characteristics of the PMSG can be analyzed with ease [22].


   [       v d         v q       ]  =  R a   R a   [       i  o d          i  o q        ]  +  (  1 +    R a     R c     )   [       v  o d          v  o q        ]  + p  [       L d     0     0     L q       ]   [       i  o d          i  o q        ]       



(9)






   [       v d         v q       ]  =  R a   R a   [       i  o d          i  o q        ]  +  (  1 +    R a     R c     )   [       v  o d          v  o q        ]  + p  [       L d     0     0     L q       ]   [       i  o d          i  o q        ]     



(10)







The nomenclatures of symbols in Figure 14 and Figure 15 and Equations (7)–(10) are described in the nomenclature.



The efficiency and voltage regulation, characteristics of the PMSG, were described using the dq equivalent circuit of Figure 14. The efficiency η was calculated in Equations (11)–(13). In (11) and (12), Pcu and Piron refer to copper loss and iron loss, respectively. In (13), T and ωm refer to mechanical torque and angular speed, respectively.




    P  c u   =  i a 2     R a    



(11)






    P  i r o n   =  v o 2   R c    



(12)






   η =   P  P +    P  l o s s     =     T  ω m    T  ω m  +  P  c u   +  P  i r o n       × 100   



(13)





For the voltage regulation, %Reg was also calculated in (14) based on Figure 14. In (14), Vnoload and Vload refer to the induced EMF at the no-load and load drives, respectively.




   % R e g =      V  n o l o a d   −  V  l o a d        V  n o l o a d       



(14)





Figure 16a,b show the output power and voltage characteristics of the PMSG according to the input current. In Figure 16a, compared to the case of PF0.8, the PF1.0 was considerably reduced. In Figure 16b, compared to the case PF1.0, the voltage regulation of PF0.8 was significantly higher. In addition, the terminal voltage decreased sharply as the input current increased for the case of PF0.8.



Table 5 shows the analysis results for the case of PF1.0 and 0.8 under the same output power, 78 kW. For the PF0.8, the output current increased. The efficiency decreased and voltage regulation increased by the increased output current. However, the required efficiency is to satisfy the case of PF1.0 and 0.8, as shown in the design specification of Table 1.




3.2. Analysis of Mechanical Stiffness


In this paper, since the slit shape was applied to the rotor core, the stress analysis was essential to secure the mechanical stiffness of the rotor [23]. Figure 17 shows the maximum stress result. A stress analysis was performed through a 2D structural finite element analysis.



The material properties of the rotor electric core were an iron core density of 7700 kg/m3 and a yield strength 270 N/mm2. The mechanical stiffness analysis was conducted under speed conditions of 1800 rpm. The maximum stress was 115 MPa in the location of the upper part of the slit. Therefore, it was confirmed that the mechanical stiffness is safe by verifying the safety factor 2.3.





4. Experiment


The measurement of the induced EMF at the no-load drive was conducted to verify the results of the 2D FEA for the final rotor shape design. Figure 18 shows the parts and prototype assembly. The final rotor shape design in Figure 11 is shown in Figure 18a. A 0.5 mm silicon steel sheet (50PN470) was used for the stator and rotor core. The prototype for the assembly of the rotor and stator in Figure 18 was mounted on the measurement equipment, as shown in Figure 19.



The stator assembly of the generator in Figure 18b was manufactured without housing. Since the housing was manufactured as a prototype, it was constructed in a rectangular shape, instead of a circular shape, to facilitate easy installation into the measurement equipment. The drive motor was connected to the prototype to measure the induced EMF at the no-load drive, as shown in Figure 19. The measurement conditions were a speed of 1800 rpm at room temperature (20 °C). In Figure 20, it was confirmed that the fundamental component value was measured at 495.7 Vrms (line-to-line voltage) and the rotational frequency was 60 Hz.



Figure 21 shows the results of the 2D FEA and measurement for the wave form of the induced EMF at the no-load drive. The Br = 1.3 [T] of the permanent magnet in Figure 18 was calculated to the final rotor model for the 2D FEA model considering the magnet’s temperature coefficient of α = −0.012 %/°C at 20 °C, the room temperature of the measurement equipment in Figure 19.



Table 6 lists the results of the 2D FEA and measurements for the fundamental component and the THD. In comparison with the 2D FEA results, the error percentages of the fundamental component and the THD for the measurement results were 3.5% and 6%, respectively. Compared to the 2D FEA results, the measurement results slightly decreased. It is expected that manufacturing disturbances, such as tolerance errors of magnet magnetization and shape dimension in rotor and stator, were the cause of this. However, the measurement results were close to the predicted results.




5. Conclusions


In this paper, the THD reduction design of the induced EMF was conducted to improve the power quality of a generator. In order to reduce the induced EMF THD, the eccentricity and slit shapes were proposed for the rotor shape design. The final design was determined at 10 mm of the eccentricity with the slit shape in the rotor.



The fundamental components of the induced EMF for the final design at the no-load and load drives were reduced by about 5% and 2%, respectively, when compared to the initial model. However, the induced EMF THD of the final design for the enhancement of generator power quality was significantly reduced to 88% and 70%, respectively, when compared to that of the initial design.



Based on the final design, with an eccentricity of 10 mm and a slit shape, the proposed design had better performance than the conventional design with the eccentricity in the rotor shape. Specifically, the THD of the design model was reduced by 41% at the load-drive compared to the conventional design with an eccentricity of 10mm as shown in the literature method [5,6,7,8,9,10,11,12]. It was also confirmed that the fundamental component of the induced EMF for the proposed design had a higher value than that of the conventional design at the no-load and load drives. Thus, the proposed design was able to reduce the weight of the PMSG due to the slit in the rotor shape. The reduced weight of the rotor assembly lead to an enhanced response for the initial design of the PMSG.



The prototype of the proposed design was manufactured to verify the characteristics of the PMSG. In comparison with the 2D FEA results, the error percentages of the fundamental component and THD for the measurement results were 3.5% and 6%, respectively. It was confirmed that the 2D FEA results were close to the measurement results.
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Nomenclature




	ψa
	Magnetic flux linkage on dq axis



	Ld, Lq
	Inductances on dq axis



	Ra
	Phase resistance



	Rc
	Core loss resistance on dq axis



	icd, icq
	Currents for core loss resistance Rc for dq axis



	id, iq
	Currents on dq axis



	vod, voq
	Voltages for core loss resistance Rc for dq axis



	vd, vq
	Voltages on dq axis



	ω
	Electric angular velocity



	ωm
	Mechanical angular velocity



	θ
	Rotor position



	Lu, Lv, Lw
	Self-inductances of each phase for 3-phase model



	Muv, Mvw, Mwu
	Mutual inductances of each phase for 3-phase model



	iu, iv, iw
	Currents of each phase for 3-phase model



	vu, vv, vw
	Voltages of each phase for 3-phase model



	ψf
	Magnetic flux linkage for 3-phase model



	p
	Differential operator
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Figure 1. Wave form of the induced EMF at no-load drive according to the slot number. 
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Figure 2. Simplified model for space harmonic analysis. 
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Figure 3. Cross-sectional view of the initial design. 
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Figure 4. Induced EMF at no-load drive for the initial design: (a) wave form, and (b) harmonic order. 
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Figure 5. Proposed design in the rotor shape: (a) eccentricity, and (b) slit. 
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Figure 6. Wave form of the induced EMF according to the eccentricity: (a) no-load drive, and (b) load drive. 
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Figure 7. Induced EMF at no-load and load drives according to the eccentricity: (a) fundamental component, and (b) THD. 
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Figure 8. Wave form of the induced EMF according to the eccentricity with the slit: (a) no-load drive, and (b) load drive. 
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Figure 9. Induced EMF at no-load and load drives according to the eccentricity with the slit: (a) fundamental component, and (b) THD. 
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Figure 10. Comparison of the induced EMF at no-load and load drives for the two proposed models: (a) fundamental component, and (b) THD. 
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Figure 11. Cross-sectional view of the initial design. 
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Figure 12. Comparison of the induced EMF at no-load and load drives for the initial and final design: (a) wave form, and (b) harmonic order. 
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Figure 13. Induced EMF at no-load and load drives for the final design: (a) wave form, and (b) harmonic order. 
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Figure 14. Equivalent circuit: (a) d axis, and (b) q axis. 
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Figure 15. Basic model of PMSG with two poles: (a) 3-phase model, and (b) transformed dq model. 
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Figure 16. Output characteristics for the final design: (a) output power according to the output current, and (b) output voltage according to the output current. 
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Figure 17. Maximum mechanical stress of the final rotor design. 






Figure 17. Maximum mechanical stress of the final rotor design.



[image: Processes 09 00986 g017]







[image: Processes 09 00986 g018 550] 





Figure 18. Prototype of the final design: (a) rotor, and (b) stator. 
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Figure 19. Measurement equipment. 
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Figure 20. Measured wave form of the induced EMF at no-load drive. 
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Figure 21. Comparison of 2D FEA and measurement results: (a) wave form, and (b) harmonic order. 
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Table 1. Design specifications.
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	Item
	Value
	Unit





	Rated power
	78
	kW



	Rated speed
	1800
	rpm



	Rated torque
	413.8
	Nm



	Rated frequency
	60
	Hz



	Line-to-line voltage
	380
	Vrms



	Fill factor
	41.3
	%



	Magnetic flux density
	1.2 (100 ℃)
	T



	Cooling method
	Air-forced cooling
	



	Efficiency
	95
	%



	TRV
	29
	kNm/m3



	SR
	2.37
	



	Stack length of rotor
	470
	mm



	Diameter of rotor
	198
	mm
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Table 2. Phase induced EMF and radial force order according to the slot number.
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	Slot Number
	Fundamental

Component [Vrms]
	Induced EMF

THD [%]
	q
	rλ





	18
	242.1
	9.3
	1.5
	4



	24
	248.3
	13.4
	2
	4



	27
	241.1
	6.2
	2.25
	2



	30
	244.0
	7.7
	2.5
	4



	33
	245.1
	7.5
	2.75
	2



	36
	246.7
	11.1
	3
	4



	39
	243.1
	6.8
	3.25
	2



	42
	244.8
	7.4
	3.5
	4
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Table 3. Phase fundamental component and THD for the proposed models with an eccentricity of 10 mm.
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Proposed Model

	
Fundamental Component [Vrms]

	
THD [%]




	
No-Load

	
Load (78 kW, PF0.8)

	
No-Load

	
Load (78 kW, PF0.8)






	
Eccentricity

	
265.9

	
212.1

	
1.7

	
16.4




	
Eccentricity + slit

	
266.6

	
212.8

	
1.8

	
9.7
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Table 4. Phase fundamental component and THD for the proposed models with an eccentricity of 10 mm.
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Model

	
Fundamental Component [Vrms]

	
THD [%]




	
No-Load

	
Load (78 kW, PF0.8)

	
No-Load

	
Load (78 kW, PF0.8)






	
Initial design

	
265.9

	
212.1

	
1.7

	
16.4




	
Final design

	
266.6

	
212.8

	
1.8

	
9.7
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Table 5. Analysis results of load drive with 1800 rpm and 78 kW.
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	Power Factor
	Voltage [Vrms]

(Line-to-Line)
	Output Current [Arms]
	Efficiency [%]
	Voltage Regulation [%]





	1.0
	454.7
	99.5
	98.2
	1.5



	0.8
	379.8
	148.2
	97.7
	17.4
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Table 6. Phase fundamental component and THD at the no-load drive for the results of 2D FEA and measurement.
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Result

	
Fundamental Component [Vrms]

	
THD [%]




	
Phase

	
Line-to-Line






	
2D FEA

	
283.8

	
491.6

	
1.7




	
Measurement

	
273.1

	
473.1

	
1.6
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