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Abstract

:

Induction motors are a significant consumer of electricity. Therefore, their energy efficiency level plays a vital role in the world’s energy balance. The world’s markets strive to produce motors of efficiency class IE3 or IE4 while maximizing the use of wire and magnetic materials. However, high induction values in the motor core can also lead to significant losses in construction materials, especially in the magnetic motor housing. This article aimed to show how it is possible to determine the distribution of the magnetic field and additional losses in the yoke and the cast-iron motor frame using field-circuit methods to model the motor and to refine the analytical method for calculating these losses at the motor design stage.
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1. Introduction


Induction motors, particularly squirrel cage motors, are widely used in many industries. The serial low-voltage, low- and medium-power motors currently manufactured and available on the market should meet the European Commission Regulation 2019/1781 requirements and related standards regarding the minimum efficiency of electric motors placed on the EU market. The problem arises in the case of unit production of low- and high-voltage motors, especially high-power motors (with shaft heights of 315 mm and above), used in specialized drives in heavy industry. These motors often have lower efficiency than those of the IE1 class. This applies in particular to LV motors, which, due to size limitations and resulting from the requirements of the drive system, have extensive use of the magnetic circuit, especially the stator yoke. In these motors, the induction in the yoke is often close to 1.8 T [1,2,3,4]. As a result, the magnetic field penetrates the cast-iron housing, often causing significant power losses and reducing the machine’s efficiency. This problem is much smaller in the case of HV motors. Figure 1 shows an exemplary division of LV and HV induction motors with shaft axis heights of 315 mm or more, depending on their efficiency classes.



In HV motors, the use of the magnetic circuit is generally more minor. As a result, as shown in Figure 1, almost 75% of motors achieve efficiency corresponding to the requirements of the IE3 or IE4 efficiency classes. New requirements for the minimum efficiency level of asynchronous motors were introduced to the European Union market by EU Commission Regulation 2019/1781 as amended 2021/341 [5]. The basic quantity determining the expected savings from using an energy-saving motor is its efficiency, which is related to the efficiency class. In the European Union, electric motors are divided in terms of efficiency using the IE (international efficiency) classification according to the EN 60034-30-1:2014 standard. The motor is assigned to a given efficiency class by comparing the machine efficiency determined according to an established measurement method (according to the EN 60034-2-1:2007 standard) with the minimum efficiency requirements for a given IE class [6,7,8,9,10,11,12,13].



A significant reduction in the efficiency of motors with heavy use of the magnetic circuit is often caused by the magnetic field’s penetration into the motor’s structural parts (shaft and magnetic hull) and generation of additional power losses in them. Papers [14,15,16] provide methods for calculating the magnetic induction in the yoke of an induction motor, considering the magnetic field’s penetration into the motor body and shaft. At the same time, in the available literature, there are no methods for calculating losses in the magnetic motor housing, even if they raise associated issues [17,18,19,20,21,22,23,24,25]. More attention was paid to analyzing phenomena related to the stator end connections. The authors of [26] present an analysis of phenomena in the case of a high-power nonskewed cage induction motor using finite element three-dimensional method (FEM 3D) analysis. Similar results were presented in papers [27,28], but more attention was paid to losses in the clamping parts of the machine. However, 3D models are very time-consuming, so usually simplified two-dimensional (2D) models were used [29]. The analytical methods provided in [14,15] allowed only calculations of induction in the motor yoke, taking into account the penetration of part of the yoke flux into the magnetic housing. These relationships have been used after being verified in the article using FEM simulations. The authors’ contribution is the development of a new formula that allows the analytical determination of losses in a magnetic conductive casing, taking into account the non-linearity of the casing material. These relationships have been developed using FEM models for cast iron, most often used in constructing magnetic housing. They allow us to determine the losses in the housing based only on the magnetic field strength on the inner surface of the housing, which is determined based on the previously mentioned field values in the motor yoke. The results of calculations of motor operating parameters, considering the magnetic field penetration into the frame and the resulting power losses, were compared with the measurement results.



Section 2 presents the research objects. Section 3 presents the application of the analytical method for calculating losses in a massive casing and the correction of its results using numerical analysis, allowing the changes in the material’s permeability to be considered. Section 3 also presents analytical relationships enabling the calculation of losses in the casing, taking into account the introduced corrections. Section 4 presents the calculation results, a comparison of analytical calculations with numerical simulation, and a comparison with available measurement results.




2. Objects for Investigation


Two high-power induction motors were the subject of the investigation: a low-voltage motor A with a shaft height of 315 mm and a high-voltage motor B with a shaft height of 710 mm. The basic rated parameters and main dimensions of these motors are listed in Table 1.



The cores of the motors are made of M400-50A [30] electrical sheet metal with a thickness of 0.5 mm. Both motors have a magnetic housing made of gray cast iron EN-GJL-250 [31,32,33] with a pearlitic matrix with particles of flake graphite and with the following material properties: density of 7.2 g/cm3, resistivity of 0.73 Ω·mm2/m, magnetic permeability of 220~330 μH/m, and hysteresis losses of 2500~3000 J/m3 at magnetic induction B = 1T.



Figure 2a shows the magnetization characteristics, while Figure 2b shows the relative magnetic permeability as a function of the magnetic field strength of the gray cast iron.




3. Field-Circuit Analysis


For field-circuit analysis, we assume that the induction has only a tangential component at the boundary between the yoke and the casing shown in Figure 3. Hence, the continuity condition of the tangential components of the magnetic field strength vector is valid at the border. For high-power machines, the external diameter of the stator is large enough that the housing can be treated as a conductive half-space. For most machines, the casing thickness is much greater than the equivalent penetration depth δ (defined in Equation (1)).



The phenomena can be described for the linear environment using the known relationships for the conductive half-space [34,35].


      ∂ 2     H y   ¯    ∂  x 2    =  α 2     H y   ¯       α =   j ω μ γ   =   1 + j   k     k =     ω μ γ  2    =  1 δ    



(1)




where Hy is the complex value of the tangential component of magnetic field strength, j is an imaginary unit, ω is the angular velocity, µ is magnetic permeability, γ is the electric conductivity of the housing material, k is the attenuation constant, and δ is the equivalent depth of field penetration (also called skin depth).



Hence,


     H y   ¯  =    H  s y    ¯     e  − α x    



(2)




where the subscript s means that it is the value on the surface of the half-space. The electric field strength can be determined as follows:


    ∂    H y   ¯    ∂ x   = γ    E z   ¯   



(3)







Hence,


     E z   ¯  =  1 γ    ∂    H y   ¯    ∂ x   = −  α γ     H  s y    ¯   e  − α   x    



(4)







Eddy current losses are represented by Equation (5) and hysteresis losses, assuming a quadratic dependence of losses on the induction, by Equation (6).


   P e  =  l  F e     2 π  r f        π f μ  γ      H     x = 0    2   2  =  l  F e     2 π  r f     1 δ   1 γ    H     x = 0    2   2   



(5)






    H  x  = H   x = 0    e  −  x δ        B  x  = μ H  x  = μ H   x = 0    e  −  x δ    = B   x = 0    e  −  x δ         p h  =  c h   B 2       P h  ≈  l  F e     2 π  r f       ∫ 0   r z      c h  B    x   2  d x    ≈  l  F e     2 π  r f       ∫ 0 ∞    c h  B    x   2  d x         P h  =  l  F e     2 π  r f       ∫ 0 ∞    c h      B   x = 0    e  −  x δ       2  d x    =  l  F e     2 π  r f     c h   δ 2  B    x = 0   2     



(6)




where rf is the inside radius of the housing.



Additionally, the magnetic flux closing through the housing, described by Equation (7), should be considered in the calculations.


       H _   x    =    H _    x = 0      e  − k x       k =  1 δ  =   π f μ γ        Ψ _  =  l  F e      ∫ 0   r z      B _   x  d x    ≈  l  F e      ∫ 0 ∞    B _   x  d x         Ψ _  =  l  F e      ∫ 0 ∞    μ k     H _    x = 0        e  −   1 + j   k x   d x    =  l  F e    μ k     H _    x = 0      1    1 + j   k         Ψ _   =  l  F e    μ k     H _    x = 0      δ   2       



(7)




where Ψ is the complex value of the magnetic flux penetrating the housing, while lFe is the length of the part of the housing directly in contact with the stator yoke.



The linear model (assuming a constant value of permeability along the thickness of the casing) was validated for an exemplary low-power induction motor, which additionally allowed us to examine the effect of curvature on the results. For this purpose, the results of analytical calculations were compared with a numerical simulation carried out in the Opera package using a steady-state module (Opera-2d/AC) [36] to solve eddy current models where all electromagnetic quantities vary sinusoidally in time. The housing parameters were adopted for high-power motors (hence a certain dimension disproportion in Figure 4).



The solution was determined for the linear variant (relative permeability of the frame equal to 200) and a frequency of 50 Hz.



Figure 5 shows the distribution of the magnetic field strength along the frame thickness x obtained from the FEM model and the approximation of this distribution using an exponential function. Obtaining a good-quality waveform requires, of course, adequate discretization using triangular elements. The applied division significantly exceeds the most frequently suggested division into at least three elements at a given penetration depth. The equivalent penetration depth δ was determined from Formula (1)—0.0042999, with an error about the simulation of 0.11%. The determined eddy current losses were as follows: from the 2D model—0.0396 W, and from the formula for an amplitude H on the surface equal to 74.95141 A/m—0.0375 W; the difference was 5.42%. The hysteresis losses were as follows: from the 2D model—0.009688 W, and from the formula for an amplitude B on the surface 0.0192 T—0.00937 W; the difference was 3.3%. The flux penetrating the housing (maximum value) was as follows: from the 2D model—5.76398E-06 Wb, and from the formula—5.85 × 10−6 Wb; the difference was −1.48%. As can be seen, the mapping is very accurate for the linear variant. Differences result from the curvature of the housing and FEM errors (the size of the dividing element in the radial direction is 0.5 mm for a penetration depth of 4.3 mm).



The frame made of cast iron is a non-linear material (Figure 1 and Figure 2). The change in permeability, along with the change in the magnetic field strength inside the frame, causes a change in the field distribution and thus affects the total eddy current and hysteresis losses compared to the linear case. The phenomena depend on the level of magnetic field strength and, therefore, on the magnetic field strength, at an edge of the yoke because it determines the boundary value on the surface of the housing. The problem of the influence of non-linearity on phenomena in a ferromagnetic conductive field was noticed a long time ago. Among other things, Turowski’s works [35,36] proposed constant correction factors for losses for non-linear materials. However, with the change in saturation, these values have significant variability. Therefore, the authors determined the correction factors for the selected type of cast iron using FEM simulation. Of course, these relationships are only valid if the casing thickness is much greater than the equivalent penetration depth, which is the case for most structures. Of course, these steps would have to be repeated for a different casing material.



Figure 6, Figure 7 and Figure 8 show the eddy current losses improvement coefficient (ELIC) factor for correcting eddy current losses from linear to non-linear cases. It was determined as a function of the magnetic induction amplitude on the housing surface. Two types of approximation were proposed: quadratic polynomial and linear approximation for selected induction ranges. As you can see, non-linearity causes a significant increase in losses of up to 40% of the losses calculated for the linear variant.



Figure 9 and Figure 10 show the hysteresis losses improvement coefficient from linear to non-linear cases (HLIC) factor for correcting hysteresis losses in the frame. It was determined as a function of the magnetic induction amplitude and magnetic field strength on the housing surface. Two types of approximation were proposed: linear for induction and logarithmic for magnetic field strength. Similarly, as with eddy current losses, non-linearity causes a significant increase in hysteresis losses of up to 85% of the losses calculated for the linear variant.



In the case of the flux penetrating the housing, it does not require correction to the induction in a yoke not exceeding 1.5 T, while for higher values, the calculated magnetic flux should be increased by 10%.



Figure 11 and Figure 12 present the simulation results for motor A using a periodic steady-state Opera package module, which uses a complex approximation method that postulates that the solution obtained by the electromagnetic field equation undergoes sinusoidal variation over time.



It should be emphasized that in periodic analysis, the permeability of a ferromagnetic material is determined based on the maximum value of magnetic induction, which is, of course, the reason for some simplifications compared to time-stepping transient analysis.



This is why the maximum value of induction in the frame is constant along the circumference of the machine for a constant distance from the frame wall.



Similar distributions are shown in Figure 13 and Figure 14 for motor B.



Comparing the distributions for both machines, we can see how significantly the saturation of the motor, and thus the value of induction in the yoke, affects the phenomena in the housing.




4. Analytical Calculation


Analytical calculations of magnetic induction in the magnetic frame of an induction motor are carried out based on the analysis of the magnetic field distribution in the motor. The decrease in the amplitude of the average magnetic induction in the stator yoke   Δ   B   s y     as a result of the magnetic flux penetration from the rotor yoke to the cast-iron body can be calculated from Formula (8) [15].


  Δ   B   s y   =   1.37 α     µ   k d     H   s y       ψ   k     h   s y     k   F e      



(8)






     ψ   k   = k    k   2   +   (   µ   k d     γ   k d   υ )   2        ;   α =      k   2   +   ψ   k     2      ;      k =   2 p     D   s e     ;   








where   υ =   π   f   s     D   s e     p    —linear velocity of the field on the outer circumference of the yoke,



    H   s y    —magnetic field strength in the stator yoke, determined based on the electrotechnical sheet magnetization characteristics for the average induction in the stator yoke     B   s y    ,



    µ   k d    —magnetic permeability of the frame approximated based on the characteristics presented in Figure 2;     µ   k d     = (−0.0000419 Hsy2 + 0.1670644 Hsy + 72.5397973)     µ   0     applicable for Hsy < 2000 A/m;     µ   k d     = (86,366 Hsy − 0.761)     µ   0     for Hsy > = 2000 A/m,



    µ   0    —the magnetic permeability of a vacuum (    µ   0   = 0.4  π    10   − 6    ),



    γ   k d    —conductivity of the frame material (1.37 × 106 S/m in case of investigated cast iron),



    h   s y    —stator yoke height,



    D   s e    —outer diameter of the stator core,



p—number of pole pairs,



    k   F e    —fill factor of electrotechnical sheets (    k   F e   =  0.96),



fs—frequency of the motor’s rotating field.



Calculations are performed for the initial value of magnetic induction     B   s y 0    , determined without considering the magnetic flux penetration into the frame. Then, a new value of induction is selected from the relation:


    B   s y   =   B   s y 0   − Δ   B   s y    



(9)







Calculations are repeated iteratively until the assumed accuracy is achieved (0.1%).



The correction factor 1.37 introduced in [15,16] in Formula (8) considers that the frame’s magnetic permeability is not constant but increases because the magnetic field strength decreases with the depth of magnetic flux penetration into the frame.



For the value of magnetic induction in the stator yoke determined in this way, it is possible to determine a new value of the magnetic field strength in the stator yoke, equal to the value of the magnetic field in the cast-iron frame, and to calculate the maximum value of magnetic induction in the frame from the relation:


    B   k d   =     µ   k d   H   s y    



(10)







The power losses occurring in the frame are the sum of hysteresis and eddy current losses. The phenomena can be described for a linear environment using the known relationships for a conductive half-space. Hysteresis losses in a cast-iron frame, assuming a quadratic dependence of losses on magnetic induction, can be calculated based on the following relationship:


     P   h   = 0.5 π   c   h     D   s e     L   s   δ   B   k d   2       δ =    1   π   f   s     µ   k d     γ   k d        



(11)




where     c   h    —hysteresis loss coefficient of gray cast iron (125,000–150,000) (W/m3),



  δ  —depth of penetration of the magnetic field into the cast iron frame.



Eddy current losses are calculated from the following dependence:


    P   w   =   π   D   s e     L   s     H   s y   2     2 δ   γ   k d      



(12)







Housing losses calculated according to the formulas for half-spaces (11) and (12) should be multiplied by the correction factors ELIC for eddy current losses and HLIC for hysteresis losses, which are approximated for EN-GJL-250 gray cast iron by the following relationships:


ELIC = 0.5505 Bkd + 1.0 for Bkd < 0.8 T,

  ELIC = −0.233 Bkd + 1.614 for Bkd ≥ 0.8 T,

      HLIC = 0.684 Bkd + 0.961 for the entire Bkd range.



(13)







These coefficients, as already mentioned in Section 3, make it possible to consider the influence of the non-linearity of the casing material.




5. Calculation Results


The presented analytical methods for determining the induction and power losses in the frame were used to calculate the electromagnetic parameters and operating characteristics of induction motors using the proprietary improved STAT program [37].



Table 2 lists the results of magnetic induction and losses calculations in the yoke and frame obtained by the analytical method and the field-circuit method calculations for motor A, while Table 3 is for motor B.



In [14], the effective height of the stator yoke is calculated from the approximate relationship:


   h sy    =    h  sy 0     +   0.64   δ   =   0.03673   +   0.00835   =   0.04508  



(14)







Thus, it gives a value about 10% higher than that in Table 2.



As seen from Table 2, motor A extensively uses the magnetic circuit, especially the stator yoke, due to significant field penetration into the frame, and immense power losses are generated in it.



Table 3 shows that motor B makes very little use of the magnetic circuit. Hence, the losses in the housing are minimal and do not affect the motor’s operating characteristics.



Table 4 compares selected operational parameters of motor A, measured and calculated, while taking into account the penetration of the field into the cast-iron frame (magnetic frame) and while excluding this phenomenon (non-magnetic frame).



As can be seen from Table 4, in the considered motor A, the omission in the calculation of the power losses occurring in the frame, despite the very high induction value in the stator yoke, results in a significant overestimation of the efficiency value while reducing the value of the power factor. An analogous comparison of the results for motor B is given in Table 5.



As seen in Table 5, in the considered motor B, the field penetration into the frame is very small and practically does not affect the motor parameters. As one can see, in both cases, the measurement results match the simulation results well.




6. Conclusions


As presented in the article, losses in a massive ferromagnetic conductive housing can be a source of significant additional losses which are usually not included in the balance of motor losses, significantly affecting the motor’s efficiency and temperature increase.



This problem mainly concerns motors which make significant use of a magnetic circuit, which results in high induction values in the motor core, especially in the stator yoke. In addition to the losses in the part of the housing directly adjacent to the stator yoke, additional power losses can also occur in parts of the housing not adjacent to the stator core due to stray fluxes around the stator’s winding end connections. So far, this problem has been considered when analyzing losses in the front parts of the core and structural parts, such as the clamping plate and fingers in high-power turbogenerators and induction motors, as well as in the case of canned induction motors [38,39,40,41,42,43,44,45]. These phenomena will be the subject of further work for the authors.
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Figure 1. Division of unit production motors with shaft heights of 315 mm or more depending on their efficiency classes for LV (a) and HV (b) motors. 
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Figure 2. Magnetization characteristics of the gray cast iron and electrical steel M400-50A (a) and relative magnetic permeability of the frame material (gray cast iron) in the entire range of magnetic field strength (b) and for magnetic field strength < 2000 A/m (c) [31,32,33]. In (c), the solid line corresponds to the measurement, and the dashed line to the approximation. 
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Figure 3. Mapping of the boundary of the motor yoke as a boundary of the conductive half-space. 
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Figure 4. Exemplary low-power induction motor for linear model validation (dimensions in mm). Simulation for the rated load. At the edge of the outer airspace, the field is assumed to be tangential. 
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Figure 5. Magnetic field strength versus distance from the edge of the frame (black—data, red—approximation). 
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Figure 6. The ELIC correcting factor for eddy current losses with quadratic polynomial approximation (black—data, red—approximation). 
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Figure 7. The ELIC correcting factor for eddy current losses with a linear approximation for induction range up to 0.8 T (black—data, red—approximation). 
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Figure 8. The ELIC correcting factor for eddy current losses with a linear approximation for induction range above 0.8 T (black—data, red—approximation). 
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Figure 9. The HLIC correcting factor for hysteresis losses with a linear approximation for induction (black—data, red—approximation). 
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Figure 10. The HLIC correcting factor for hysteresis losses with a logarithmic approximation for magnetic field strength (black—data, red—approximation). 
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Figure 11. Magnitude of flux density for motor A for angle ωt = 0 at rated load. 
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Figure 12. Maximum magnitude of flux density only in frame for motor A. 
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Figure 13. Magnitude of flux density for motor B for angle ωt = 0 at rated load. 
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Figure 14. Maximum magnitude of flux density only in frame for motor B. 
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Table 1. The basic rated parameters and main dimensions of investigated motors.
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	Quantity
	Unit
	Motor A
	Motor B





	Rated power PN
	kW
	150
	1250



	Rated line voltage UN
	V
	1000 (Y)
	6000 (Y)



	Rated current IN
	A
	110
	149



	Number of poles 2p
	-
	4
	10



	Power factor cos φR
	-
	0.84
	0.84



	Rated efficiency ηR
	%
	94.0
	96.2



	Rotation speed nR
	rpm
	1472
	596



	The outer diameter of the stator core Dse
	mm
	520
	1230



	The inner diameter of the stator core Dsi
	mm
	334
	950,



	Stator core length Ls
	mm
	232
	540



	Stator yoke height hsy0
	mm
	36.7
	61.0



	Number of stator slots
	-
	72
	120



	Number of rotor slots
	-
	60
	140



	Number of serial turns
	-
	78
	200



	Air gap thickness
	mm
	1
	3










 





Table 2. The results of magnetic induction and loss calculations in the yoke and frame obtained by the analytical method and the field-circuit method calculations for motor A.
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Quantity

	
Unit

	
Motor A




	

	

	
Analytical Calculation

	
Field-Circuit Simulation






	
Induction in the yoke without field penetration into the frame Bsy0

	
T

	
2.076

	
-




	
Reducing the induction in the stator yoke   Δ   B   s y    

	
T

	
0.214

	




	
Induction in the yoke with field penetration into the frame Bsy

	
T

	
1.862

	
1.874




	
Field strength Hsy

	
A/m

	
16614

	
16444




	
Magnetic induction in the frame Bkd

	
T

	
1.106

	
1.143




	
Penetration depth   δ  

	
m

	
0.00835

	
0.00817




	
Hysteresis losses in the frame

	
W

	
290 1/499

	
300 1/523




	
Eddy-current losses in the frame

	
W

	
4571 1/6200

	
4494 1/6057




	
Total frame losses

	
W

	
4861 1/6699

	
4794 1/6580




	
Stator yoke height without field penetration into the frame hsy0

	
m

	
0.03673

	
0.03673




	
Equivalent stator yoke height hsy

	
m

	
0.04096

	
-




	
Magnetic permeability of the frame     µ   k d    

	
H/m

	
66.6 10−6

	
69.6 10−6








1 frame loss values without correction.













 





Table 3. The results of magnetic induction and loss calculations in the yoke and frame obtained by the analytical method and the field-circuit method calculations for motor B.
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Quantity

	
Unit

	
Motor B




	

	

	
Analytical Calculation

	
Field-Circuit Simulation






	
Induction in the yoke without field penetration into the frame Bsy0

	
T

	
1.320

	
-




	
Reducing the induction in the stator yoke   Δ   B   s y    

	
T

	
0.012

	




	
Induction in the yoke with field penetration into the frame Bsy

	
T

	
1.308

	
1.29




	
Field strength Hsy

	
A/m

	
450.2

	
600.8




	
Magnetic induction in the frame Bkd

	
T

	
0.077

	
0.115




	
Penetration depth   δ  

	
m

	
0.00517

	
0.00519




	
Hysteresis losses in the frame

	
W

	
4.8 1/4.9

	
5.5 1/5.0




	
Eddy-current losses in the frame

	
W

	
28.9 1/30.1

	
32.7 1/31.6




	
Total frame losses

	
W

	
33.7 1/35.0

	
38.2 1/36.6




	
Stator yoke height without field penetration into the frame hsy0

	
m

	
0.0610

	
0.0610




	
Equivalent stator yoke height hsy

	
m

	
0.0615

	
-




	
Magnetic permeability of the frame     µ   k d    

	
H/m

	
173.8 10−6

	
172.2 10−6








1 frame loss values without correction.













 





Table 4. Comparison of selected operational parameters of motor A, measured and calculated, while taking into account the penetration of the field into the cast iron frame (magnetic frame) and while excluding this phenomenon (non-magnetic frame).
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Quantity

	
Calculation

	
Measurement




	
Magnetic Frame

	
Non-Magnetic Frame






	
Rated power PN [W]

	
150,000

	
150,000

	
150,000




	
Losses in the stator windings Pus [W]

	
3410

	
4117

	
3504




	
Losses in the rotor windings Pur [W]

	
3789

	
3778

	
3869




	
Mechanical losses Pm [W]

	
554

	
554

	
554




	
Losses in the frame Pkd [W]

	
6699

	
-

	
-




	
Sum of core losses and additional losses (PFe + Pd) [W] (Losses in the frame Pkd

non included in losses Pd)

	
4324

	
4259

	
11,510




	
Total losses ∑P [W]

	
18,776

	
12,708

	
19,437




	
Motor efficiency η [%]

	
88.9

	
92.2

	
88.5




	
Current in the stator winding Is [A]

	
118.3

	
129.98

	
120.85




	
Power factor cos φ [-]

	
0.8246

	
0.7235

	
0.8103











 





Table 5. Comparison of selected operational parameters of motor B, measured and calculated, while taking into account the penetration of the field into the cast iron frame (magnetic frame) and while excluding this phenomenon (non-magnetic frame).
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Quantity

	
Calculation

	
Measurement




	
Magnetic Frame

	
Non-Magnetic Frame






	
Rated power PN [W]

	
1,250,000

	
1,250,000

	
1,250,000




	
Losses in the stator windings Pus [W]

	
12,810

	
12,820

	
12,810




	
Losses in the rotor windings Pur [W]

	
7880

	
7880

	
7810




	
Mechanical losses Pm [W]

	
2690

	
2690

	
2690




	
Losses in the frame Pkd [W]

	
35

	
-

	
-




	
Sum of core losses and additional losses (PFe + Pd) [W] (Losses in the frame Pkd

non included in losses Pd)

	
31,926

	
31,946

	
29,520




	
Total losses ∑P [W]

	
55,341

	
55,336

	
52,830




	
Motor efficiency η [%]

	
95.8

	
95.8

	
95.9




	
Current in the stator winding Is [A]

	
150.0

	
150.0

	
146.3




	
Power factor cos φ [-]

	
0.8380

	
0.8380

	
0.8573
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