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Abstract

:

Modern electrical traction uses asynchronous motors for driving railway vehicles because these motors have a lot of advantages in comparison with the classical, direct current motors. Reducing active and reactive electrical energy consumption is a concern in the case of these motors, meaning a decrease in exploitation costs. The research carried out shows, by results and simulations, the effects of the geometry optimization for the stator and rotor lamination and emphasizes how much the total and exploitation costs. Cross geometry optimization means preserving constant electromagnetic stresses, using the same gauge dimensions, preserving the constant ampere-turn for a pole pair, having a maximum torque exceeding the imposed limit, and increasing the air-gap magnetic induction. The results obtained indicatea decrease in the total cost, by 42,600 € (12.31%), for a asynchronous tractionmotor in comparison with the existing variant.
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1. Introduction


In electrical railway vehicles, the limitations imposed by the railway gaugeand the diameter of the rolling wheel restrict the possibilities of choosing the geometrical dimensions of both the transmission and electrical tractionmotor, even in the design stage.



That is why, when designing the traction motor, the limited gauge dimensions, the mechanical stresses, and the vibrations transmitted from the track, as well as the electrical stresses caused by the variation of the load during the movement of the train and the specific power supply conditions, are taken into account [1,2].



Consequently, in order to finalize the solution regarding electrical tractionmotor suspension and the transmission of the motor torque to the axle, a series of requirements are needed:




	-

	
Electrical tractionmotors should be placed so that they are easily accessible for verifications, revisions, and repairs;




	-

	
The transmission should enable the rotor to rotate faster than the motor axle is driven, ensuring the optimum speed of the electrical tractionmotor.









Power electronics havechanged the traction system, enabling it to carry out electrical transmission with asynchronous motors, both for diesel and electrical traction, Figure 1 [3,4,5]. As a result, it increases the power installed on a vehicle, the reliability of the traction motor, the overload capacity, etc.



The authors of this paper have studied a lot of railway traction motors (direct current and asynchronous), have published papers in magazines and specialized conferences, and are concerned with optimizing their design and construction.



The current research carried out presentsthe effects of optimizing the geometry of the stator and rotor plates, and shows how manufacturing, operating, and total costs decrease.



To justify the result of optimizing the transverse geometry, an asynchronous motor from an electric locomotive manufactured in Romania was used as an example, the electrical demands were kept constant (so as not to influence the heating), and the maximum torque, gauge dimensions, and cost reduction werefollowed.




2. Analysis of Stator and Rotor Slot Geometry


If the total number of conductors in a slot is nc1, the number of stator parallel current ways is a1, the slot filling factor is ku, and the stator winding conduction current density is J1, the needed section of the slot can be established as follows:


   S  c 1   =  1   k u    ⋅    I  1 N   ⋅  n  c 1      a 1   J 1     



(1)







In asynchronous motors, the magnetization current is also defined as a percentage of the rated current in order to quantify the reactive power consumption. It is known that this percentage quantity, i1μ, is high in machines having a lot of poles.


   i  1 μ   =    I  1 μ      I  1 N      



(2)







From (1) and (2),the followingis obtained:


   S  c 1   =  1   k u    ⋅    I  1 μ      i  1 μ     ⋅    n  c 1      a 1   J 1    =  1   k u   a 1   i  1 μ    J 1    (  n  c 1    I  1 μ   )  



(3)




and finally, from (3) it follows:


   S  c 1   =  1   k u   a 1   i  1 μ    J 1    ⋅  ϑ  c 1    



(4)




where ϑc1 is the total magnetization ampere-turn corresponding to a stator slot.



The values ϑc1 can be also established from the current load (A) by knowing the tooth pitch (t1), finally resulting in:


   S  c 1   =  1   k u   a 1   i  1 μ    J 1    ⋅ A  t 1   



(5)







In the optimization problem analyzed, the quantities ku, i1μ, and a1, are considered as constant and known and A and J1 are the electrical stresses of the machine.



This analysis concerns the influence of the stator, respectively, rotor slot dimensions upon the air-gap magnetic induction. It is aimed at establishing some optimum values in the case of the variables βc1 = hc1/bc1 and βc2 = hc2/bc2 (bc1, hc1—the width and height of the stator notch, respectively, and bc2, hc2 for the rotor), in order to obtain a maximum air-gap magnetic induction without modifying the outer diameter of the stator lamination and the magnetic core length.



This optimization takes into account that the total ampere-turn, for a pole pair, is a known constant quantity (the field source ϑ = const.) [6,7,8,9]. The anisotropic model of the electrical machine enables establishing the air-gap magnetic induction, according to the known design method.



Variables Defining the Cross Geometry of an Asynchronous Motor


According to the known geometry of the stator and rotor lamination, the following variables are used (Figure 2) which establish the essence of asynchronous motor cross geometry:




	
De, D—outer and inner diameter, respectively, ofthe stator lamination;



	
D-2*δ, Di—outer and inner diameter, respectively, ofthe rotor lamination;



	
D1, D2—diameters of the slot base, for the stator and rotor slot, respectively;



	
Sc1, Sc2—areas of the geometric surfaces, for the stator and rotor slot, respectively;



δ—machine air-gap.










3. The Simplified Mathematical Model Used to Optimize the Transverse Geometry of the Asynchronous Motor


By using the anisotropic model of the field and by adopting, in all situations, the maximization criterion of magnetic induction, B, the possibilities of the optimization of the cross geometry of an asynchronous machine with constant air-gap are analyzed [10,11,12].



The cross geometry optimization has taken the following aspects into consideration:




	-

	
The outer diameter of the stator plate is kept for the analyzed motor;




	-

	
The solenacy corresponding to the magnetizing current (the magnetomotive voltage on a pair of poles), in the study being done, will be an imposed quantity (the reference solenacy);




	-

	
The same electrical stresses are preserved;




	-

	
The constant air-gap is preserved, the same one as in the analyzed motor;




	-

	
The geometric dimensions in the cross geometry and the magnetic stresses in all parts of the magnetic circuit are modified so that the total ampere-turn, for a pole pair, is minimized;




	-

	
For these dimensions of the magnetic circuit, the air-gap magnetic induction is progressively increased (so the inductances in the teeth and yokes also increase, etc.), and as a result, solenacy on the pair of poles increases until the imposed value of “reference solenacy” is reached.









In this way, if the total length of the engine is kept, then in the same dimensions, the engine power can be increased. Another possibility is to keep the power requested by the beneficiary, resulting in a shorter engine length.



In this paper, the option of optimizing the transversal geometry at the power requested by the beneficiary was used. The results of this analysis are further presented through simulations, in several distinct stages.



3.1. Objective Function


We aim at optimizing the cross-section of asynchronous motors used in an electrical locomotive. Optimization is aimed at maximizing the air-gap magnetic induction. The results of this analysis are further presented through simulations, in several distinct stages, until the solenation on the pair of poles reaches the “reference value”while keeping the same gauge dimensions [13,14,15,16].



That is why we impose the minimum total cost as a criterion, f(x) = Ct = min., because it reflects correctly the investment made for acquiring this motor, Cf, as well as the exploitation costs, Ce, necessary during the investment damping:


    C t  = C +  C e    



(6)







For Cf, the fabrication cost of the motor, we have the relation:


    C f  =  k f   C  m a     



(7)







After designing the asynchronous motor, the amounts of active materials used are known, so it is possible to establish the cost of the active materials, Cma. By using a factor kf, established for asynchronous motors of a similar type, it is possible to consider the costs afferent to technological manufacturing processes andworkmanship, and different costs specific to the manufacturing company.



The exploitation cost can be computed by the relation:


   C e  =  C  e a   +  C  e r   =  N o   T  r i    c  e l . a   Σ p +  N o   T  r i    c  e l . r   Σ q  



(8)







Cea/Cer are the cost of consumed active/reactive electricity, No is the number of hours of operation in a year of the engine, cel.a/cel.r are the cost of one kWh of active electricity and the cost of a kVARh, respectively, Tri is the investment recovery time in years, Σp are the total losses in the motor, and Σq is the reactive energy consumption.




3.2. Variables and Restrictions of the Objective Function


The study regarding the optimization uses four main variables presented before: D is the inner stator diameter, βc1/βc2 are the shape factors for stator/rotor slots, and Dir is the inner diameter of rotor lamination.



The mathematical model used in the design takes the following variable restrictions into account:


     x    min  i    ≤  x i  ≤  x    max  i         x i  = { D ,  β  c 1   ,  β  c 2   ,  D  i r   }    



(9)







The customer imposed the following requirements for traction motors used in electrical locomotive:


   D e  ≤  D  e . i   ;    L e  ≤  L  e . i   ;    m m  ≥  m  m . i    



(10)







De, Le, mm—gauge dimensions (De is the outer diameter and Le is the total length of the motor) and mm = Mm/MN—maximum torque, per unit values.





4. Simulated Results


The research carried out for optimizing the cross-section of the asynchronousrailway traction motor is based on the aspects presented above. This optimization is justified with an example of:high-voltage three-phase squirrel cage asynchronous motor rated at: PN = 850 kW—rated power; UN = 2500 V—rated voltage; I1N = 223.4 A—rated current; f1 = 80 Hz—rated frequency; and n1 = 2400 r.p.m.—synchronism speed.



The costs (fabrication, exploitation, and total) have been computed on the basis of the results obtained, taking into account that: Nore = 365 × 10 = 3650 h/year—yearly operation hours; Tri = 15 years—period of the investment recovery; cCu = 12 €/kg—the cost of one kilo of copper; cFe = 0.95 €/kg—the cost of one kilo of iron (siliceous sheet); cel.a = 0.131 €/kWh—the cost of one kWh of active electrical energy, and cel.r = 0.013 €/kVARh—the cost of one kVARhof reactive electrical energy. For the nominal data of the analyzed motor, using the design method known in the literature, a “reference motor” with the following costs resulted:



Cf.m = 29,750 €; Ce.m = 317,000 €; and Ct.m = 346,700 €.



All these results, obtained by the known design method, are considered reference quantities (for relating).



Restrictive conditions imposed have been as follows, gauge dimensions:



Dei < 750 mm, Lei < 670 mm and maximum torque: mmi = Mm/MN > 2.4.



The graphics presented are plotted in per unit quantities. The costs are computed, in per unit quantities, with relations as follows:


   c t  =    C  t   var   m      C  t   m        c f  =    C  f   var   m      C  f   m     ,    c e  =    C  e   var   m      C  e   m      



(11)







Ct.var.m, Ce.var.m, Cf.var.m are the total/exploitation/fabrication costfor the analyzed variant of motor;



Ct.m, Ce.m, Cf.m are the total/exploitation/fabrication cost for the variant of motor considered as a reference.



4.1. Necessary Steps for Local Optimization in Relation to Each Variable


For each variable, local optimization is carried out by proceeding as follows:




	-

	
The relation for the resultant ampere-turn total(magneto-motive force for a pole pair) is considered, as known in literature:











   U  m m   =  U  m δ   +  U  m d 1   +  U  m j 1   +  U  m d 2   +  U  m j 2    



(12)







Umδ—air-gap magnetic voltage, Umd1/Umd2—stator/rotor tooth magnetic voltage, and Umj1/Umj2—stator/rotor yoke magnetic voltage;




	-

	
t.m.m. to the “reference motor” (the classically designed one) is calculated, and the obtained value will be kept constant during the optimization Umm.i = const.;




	-

	
Each variable corresponds to at least one term of this sum, for example:




	*

	
For the variable D—théinner stator diameter, Umj1, Umd1,Umd2, and Umj2 changes;




	*

	
For the variable Di—the rotor lamination inner diameter, Umj2 changes;




	*

	
For the variable βc1—the stator slot shape factor, Umd1 and Umj1 changes;




	*

	
For the variable βc2—rotor slot shape factor, Umd2 and Umj2, changes.















Local optimization in relation to a variable implies:




	-

	
The geometrical dimensions modify in the cross-section of the magnetic circuit; consequently, the afferent magnetic stresses are changed (magnetic field induction and intensity) for the established variable;




	-

	
The established variable is changed by ±15% compared to the known reference value, and the minimum value for Umm—t.m.m. (rel. 12) is sought;




	-

	
B—the air-gap magnetic induction is progressively increased; consequently, all terms in the relation (12) increase, until the imposed value Umm.i = cont. is reached;




	-

	
Thus, the optimum value of the analyzed variable is established.









Further, the procedure for the local optimization relative to the other variables is similar. Finally, for the values of the locally optimized variables, the relation (12) is re-considered, then Umm  is computed and, analogously, B is progressively increased until the imposed ampere-turn is obtained; Umm.i = constant in the motor optimization in relationsequentially to the four variables.



Non-linearity problems also appear in the optimization process;for example, B = f(H)—the magnetization characteristic of the silicon sheet used in the construction of the magnetic circuit. In this case, the magnetic characteristic is given by a table with two lines (B and H) and n-columns (n—a large number of points to have a more accurate curve). At each iteration, B—the magnetic induction in the calculation area (teeth or yoke, stator or rotor) is determined, and, through linear interpolation, we find H—the intensity of the magnetic field, required in the following calculations.



For the final optimal transversal geometry, it is necessary that these previously presented steps be repeated until the difference between these two consecutive optimal values is less than a predetermined error. A simultaneous optimization can be done considering all four variables, but the calculation program must be slightly modified.



4.1.1. Optimization Relative to Variable D (Motor Diameter)


The searching range imposed for this variable is a little bit affected by restrictions specific to railway traction: total length, Figure 3c and maximum torque, Figure 3d. In Figure 3a, the variation curves of the total ampere-turn for a pole pair are presented: Umm0—for the optimized machine, Umm—for the reference machine, and Umm.i = const.—for the “reference solemnity” imposed on the optimization.



The optimization results relative to the analyzed variable D are shown in Table 1. The optimum point resulted in D = 460 mm and, by optimization, resulted in an increase in the air-gap magnetic induction of theBvalue to 0.80 T and a decrease in the total cost with Δct = 9.81% = 34,000 €.




4.1.2. Optimization Relative to the Variable Dir (Rotor Inner Diameter)


Similar to the aspects presented above, the optimization relative to the variable Dir is carried out. The results are not very spectacular, as seen in Table 2, which is why charts are not presented and discussed.



The optimum point resulted in: Dir = 120 mm and, by optimizing, there hasbeen an increase in the air-gap magnetic induction to a value of B=0.708 T and a decrease in the total cost withct = 0.0894% = 400 €.




4.1.3. Optimization Relative to the Variable βc1 = hc1/bc1(Stator Slot Shape Factor)


The optimization relative to this variable is important because there is a big difference between the curve of the existing motor, Umm, and the curve of the optimized motor, Umm0. Consequently, the magnetic induction may be much increased and the effect is a decrease in the total cost, as seen in Figure 4b. The restrictions, in Figure 4c,d, cause problems for small values of βc1.



The results of the optimization relative to the analyzed variableβc1, are shown in Table 3. The optimum point resulted in: βc1 = 2.46 and, by optimization, resulted in an increase in the air-gap magnetic induction to a value of B = 0.707 T and a decrease in the total cost, with Δct = 2.596% = 9000 €.




4.1.4. Optimization Relative to the Variable βc2 = hc2/bc2(Rotor Slot Shape Factor)


In the case of this variable, which also defines the rotor slot geometry, there also occur differences, but small ones, between the curves Umm and that of the optimized motor, Umm0. Consequently, the magnetic induction can be increased a little bit and the effect is an increase in the total cost, as seen in Figure 5b. The torque restriction, as shown in Figure 5d, occurs for high values of βc2.



The optimization results relative to the analyzed variable, βc2, can be seen in Table 4. The optimum point resulted in a value of βc2 = 6.2 and, by optimization, has resulted in an increase in the air-gap magnetic induction so the value of B = 0.70055 T, a modification of the total cost by Δct= −2.08% = −7200 €, indicating an increase in cost.




4.1.5. The Final Optimal Solution for the Transversal Geometry of the Motor


On the basis of the optimization study carried out relative to the variables, the total optimization of traction motor cross geometry is approached, in which case, all four variables change simultaneously.



In the case of the analyzed motor, for the existing cross geometry, the results were B = 0.71 T (air-gap magnetic induction) and Umm = 4085 A (ampere-turn for a pole pair).



For cross geometry optimization in relation to all variables, we aimed at preserving constant: total ampere-turn, Umm = 4085 A; outer diameter, De;and nominal power, PN, and modifying the constructive dimensions of the stator and rotor lamination.



Thus, in the new geometry, in order to preserve the total ampere-turn at the proposed value, Umm = 4085 A, the air-gap magnetic induction has been increased to the optimum value, Bo=0.868 T, the results being shown in Table 5.



It is noticeable, this time, that there is a significant decrease in the total cost in comparison with the motor considered as a reference, Δct = 12.31% = 42,600 €, whichindicates a very beneficial effect of the optimization.



Optimization can also be done in relation to the pairs of analyzed variables, but there are many combinations. We considered it sufficient to present only the final one, where all the variables appear.






5. Conclusions


The purpose of this research was to optimize the cross geometry of the asynchronous tractionmotor in the electrical locomotive.



We decided not to change the electrical stresses in considerations regarding the motor heating, preserving a constant total ampere-turn for a pole pair equal to that of the reference motor while maintaining the same air gap and using the same existing spaceefficiently (not changing the gauge dimensions).



The optimum cross geometry resulted in a decrease in the total cost by Δct = 12.31% = 42,600 € because this constructive solution enabled an increase in the air-gap magnetic induction of 22.25%, compared to the air-gap magnetic induction of the existing motor. If the asynchronous motor is used in an electrical locomotive where there are six traction motors, the total expenses decrease by ΔCt = 6 × 42,600 = 255,600 €.
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Figure 1. Electrical locomotive. 






Figure 1. Electrical locomotive.
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Figure 2. Notations used in cross geometry. 






Figure 2. Notations used in cross geometry.
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Figure 3. Variation curves relative to the variable D—machine diameter for: (a) total ampere-turn for a pole pair Umm0/Umm/Umm.i—for the optimized/real machine/imposed value; (b) ct/cf/ce—total/fabrication/exploitation cost; (c) total length; and (d) maximum torque. 






Figure 3. Variation curves relative to the variable D—machine diameter for: (a) total ampere-turn for a pole pair Umm0/Umm/Umm.i—for the optimized/real machine/imposed value; (b) ct/cf/ce—total/fabrication/exploitation cost; (c) total length; and (d) maximum torque.
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Figure 4. Variation curves relative to the variable βc1—stator slot shape factor for: (a) total ampere-turn for a pole pair Umm0/Umm/Umm.i—for optimized/real machine/imposed value; (b) ct/cf/ce—total/fabrication/exploitation cost; (c) total length; and (d) maximum torque. 






Figure 4. Variation curves relative to the variable βc1—stator slot shape factor for: (a) total ampere-turn for a pole pair Umm0/Umm/Umm.i—for optimized/real machine/imposed value; (b) ct/cf/ce—total/fabrication/exploitation cost; (c) total length; and (d) maximum torque.
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Figure 5. Variation curves relative to the variableβc2—shape factor of the rotor slot for: (a) total ampere-turn for a pole pair Umm0/Umm/Umm.i—for the optimized machine/real machine/imposed value; (b) ct/cf/ce—total/fabrication/exploitation costs; (c) total length; and (d) maximum torque. 






Figure 5. Variation curves relative to the variableβc2—shape factor of the rotor slot for: (a) total ampere-turn for a pole pair Umm0/Umm/Umm.i—for the optimized machine/real machine/imposed value; (b) ct/cf/ce—total/fabrication/exploitation costs; (c) total length; and (d) maximum torque.
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Table 1. The values obtained for the analyzed case.






Table 1. The values obtained for the analyzed case.





	

	
Criterion

	
Ct

(€)

	
Cf

(€)

	
Ce

(€)

	
η

	
cosφ

	
mm

(r.u.)




	
Variant

	






	
Values imposed

	
-

	
-

	
-

	
≥0.94

	
≥0.92

	
≥2.40




	
Vm—Real var.

	
346,700

	
29,750

	
317,000

	
0.951

	
0.923

	
2.648




	
Vo.—Opt. var.

	
312,700

	
28,930

	
283,800

	
0.956

	
0.926

	
2.807
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Table 2. The values obtained for the analyzed case.
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Criterion

	
Ct

(€)

	
Cf

(€)

	
Ce

(€)

	
η

	
cosφ

	
mm

(r.u.)




	
Variant

	






	
Values imposed

	
-

	
-

	
-

	
≥0.94

	
≥0.92

	
≥2.40




	
Vm—Real var.

	
346,700

	
29,750

	
317,000

	
0.951

	
0.923

	
2.648




	
Vo.—Opt. var.

	
346,300

	
29,060

	
317,200

	
0.951

	
0.920

	
2.682
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Table 3. The values obtained for the analyzed case.
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Criterion

	
Ct

(€)

	
Cf

(€)

	
Ce

(€)

	
η

	
cosφ

	
mm

(r.u.)




	
Variant

	






	
Values imposed

	
-

	
-

	
-

	
≥0.94

	
≥0.92

	
≥2.40




	
Vm—Real var.

	
346,700

	
29,750

	
317,000

	
0.951

	
0.923

	
2.648




	
Vo.—Opt. var.

	
337,700

	
29,440

	
308,300

	
0.953

	
0.922

	
2.652
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Table 4. The values obtained for the analyzed case.
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Criterion

	
Ct

(€)

	
Cf

(€)

	
Ce

(€)

	
η

	
cosφ

	
mm

(r.u.)




	
Variant

	






	
Values imposed

	
-

	
-

	
-

	
≥0.94

	
≥0.92

	
≥2.40




	
Vm—Real var.

	
346,700

	
29,750

	
317,000

	
0.951

	
0.923

	
2.648




	
Vo.—Opt. var.

	
353,900

	
30,180

	
323,700

	
0.950

	
0.917

	
2.402
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Table 5. Final optimum solution.






Table 5. Final optimum solution.





	

	
Criterion

	
Ct

(€)

	
Cf

(€)

	
Ce

(€)

	
η

	
cosφ

	
mm

(r.u.)




	
Variant

	






	
Values imposed

	
-

	
-

	
-

	
≥0.94

	
≥0.92

	
≥2.40




	
Vm—Real var.

	
346,700

	
29,750

	
317,000

	
0.951

	
0.923

	
2.648




	
Vo.—Opt. var.

	
304,100

	
27,930

	
276,200

	
0.957

	
0.920

	
2.934
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