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Abstract


This paper presents a precise analysis of the efficiency characteristic of the synchronous generator under both normal and SAGE conditions. In this work, various losses of the synchronous generator are computed by the qualitative theoretical model and the finite element analysis in detail. Further, the generator efficiency model is proposed according to the relationship between the output power and the loss. The presented model is verified in a 5-kW non-salient synchronous generator. The result demonstrates that the loss increases and the efficiency reduce as the SAGE intensifies.
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1. Introduction


Commonly, the generator develops a static air-gap eccentricity (SAGE) fault due to manufacturing error and component wear during operation. The SAGE fault degrades generator performance, or worse, damages the generator. Hence, the SAGE fault should be focused on to prevent the occurrence of adverse consequences during the generator operation.



Currently, the electromechanical generator characteristics with the occurrence of SAGE fault are one of the main research directions. For instance, the electromagnetic forces [1], the electromagnetic torque [2], the unbalanced magnetic pull, and the vibration properties [3,4,5,6] are comprehensively studied under the SAGE condition. Besides, Bruzzese C. et al. found that the amplitude of the second harmonic ripple in rotor current is proportional to the degree of the SAGE fault [7], and the first and third harmonic amplitudes of the electromotive force increased significantly under the SAGE fault [8]. Based on the electromechanical characteristics, diagnosis and monitoring of SAGE faults are carried out [9,10,11,12,13,14]. In addition, the magnetic flux and the shaft voltage are common and useful indicators to measure air-gap eccentricity. Meanwhile, there are also other methods, such as the capacitive and inductive sensors and the Cramer–Rao lower bound technique, to minimize static eccentricity identification error [15]. In addition to the studies related to fault diagnosis and monitoring of the synchronous generator, more and more research on suppression of the SAGE is also being explored [16].



Besides, many scholars have done plenty of detailed research on the loss of the generator. Typically, C. P. Steinmetz devised the Steinmetz equation creatively to compute the core loss [17]. However, applying the calculation formula is relatively inaccurate as some loss is neglected in the calculation process. Therefore, in 1988, Berototti proposed a new method for calculating iron consumption, which has been widely used in this field [18]. Further, some scholars have improved the formula to improve the accuracy of the calculation results [19]. In addition, scholars also focus on the influence of generator structural parameters on the loss and have carried out further research on the temperature rise caused by generator loss [20,21]. In ref. [22], the additional loss and other harmful quantities of an induction motor are estimated comprehensively under SAGE conditions. However, the effect of the SAGE fault on the efficiency of the synchronous generator is not analyzed qualitatively further.



Efficiency, as an important parameter to measure generator performance, is closely linked with generator loss. The efficiency estimation based on the power loss mechanism is effective for the efficiency conversion of Marine generators with a low power factor [23]. B. Lu proposed an efficiency evaluation method for in-service motors by calculating air-gap torque [24]. Further, to improve generator efficiency, many scholars have put forward various efficiency optimization methods. For instance, based on the original PNGV Systems Analysis Toolkit program, M. Gokasan designed the sliding mode controller strategy to limit the generator operation within the optimal efficiency region [25]. Mirahki succeeded in increasing starting torque through the combined genetic algorithms and lumped parameter approach [26]. In addition to increasing generator efficiency via the algorithm, there are also many studies on efficiency optimization through improving the structure and configuration of the synchronous generator [27,28,29]. For example, Grachev achieved efficiency optimization by reducing the volume of wind turbines based on the compact winding structure [30]. To improve the power density, Bonthu proposed a practical method based on neodymium-based magnets [31]. A large number of studies above focus on improving generator efficiency under normal conditions. However, the calculation characteristic of the generator efficiency has not been carried out under common fault conditions.



In this paper, the theoretical expression of generator efficiency is roundly proposed based on the relationship between the total loss and the generator’s output power under normal and SAGE conditions. Further, the correctness of the theoretical model is directly proved by the FEA calculation, and a set of fault simulation experiments are performed to demonstrate the theory’s availability indirectly. Generally, the study discussed in the paper offers the contributions as follows:




	(1)

	
The losses in the generator, including copper loss, core loss, and mechanical loss, are analyzed in detail, and the expressions of all losses are derived. Further, the efficiency model is proposed according to the loss and the output of the synchronous generator;




	(2)

	
Unlike previous studies, which mainly focuses on normal condition, this paper not only focuses on various generator loss under the SAGE conditions but also investigates the generator efficiency variation regularities as the SAGE intensifies.









Based on the loss model of the generator, the calculation expressions of each part’s loss and operation efficiency are given. Besides, the variations of the loss and efficiency under different SAGE degrees are discussed in detail, which provides a reference for efficiency optimization and reliability enhancement based on the loss model. Additionally, In Section 2, expressions for different types of losses and the theoretical model of efficiency are presented. The FEA calculation is adopted to obtain the detailed loss and the output power of the generator in Section 3. Moreover, in Section 4, the experiment is carried out to verify the efficiency variation of a 5-kW non-salient synchronous generator. In Section 5, the primary conclusion obtained through the work is discussed.




2. Theory Analysis


2.1. The MFD Model


SAGE changes the magnetic field of the generator because the generator’s physical parameters vary. The magnetic flux density (MFD), as an important parameter to measure magnetic field performance, can be obtained according to magnetomotive force (MMF) and the permeability per unit area. Generally, the permeability per unit area depends on the air-gap distribution. Hence, the permeability per unit area can be considered a constant under the normal condition due to the circumferential symmetric air-gap. However, no matter how precise the generator is, static eccentricity also exists during operation. As is demonstrated in Figure 1, the generator air-gap distribution changes with the presence of SAGE. θ and αm represent the direction of the rotor displacement and the mechanical angle characterizing the circumferential position, respectively. Besides, the air-gap length is a constant g0 under normal conditions.



Based on Figure 1 and geometry theory, the air-gap length g(αm) can be obtained.


  g (  α m  ) =      g 0                              Normal      g 0  ( 1 −  δ s  cos (  α m  − θ ) )                SAGE      



(1)




where δs is positively correlated with the degree of eccentricity.



Considering the relationship between reluctance and permeability, the permeance per unit area can be expanded by the Maclaurin series based on the air permeability µ0:


  Λ (  α m  ) =    μ 0    g (  α m  )   =      μ 0  /  g 0  =  Λ 0                                       Normal      Λ 0  ( 1 +  δ s  cos (  α m  − θ ) +  δ s 2   cos 2  (  α m  − θ ) + ⋅ ⋅ )                   SAGE      



(2)




where Λ0 represents the magnetic permeance per unit area under normal conditions.



According to Figure 2, the fundamental MMF is made of the MMF Fs of the armature winding and the MMF Fr of the field winding based on the vector superposition law. The SAGE fault does not change the generator circuit. Hence, compared to the MMF under normal conditions, the MMF under the SAGE conditions is the same and is described by (3).


    f    α m  , t     =  F r  cos   ω t −  α m  + 0.5 π + ψ   +  F s  cos   ω t −  α m         =  F c  cos   ω t −  α m  − β      



(3)




where:


      F =        F r  −  F s  sin ψ    2  +      F s  cos ψ    2        β = arctan    F s  cos ψ    F r  −  F s  sin ψ        



(4)




where ω and ψ are the electrical angular frequency and the internal power angle, respectively. F is the synthetic MMF, I denotes armature current, and E0 is the generator electromotive force without load.



Therefore, ignoring the high-order components that exist in the expansion item, the MFD expression is derived as follows:


        B n  (  α m  , t )   = F  Λ 0  cos ( ω t −  α m  − β )   Normal        B e  (  α m  , t )   = F  Λ 0  cos ( ω t −  α m  − β ) × ( 1 +  δ s  cos (  α m  − θ ) + 0.5  δ s 2  + 0.5  δ s 2  cos 2 (  α m  − θ ) )       = 0.5   F  Λ 0   δ s  cos ( ω t − θ − β ) +         1 +  δ s 2  + 0.5  δ s 2  cos ( 2 (  α m  + θ ) )     F  Λ 0  cos ( ω t +  α m  − 2 θ − β +  θ 1  ) +       0.5   F  Λ 0   δ s  cos ( ω t − 2  α m  + θ − β ) + 0.25 F  Λ 0   δ s 2  cos ( ω t − 3  α m  + 2 θ − β )   SAGE       θ 1  = arccos   cos 2 (  α m  + θ )     1 +  δ s 2  + 0.5  δ s 2  cos ( 2 (  α m  + θ ) )            



(5)







According to (5), the MFD is a time-space function due to the parameter t and the parameter αm. Both time harmonics and space harmonics are the fundamental frequency under normal conditions. Observing the MFD under the SAGE condition, the time harmonic component in the MFD is still the fundamental frequency. The thing to notice is the amplitude of the fundamental which rest with the spatial position. Compared with the amplitude under normal conditions, the fundamental amplitude increases if αm satisfies      α m  − θ   ≤ 0.5 π  ; otherwise, the amplitude decrease when the SAGE occurs. Additionally, the MFD frequency spectrum contains the DC component, 1st, 2nd, and 3rd space harmonics by observing αm in the second equation of (5). The amplitudes of all space frequency components increase as the SAGE intensifies.




2.2. Phase Current Model


The rotation of the magnetic field induces phase current in the armature winding. The expression of the phase current can be obtained in the light of Faraday’s law of electromagnetic induction and Ohm’s law. The phase current induced in the armature winding at the rotor speed nr, the stator winding length l, and the angle between two slots α1 are obtained as follows:


       i n    = q  w c   k w   B n     α m  , t   l v / Z = q  w c   k w   B n     α m  , t   l π  R s   n r  / 30 Z       = q  w c   k w  l π  R s   n r  F cos   ω t −  α m  − β      Λ 0    30 Z     Normal      i e    = q  w c   k w   B e     α m  , t   l v / Z = q  w c   k w   B e     α m  , t   l π  R s   n r  / 30 Z       = q  w c   k w  l π  R s   n r  F cos   ω t −  α m  − β      Λ 0    30 Z         ×   1 +  δ s  cos (  α m  − θ ) + 0.5  δ s 2  + 0.5  δ s 2  cos 2 (  α m  − θ )     SAGE      k w    =  k  y y   ×  k  q η   = sin     90  °  × y / τ   × sin   q  α 1  / 2   /   q sin    α 1  / 2           



(6)




where Rs is the stator core’s inner diameter. Q and ωc are the slots number at each pole in each phase and the turns number in each winding, respectively. Kωγ, kyy, and kqη are the winding factor, the pitch factor, and the distribution factor, respectively. Z denotes the reactance in the stator winding circuit.



It is observed in (6) that the phase current mounts as the SAGE takes place.




2.3. Generator Loss Model


The loss model of the synchronous generator is established, and the power flow is exhibited obviously in Figure 3. The generator input power consists of the generator’s loss and the output power. Further, the loss can be split up into mechanical loss, core loss, and copper loss generated by the joule effect. The parts that need specific attention are the core loss and copper loss. The core loss includes the rotor core loss and the stator core loss, while the copper loss refers to the stator winding copper loss excluding the rotor winding copper loss because the excited current is supplied by the exciter. What’s more, both the friction and windage loss are considered.



2.3.1. Core Loss


In this paper, the common and valid Bertotti’s core loss model is used to calculate the core loss. Generally, the core loss, which includes hysteresis loss PH, eddy current loss PC, and excess loss PE can be expressed by (7).


  P F e =  P H  +  P C  +  P E  =  k h   B m 2  f +  k c   B m 2   f 2  +  k e   B m  1.5    f  1.5    



(7)







According to (5) and (7), the core loss in the magnetic field with alternating frequency f can be obtained as follows:


   P  F e   ( t ) =       f  Λ 0 2   F 2    cos  2    ω t −  α m  − β        k h  +  k c  f          +  k e   f  1.5    Λ 0  1.5    F  1.5    cos  1.5     ω t −  α m  − β     Normal       1 + 2  δ s  cos  α m      f  Λ 0 2   F 2    cos  2    ω t −  α m  − β        k h  +  k c  f          +   ( 1 +  δ s  cos  α m  )   1.5    k e   f  1.5    Λ 0  1.5    F  1.5    cos  1.5     ω t −  α m  − β     SAGE      



(8)




where kh denotes the factor which is relevant to hysteresis loss, kc is the factor that is relevant to eddy current loss, and ke is the factor relevant to excess loss. We can see that the core loss is closely related to MFD, and it is positively related to the degree of SAGE.




2.3.2. Stator Copper Loss


The copper loss in stator winding is caused by the thermal effect of electric current. When the generator runs stably, the higher-order harmonic amplitudes of the phase current in the frequency spectrum appear tiny. Hence, in this work, the skin effect and the proximity effect cannot be considered. According to Joule’s law, we can derive the stator copper loss as the following equation:


   P  C u   = 3   ∑  γ = 1  N    I  p m γ  2   R p     



(9)







Based on (6), the formula of stator core loss can be obtained as follows [32]:


        P  n C u   =  q 2   w c 2   l 2   π 2   R s    2   n r    2   R p     μ 0 2    600  g 2   Z 2     k w 2   F  2    Normal      P  e C u   =  q 2   w c 2   l 2   π 2   R s    2   n r    2   R p    1 + 2  δ s  cos (  α m  − θ )      μ 0 2    600  g 2   Z 2     k w 2   F  2    SAGE       



(10)







Generally, q, w, l, RS, nr, and Rp in the formula are all constant in (10) in a generator. The copper loss has a relation to δs under the SAGE condition. As the eccentric degree intensifies, the copper loss increases. Moreover, since Rp is generally a constant, the copper loss has the same trend as the phase current, increasing as the SAGE occurs.




2.3.3. Mechanical Loss


Generator mechanical loss mainly comes from friction and wind resistance. The friction loss and the windage loss are expressed approximately by [33,34]:


   P  f r   =  k  f b    m r   n r    10   − 3    



(11)






   P  w i n d   = 2  D  r o  3   l a   n r 3    10   − 6    



(12)




where Dro and la denote the diameter and the length of the rotor core. Kfb is the coefficient acquired by a lot of experience, and mr is the rotor mass. Since the parameters in the expression of mechanical loss are usually constant, the mechanical loss, which is the sum of the two, also remains constant.





2.4. The Efficiency Model


The input power of the generator can be calculated by [35]:


   P  o u t   =  3  U I cos φ  



(13)




where U is the line voltage, I is the line current, and φ is the generator power factor.



Hence, the efficiency η can be obtained as follows:


  η =    P  o u t      P  i n     =    3  U I cos φ    P  o u t   +  P  F e   +  P  C u   +  P  f r   +  P  w i n d      



(14)









3. FEA Verification


3.1. FEA Setup


As shown in Figure 4a, the universal three-dimensional FEA model of a synchronous generator is set up. The electromechanical parameters of the FEA model are given in Table 1. There is no difference in the external circuit model of both the stator winding and the field winding under normal and SAGE conditions (see Figure 4b). Both the output power and all loss are calculated by the FEA model.



To meet the rated voltage, we set the excitation current to 7.9A and the generator speed to 3000 rpm. Besides, five periods are simulated in FEA, and the step size of the finite element simulation is set as 0.2 ms.



In the process of the FEA simulation, the rotor core and the filed winding in the FE model of the synchronous generator are moved exactly the same distance in the same direction to simulate the SAGE fault. Besides, it is important to note that the center line of rotor rotation is performed exactly the same way. The offset indicates the degree of eccentricity. In this paper, in addition to the finite element simulation under normal conditions, FE calculations under 10%, 20%, and 30% SAGE conditions are also performed.




3.2. FEA Results


3.2.1. MFD Results


Figure 5 shows the curves and the spatial frequency component of the MFD under the normal and the SAGE condition obtained by FEA at 0.06 s. Additionally, a pair of large teethes of the generator rotor are located where the air-gap is the largest, and the air-gap is the smallest at 0.06 s.



The circumferential angle where the perks and the troughs of the MFD curves are located is consistent with the spatial position of the rotor big teeth due to the magnetic field distribution. Observing the curves under different SAGE degrees, the MFD results have shifted significantly upward. The main reason for the phenomenon is that the DC component makes the MFD distribution uneven in space. The amplitude of the MFD increases on the side with a smaller air-gap and decreases on the side with a larger air-gap.



Further, to explore the MFD characteristics more clearly, the spectrum is generated based on the MFD curves. Theoretically, only the odd space harmonics occur in the MFD under normal conditions. However, weak DC components and inconspicuous 2nd harmonics are found in the MFD due to the error of the electromagnetic calculation and the discrete Fourier transform under normal conditions. Meanwhile, the DC component amplitude and the harmonic amplitude of MFD significantly augment as the SAGE occurs. The amplitudes increase with the intensification of the eccentricity. Observing αm in (8), the DC component, the fundamental frequency, the 2nd harmonic, and the 3rd harmonic obviously exist under the SAGE condition. The component amplitude is positively correlated with the eccentricity degree. Hence, the result of the FEA calculation is consistent with the theoretical analysis in (8) according to the above analysis.




3.2.2. Current Results


As illustrated in Figure 6, the phase current results are obtained from the FEA calculation under different degrees of SAGE. Compared with the phase current in the normal condition, the curves of the phase current shift upward just like the MFD curve. And the higher the degree of the eccentricity, the more the amplitude increases. Correspondingly, the phase current RMS increases as the SAGE occurs, as shown in Figure 7. This is well in line with the conclusions of the qualitative analysis above.




3.2.3. Loss Results


As shown in Figure 8, all losses obtained from the FEA with different eccentric degrees are listed. Comparing different kinds of generator losses, the copper loss, as the largest proportion, accounts for about 60 percent of the total loss, followed by the core loss of the stator. The mechanical loss is the minimum among the losses. Furthermore, the copper core loss, the stator core loss, and the total loss increase as the SAGE takes place while the mechanical loss, which depends on the generator structure and the rotation speed, is constant. In particular, it should be noted that the copper loss of the rotor should not be analyzed in the simulation process because the rotor windings are fed through the separate power supply in a synchronous generator. According to (8) and (10), the SAGE causes an increase in the copper loss and the core loss in the generator. Hence, the variation trend of FEA data is consistent with the conclusion of the theoretical model.




3.2.4. Efficiency Results


The generator’s output is indicated in Figure 9. The output power curves fluctuate with the harmonics of the phase voltage. Further, the output power increase significantly when the SAGE takes place. The RES value of the generator‘s output power increases, as shown in Figure 10. Compared with the output under normal conditions, the generator output increases by 17 W under SAGE 10% and increases by 41 W under SAGE 30%.



Further, based on (14), the generator’s efficiency can be calculated with precision. The result of the efficiency is shown in Figure 11. It is clear that the efficiency decreases with the increase of the SAGE degree based on the FEA result. Compared with the efficiency under normal conditions, the generator efficiency decreases by 0.9% under SAGE 30%. Although the increase in the output power of the generator is beneficial, the loss increases, and hence, the efficiency of the generator decreases. The result shows that the occurrence of SAGE has a negative effect on the generator performance.






4. Experimental Verification


4.1. Experimental Setup


Further, experiments are performed to indirectly verify theoretical analyses and simulation calculations. The CS-5 prototype generator is manufactured based on Table 1. As shown in Figure 12, the prototype is driven by a drive motor. The input current of the drive motor is obtained via the current transformer. Meanwhile, the output of the prototype generator is measured by the data collector. To calculate the loss and the efficiency of the prototype machine accurately in the experiment, the input power to the prototype needs to be measured. However, it is hard to obtain the input torque by adding a torque sensor due to the narrow space between the prototype machine and the drive motor. Hence, we measure the input power of the drive motor and calculate the output power of the drive motor by the efficiency and power factor.



Additionally, the rotor is stationary on the test bench, whereas the stator can move relative to the rotor in both horizontal (along X axis) directions via screws, and two dial indicators are used to sense the movement value, as shown in Figure 12b. Thus, the SAGE condition can be simulated by moving the stator core horizontally. The eccentric degree depends on the movement distance. Moreover, the feeler gauge is used to test the accuracy of the air-gap adjustment. In this paper, four sets of experiments were conducted, consistent with the simulation conditions under normal conditions, being 10% SAGE, 20% SAGE, and 30% SAGE, respectively.




4.2. Experimental Results


4.2.1. Measurement of Phase Current


The phase current is measured in the experiments under different SAGE degrees, and the date of the phase current is indicated in Figure 13. Observing the peaks and troughs of the current curves, the wave crest of the phase current increases and the trough value decrease as the SAGE intensifies. The phenomenon is consistent with the result which is obtained by FEA calculation.



In Figure 14a, the RMS value variation of the phase current in the experiments is indicated with different eccentricity degrees. In addition, for clarity, the RMS increase of the phase current is compared between the experiment and the FEA calculation in Figure 14b. It is clear that the RMS value of the phase current increases with the increase of the SAGE degree. The FEA calculation coincides well with the experimental data.




4.2.2. Loss Results


As shown in Figure 15, the generator output is obtained in the experiments under different eccentric degrees. For clarity, the corresponding RMS value is indicated in Figure 16. Further, the RMS value increase of the output power in the experiments is compared with that in the FEA calculation, as shown in Figure 16b. The result shows that the output increases due to the increase of the phase current as the SAGE takes place, and the RMS increase obtained by different methods is roughly the same.



To obtain the generator input, the output of the drive motor Pm-out is calculated based on motor power factor φm and motor efficiency ηm.


   P  m − o u t   =  3   U m   I m  cos  φ m   η m   



(15)




where Um and Im represents the line phase and the line current, respectively.



The line current of the motor under the normal and the SAGE condition is indicated in Figure 17. Observing the input current curves, the amplitude of the line current increases significantly when the SAGE occurs. And the greater the eccentric degree, the higher the amplitude.



Unlike the total loss, which is obtained by multiplying various losses in FEA calculations, the total loss in the experiment is obtained by subtracting the output power from the generator input power. Hence, the loss Ploss of the generator can be calculated by the following:


   P  l o s s   =  P  i n   −  P  o u t   =  P  m − o u t   −  P  o u t    



(16)







The data on the total loss can be obtained in Figure 18. The 644 W loss power is generated in the generator under normal conditions. The loss of power increases as the SAGE intensifies. Compared with the loss under the normal condition, the loss power under 30% eccentric degree condition increases by about 60 W. Additionally, Figure 18b shows that the experimental results align with the simulation calculation.




4.2.3. Efficiency Results


Based on (14), the generator efficiency can be computed as follows:


  η =    P  o u t      P  i n     =    P  o u t      P  m − o u t      



(17)







The efficiency result obtained by the experiments is illustrated in Figure 19. The result shows that the generator efficiency significantly decreases with the occurrence of the SAGE. Although the generator output increases, the effect of the loss increase on the generator efficiency is stronger than that of the output increase. The generator efficiency decreases as the SAGE intensifies. Comparing Figure 19a with Figure 11, the generator efficiency of the FEA calculation is generally more than that obtained by the experiments due to the leakage magnetic field and the installation error. However, the change in trend and the variation of the generator efficiency obtained by the FEA calculation and the experiments remain the same under different eccentric degrees.






5. Conclusions


The efficiency model of the synchronous generator is proposed in detail, and the impact of the SAGE on the generator efficiency is discussed comprehensively in this paper. The efficiency is computed via theoretical analysis according to the power flow of the generator. The expressions of the loss and the efficiency under the SAGE condition are derived. Further, the FEA calculation is adopted to obtain the loss and the output of the generator under the normal and the SAGE condition. Finally, experiments are carried out on a prototype generator to confirm the calculation strictly. The result shows that the total loss and the output power of the generator increase while the generator efficiency generally decreases with the increase of the SAGE degree. The SAGE fault has a significant hazard to the generator efficiency. The generator should be monitored to prevent the SAGE fault, which reduces the generator’s performance.
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Figure 1. Distribution diagram of generator air-gap: (a) Normal condition; (b) SAGE condition. 
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Figure 2. Fundamental MMF of synchronous generator. 
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Figure 3. Power flow. 
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Figure 4. FEA simulation: (a) simulation model; (b) circuit model. 
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Figure 5. MFD results with different eccentricity: (a) MFD curves; (b) frequency spectrum. 
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Figure 6. Phase current curves by FEA under normal and SAGE. 
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Figure 7. RMS value of phase current by FEA. 
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Figure 8. Generator loss by FEA. 
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Figure 9. Generator output power by FEA. 
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Figure 10. RMS value of output power by FEA. 
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Figure 11. Generator efficiency of FEA. 
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Figure 12. Experiment platform: (a) Diagram of equipment; (b) SAGE realization; (c) Schematic diagram. 
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Figure 13. Phase current in experiments. 
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Figure 14. Phase current: (a) RMS value of phase current; (b) RMS comparison. 
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Figure 15. Output in experiments. 
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Figure 16. Output: (a) RMS value of output; (b) RMS output increase. 
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Figure 17. Motor input current. 
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Figure 18. Motor input current: (a) Total loss by experiment; (b) Loss increase under different eccentric degrees. 
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Figure 19. Generator efficiency under different eccentric degrees: (a) Variation; (b) Decrease. 
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Table 1. Generator key parameters.
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	Parameters
	Values
	Parameters
	Values





	rated power
	5 kVA
	stator core length
	130 mm



	rated excitation current
	7.9 A
	stator coil turns per slot
	22



	pole-pairs
	1
	rotor virtual slots
	24



	rated power factor
	0.8
	rotor actual slots
	16



	air-gap length
	1.2 mm
	rotor outer diameter
	142.6 mm



	stator slots
	36
	rotor inner diameter
	40 mm



	stator outer diameter
	250.5 mm
	rotor coil turns per slot
	60



	stator inner diameter
	145 mm
	internal power factor
	0.62
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