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Abstract

:

Mandatory regulations are published worldwide for the efficiency of line-operated electric motors. The small-sized single-phase induction motors (SPIMs) will not be off the hook in terms of efficiency, since new regulations are scheduled to be introduced regarding them no later than July 2023. By doing so, the efficiency of capacitor-run SPIMs will be forced to exceed the (currently) typical ratings and comply with the requirements of the IE3 (i.e., premium) efficiency class. Since this task is challenging, the already published research works investigated several design, control, and manufacturing aspects. Nevertheless, less attention has been devoted to the study of the rotor bar’s shape impact, both on the SPIMs’ efficiency and starting capability. This gap is filled in this work by examining rotor squirrel-cage configurations with eight different bar shapes for the case of a four-pole/1.0 HP capacitor-run SPIM. A sensitivity analysis, which involves the simultaneous variation of the bar’s cross-sectional area, run-capacitor value, and auxiliary to main winding turns ratio, is performed. The motor’s electromagnetic behavior is estimated through finite element analysis. Through the acquired results, useful directions toward the SPIMs’ efficiency enhancement are provided, while simultaneously conclusions—not found elsewhere—are drawn concerning performance quantities, such as the motor’s starting current, currents shift angle, particular losses, breakdown torque, etc.
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1. Introduction


The single-phase induction motors (SPIMs) hold a considerable share of the global electrical machines market, as they are utilized in an impressive number of applications (e.g., power tools, compressors, vacuum cleaners, conveyor belts, sewing and washing machines, grinders, refrigerators, food mixers, microwave ovens, air conditioners, hair and grain dryers, heating-circulating pumps, fans, centrifugal pumps, etc.) [1]. Their rated output power ranges from sub-fractional up to few kilowatts, and they are available in different configurations, depending upon the method for making them self-starting motors. They can be met in the following five types: (a) split-phase, (b) shaded poles, (c) capacitor-start/induction-run, (d) capacitor-start/capacitor-run, and (e) capacitor-run SPIMs. The starting mechanism is necessary, since the applied single-phase current creates only a pulsating magnetic field. So, even if the rotor is energized due to induction, the torque needed for the motor’s rotation is not developed. This will make the rotor vibrate but not to rotate. When the SPIMs are put into operation through the starting mechanism and by means of a rotating magnetic field, their rotor continues to rotate.



Among the aforementioned topologies, the capacitor-run SPIM gains great popularity, as it has important advantages (e.g., simple structure, increased robustness, lower starting current, high power factor over a wide speed and load range, etc.) over the other SPIM types [2]. The structure of this motor is quite similar to that of a three-phase squirrel-cage induction motor (IM). The major difference is related to the arrangement of the stator’s main and auxiliary winding. These windings are phase-shifted spatially by 90 electrical degrees. At the same time, a permanent capacitor is connected in series with the auxiliary winding during both the motor’s starting and running operation. The lap (either single- or double-layered) and the double-layer first-class sinusoidal winding layouts are the most common choices. The SPIM’s stator and rotor cores are manufactured of thin laminations of electrical steels. The low-carbon or silicon steels are mostly used, since the low cost is the main priority at the SPIMs’ mass production. Regarding the rotor’s squirrel-cage, it is made of a conductive alloy through die casting. This process permits the bars to be connected directly to the end-rings, and it has been established as the most cost-effective solution for bulk manufacturing of IMs squirrel-cages [3]. The squirrel-cage conductive material can be either aluminum or copper. The aluminum is more frequently selected at the construction of small SPIMs due to its low cost, while it allows better flexibility in the bar’s shape [4]. The replacement of aluminum with copper improves the motor’s efficiency but deteriorates its starting torque, as the copper’s electrical conductivity is much higher. The die-casting magnesium alloys are an attractive alternative as mentioned in [5], especially for applications that demand a high starting torque. For the rotor bars design, various geometries of semi-closed, closed, or open slots have been proposed in order to find out which one benefits the motor’s operational characteristics. The bar designs are classified into four types (design classes) based on the directions provided by the National Electrical Manufacturers Association (NEMA). Each one of them results in a different motor’s torque–slip curve and affects substantially the machine’s running performance and starting capability.



The capacitor-run SPIM’s starting torque and efficiency are quite low. The starting torque of commercial SPIMs is usually equal to 30–70% of its nominal one, while their efficiency barely exceeds 78% (even for motors with output power equal to or higher than 1.0 HP). The high efficiency of these machines was not—until recently—a strict requirement, as they are employed at low-power applications. Their horsepower ranges from 0.25 up to 1.5 HP. Most of them are designed so as to deliver the nominal torque at the lowest cost and fulfill the maximum temperature limit. However, a large number of them are produced daily. Additionally, recent research works highlighted that if their efficiency could be enhanced beyond the typical ratings, significant savings would be achieved [6].



Nowadays, mandatory regulations have been adopted worldwide aiming to accelerate the motors market transformation toward IE3 (premium) and IE4 (super premium) efficiency classes [7]. The IEC/EN 60034-30-1 standard (published by the International Electrotechnical Commission (IEC) in March 2014) defines the four efficiency classes for the line-operated single-speed motors. This standard includes both the single-phase and three-phase squirrel-cage IMs with two, four, six, and eight poles. Moreover, it covers a wide scope of products, as motors with rated output power from 0.12 up to 1000 kW and supply voltage from 50 V up to 1 kV are involved. According to the latest relevant European Union legislation, the efficiency of the three-phase medium-sized IMs (i.e., with output power in the range of 0.75–375 kW) must meet the IE3 ratings since January 2017 [8]. Very recently, i.e., since July 2021, the premium efficiency is also mandatory for the large-sized three-phase IMs (i.e., with rated output power in the range of 375–1000 kW), expanding even more the scope of motors. In the same year, a new regulation was introduced with respect to the small motors whose rated output power is equal to or above 0.12 kW and below 0.75 kW. The efficiency of the above motors will have to reach the IE2 level and move toward IE3 in the forthcoming years, as a revised version of the regulation is expected to be released. A similar regulation is scheduled to be introduced concerning the small-sized SPIMs no later than July 2023 [9]. By that time, it is believed that (a) the quantitative evaluation of the energy savings, achieved by amending the efficiency standards for small electric motors will be completed, and (b) it will be clarified whether such standards would be technologically feasible and economically justified. In the United States of America, the NEMA published new efficiency standards, too. Since 2010, the general-purpose line-fed electric motors from 1 to 200 HP have to satisfy the minimum requirements of NEMA Premium Efficiency. In June 2016, the scope of motors was expanded once again with the “Integral Horsepower Motor Rule”. Under this rule, all the single-speed IMs have to comply with the NEMA Premium Efficiency level. The smaller motors were not off the hook in terms of efficiency. Specifically, the Department of Energy (DOE) adopted an energy-efficiency standard, namely “Small Motor Rule”, for fractional horsepower IMs [10]. This standard includes both single-phase and three-phase IMs with (a) horsepower from 0.25 up to 3.0 HP and (b) two, four, and six poles. This rule is applied to SPIMs that incorporate either a capacitor during the start-up phase or capacitor(s) during both the start-up phase and running operation. The minimum efficiency values, set by this standard, are close or even equal to those imposed by the IE3 efficiency class. It can be said that the efficiency of the SPIMs will be forced to exceed IE2 and move toward the IE3 class sooner than expected [11].



In Figure 1, the international efficiency classes are depicted as a function of motor’s output power for a four-pole IM. It is apparent that the minimum efficiency requirements are greatly increased. As an example, the minimum efficiency that a four-pole/1.0 HP IM has to exhibit is much higher than the typical efficiency ratings (64% up to 78%) of the commercial capacitor-run SPIMs with the same specifications. Therefore, the development of SPIMs with enhanced efficiency is a challenging task for both designers and manufacturers and is gathering growing research and industrial interest.



In order to improve the SPIMs’ efficiency, so far, research efforts have focused on (a) the introduction of more accurate magnetic and thermal models for the better estimation of the motor’s electromagnetic and thermal behavior [13,14], (b) the optimal rotor squirrel-cage design [15,16,17], (c) the proper selection of the rotor bars/stator slots combination for a given number of poles [18], (d) the utilization of manufacturing techniques such as the skewing and inclination of rotor bars [19], (e) the appropriate choice of run-capacitor features (i.e., its optimal value and placement) [20,21], (f) the proposal of novel topologies [22], (g) the testing of advanced electrical steels and conductive alloys for the motor’s cores and squirrel-cage, respectively [23,24], and (h) the application of new casting methods [25]. Since most of the above solutions are not easily applicable to mass production, it is essential to have design approaches that provoke slight modifications of the existing SPIMs production procedure, and thus, they have a minimal impact on manufacturers. In this way, it will be much easier for them to design and construct new motors with higher efficiency at reasonable turn-around time [26,27]. A complete design methodology, which has been proven to be effective for a variety of capacitor-run SPIMs with different output power ratings and requirements, was presented in [28], which is an author’s previous research work. The preliminary findings of [29] were also exploited in that work. Although the suggested design strategy cannot be considered as a no-tooling-cost process as the manufacturers will not avoid the electromagnetic re-design of entire machine series, it relies on low-cost solutions/modifications. These solutions are: (a) the employment of low-loss magnetic materials for the motor’s cores, (b) the axial lengthening of the stator and rotor cores, (c) the usage of the double-layer first-class sinusoidal winding instead of the lap one, (d) the proper determination of the auxiliary winding parameters (i.e., number of turns and run-capacitor value), and (e) the design of rotor bars and end-rings by following the provided directions. The efficiency of the obtained SPIMs was found to be much higher than the typical values that are met at the commercial motors. So, important energy savings were recorded, while simultaneously, the SPIMs were advantageous from a manufacturing and economic point of view compared to the motors that derive from the classical design approach (described in [30]). It is to be noted that the new efficiency levels are achievable with the present technology and also by taking into consideration the standardized frame sizes.




2. Motivation and Contribution of the Work


However, the investigations that were conducted in [28] refer to capacitor-run SPIMs that have a squirrel-cage rotor with semi-closed slots of trapezoidal cross-section. The specific rotor bar geometry is commonly preferred by IM designers and manufacturers. Notwithstanding that, there are plenty of other alternatives regarding the bar’s shape that are used at commercial SPIMs. The impact of the bar’s shape on numerous motor’s performance quantities has been studied partially in already published research works that deal with the design of machines that have a squirrel-cage rotor, such as the three-phase IMs, the line-start permanent magnet synchronous motors (LPMSMs), and the line-start synchronous reluctance motors. For instance, inverter-fed high-speed three-phase IMs with semi-closed and closed rotor bars of different shape were designed, analyzed, and compared to each other in [31]. Few useful observations were drawn in [32] for the same motor type by taking the voltage unbalance effect into account. Furthermore, a comparison among various bar structures was made in [33] for an IM with rotor core made of amorphous material. The impact of the bar’s geometry on the efficiency, power factor, and torque ripple was studied in [34,35], by analyzing the IM’s operation under both healthy and faulty (i.e., with broken rotor bar(s)) conditions. In [36], the trade-off among the machine’s operational characteristics and their correlation with the geometrical parameters was discussed. A systematic approach to perform the design optimization of a squirrel-cage IM by focusing on the rotor slot configuration was proposed in [37,38]. An adequate number of different squirrel-cage designs was investigated in [39,40], where the transient performance of an LPMSM with copper squirrel-cage was considered. Rotor slots of different shape but with the same cross-sectional area were utilized in [41,42], too. A similar study was carried out in [43] for a line-start synchronous reluctance motor.



On the basis of the foregoing, it is clear that this research topic is not sufficiently addressed in the available literature regarding the SPIMs. Aiming to fill this gap, eight different rotor bar shapes (i.e., trapezoidal, oval, pent, polygonical, round, drop, rectangular, and quadrangular) are examined here for a four-pole/1.0 HP capacitor-run SPIM. The calculation of the machine’s basic dimensions and the rest of the geometrical parameters is conducted by applying the design methodology that was presented in [28]. The effect of the bar’s shape on the motor’s efficiency and power factor is highlighted with the help of a sensitivity analysis, which involves the simultaneous variation of (i) the bar’s cross-sectional area, (ii) the run-capacitor value, and (iii) the auxiliary to main winding turns ratio. The performance of each motor is estimated through the finite element analysis. The resulted SPIMs are compared with regard to the motor’s net mass, starting current, breakdown torque, and shift angle between the winding currents. The above features are of great importance for industrial motors, but less attention has been devoted to them in the relevant literature. So, useful conclusions—not found elsewhere—are extracted in this work. In addition, directions that could be valuable for designers and manufacturers toward the SPIMs’ efficiency enhancement are given. Last but not least, the generalization of the design approach (proposed in [28] by the authors) is evaluated.



The paper is organized as follows: in Section 3, the motor’s specifications and the applied constraints are described. Section 4 provides a thorough insight in significant aspects of the SPIMs design and analyzes the critical design parameters that will be set under investigation. The models employed for the SPIM’s performance determination are presented in Section 5. The acquired sensitivity analysis results along with the related discussion are given in Section 6. A detailed comparison of the SPIMs with the highest efficiency is made in Section 7. In Section 8, the impact of: (i) SPIM’s capacitance on the magnetizing reactance and magnetic saturation factor, (ii) skin effect on the rotor bars resistance and leakage reactance, and (iii) bar’s shape on the rotor ohmic losses is displayed and commented. Finally, Section 9 concludes the work.




3. Specifications of the SPIM under Study


The motor under study is a four-pole capacitor-run SPIM with 24 stator slots, 30 non-skewed rotor bars, and nominal output power equal to 746 W. Its desirable operational characteristics as well as its mounting type and insulation class are summarized in Table 1. All the considered specifications and constraints are in accordance with: (a) the latest international efficiency standards for electric motors and (b) the industrial trends. The information about the minimum requirements of the international efficiency classes for a four-pole IM at 50 Hz is tabulated in Table 2. The efficiency target has been set here so as to meet the minimum efficiency of IE3 efficiency class (i.e.,   η ≥   82.5%). The rest of the performance quantities (e.g., starting to nominal torque ratio (  T  s t   /  T n  ), starting to nominal current ratio (  I  s t   /  I n  ), etc.) have been specified based on the data found in the commercial catalogues of SPIMs manufacturers. The strict constraints concerning the wire current density of the main and auxiliary winding (  J m   and   J a   respectively) help to guarantee the following: (a) the motor’s satisfactory thermal behavior and (b) its operation under free-cooling conditions. According to the industrial standards and practices, the wire current density should be in the range of 3.1 A/mm   2   to 6.2 A/mm   2   for enclosed-type motors, while much higher values are acceptable for air-vented or open-frame constructions.



Regarding the motor’s design parameters, few of them have been chosen by exploiting the results of [29]. In particular, a structure with 24 stator slots has been preferred, since the efficiency and power factor of the SPIMs with the certain stator slots number (  Q s  ) were found to be higher than the respective ones of the machines with   Q s   = 12 and   Q s   = 36 for given rotor bars number (  Q r  ). The SPIM’s basic dimensions, airgap length, rotor diameters, as well as its stator slots, rotor bars, and end-ring geometrical characteristics have been calculated as described in [28]. Readers can refer to [28,29] in order to find more information about the electromagnetic features and other quantities (i.e., coefficients, factors, constants, etc.) that are included in the capacitor-run SPIM design process. A semi-closed geometry with trapezoidal shape has been selected for the stator slots, as it can be seen from Figure 2a. Since both sides of the airgap have slot openings (a semi-closed rotor slot has been also chosen), the Carter coefficients for the stator and rotor slotting (  k  c s    and   k  c r    respectively) have been determined. The effective airgap length (  g e  ) has been found by multiplying the actual airgap length (g) with the product of the two above Carter coefficients. The motor’s inner (  D s  ) and outer (  D o  ) diameters are equal to 83.41 mm and 138.87 mm, respectively. Its axial effective length (L) is equal to 125 mm, and it is larger than the   D o  . Topologies with axial length higher than their outer diameter derive (see Figure 2b) when the design methodology of [28] is used. The axial length is now increased by 32.6% compared to the corresponding one obtained when the classical design approach of [30] is followed. The SPIM is designed to fit inside the IEC 90L/NEMA 145 frame. The cast copper alloy C81500 has been utilized for the rotor bars and end-rings, while the silicon steel M350-50A (grade designation in agreement with the DIN EN 10106 standard for cold rolled non-oriented electrical steel strips and sheets) is employed for the stator and rotor core of the machine. This steel with a lamination thickness of 0.5 mm exhibits at 50 Hz losses equal to 1.5 W/kg and 3.5 W/kg for operation at 1.0 T and 1.5 T, respectively.




4. Analysis of Important Aspects in SPIM Design


The capacitor-run SPIM design procedure consists of many steps and involves (among others) assumptions that have to be made by the designer. In this section, only the paramount decisions are explained. The first one refers to the determination of the rotor bar cross-sectional area (  A  b a r   ). This area is correlated with the stator slot area (  A s  ) as per Equation (1), where   k  b a r    is the rotor slot area factor. The   k  b a r    value has prominent impact both on the SPIM’s efficiency and starting capability. Indeed, when its value is low, the cross-sectional area is small, and the rotor slot is shallow. Such a design is similar to the configuration of NEMA design class D. This makes the rotor squirrel-cage resistance high and benefits the starting torque. On the other hand, it affects negatively the efficiency due to the relatively high rotor copper losses. A much deeper and larger rotor bar derives when higher values are assigned to   k  b a r   . In this case, the starting torque deteriorates, but the copper losses become lower. In general, the   k  b a r    takes values between 0.35 and 0.60 for small-sized SPIMs, as recommended in [30]. Nonetheless, in [28], it was demonstrated that the above variation range of   k  b a r    is not the suitable one for the development of capacitor-run SPIMs with premium efficiency. For this reason, an expanded variation range (i.e., 0.2–0.6) is examined here for eight different rotor bar designs. The bar’s geometry modification as a function of   k  b a r    is illustrated in Figure 3.


   A  b a r   =  k  b a r      A s   Q s    Q r    



(1)







The rotor squirrel-cage structure has the most essential impact (compared to the respective one of other characteristics) on the starting torque of three-phase IMs. This is not valid for the capacitor-run SPIMs, since the effect of the auxiliary winding features (i.e., turns number and run-capacitor value) have to be taken into consideration. The auxiliary winding turns number (  N a  ) is obtained from Equation (2) for given main winding turns number (  N m  ) and auxiliary to main winding turns ratio (a). The   N m   is estimated through Equation (3), where f is the frequency, 2p is the poles number,   B g   is the average airgap magnetic flux density,   k  d i s    is the magnetic flux correction factor,   E m   is the induced voltage of the main winding, and   k  w m    is the fundamental factor of the main winding. The turns ratio influences considerably the SPIM’s magnetomotive force and its overall performance. Its value lies between 1.0 and 2.0 in most cases, but values lower than 1.0 are also permissible, as pointed out in [28]. In [30], the turns ratio is proposed to be set equal to 1.5 as a starting point at the design process. Its final value has to enable the motor to deliver adequate torque at the start-up phase and exhibit the desirable efficiency under nominal operation. The decision about the turns ratio defines the run-capacitor value (  C  r u n   ). The turns ratio and the   C  r u n    are interdependent, which is perceptible from Equation (4), where   I n   is the SPIM’s nominal line current and   U n   is the supply voltage.


   N a  = a  N m   



(2)






   N m  =   2 p  E m    2  2  π  k  d i s    B g   D s  L  k  w m   f    



(3)






   C  r u n   =   I n   2 π f  U n     a 2  + 1      



(4)







All the above critical design parameters (i.e.,   k  b a r   ,   C  r u n    and a) are set here under thorough investigation. As already noted, the variation range of   k  b a r    is 0.2–0.6 (with a step of 0.025) for the majority of the rotor bar topologies. Its maximum value is different for the bars of round, drop, and quadrangular shape. This makes their implementation feasible. The variation range of   C  r u n    is 18–30  μ F, with a step of 1.0. The   N m   and the turns ratio are specified through the sensitivity analysis targeting the fulfillment of the set objective, i.e., the development of SPIMs with: (i) satisfactory starting capability (i.e.,   T  s t   /   T n  ≥   0.35) and (ii) the highest possible efficiency under this condition. In the view of the foregoing, the total number of the examined models is equal to 153,945 (5 × 21,900 + 2 × 15,144 + 1 × 14,157). Specifically, when the SPIM has trapezoidal, rectangular, polygonical, pent, and oval rotor bars, 21,900 models were created and analyzed in each case. The corresponding number is equal to 15,144 for the motors with bars of round and drop shape, while 14,157 models with quadrangular bars were developed and analyzed.




5. SPIM Modeling and Finite Element Analysis


The capacitor-run SPIM’s electromagnetic behavior is determined through the conduction of voltage-driven time-stepping finite element analysis (FEA) simulations in a two-dimensional environment. Its performance under both nominal operation and locked-rotor condition is estimated by using ANSYS® Electromagnetics Suite Software, which enables the coupling between the motor’s magnetic circuit and the external electric circuit. The last one consists of the main and auxiliary winding, the run-capacitor, and the supply source. The machine is simulated as connected directly to the mains line-voltage of 230 V at 50 Hz. The SPIM’s currents’ signal, speed signal, torque signal, magnetic flux density distribution at the stator and rotor core, and current density distribution at the rotor bars are the outputs of the developed FEA model under the motor’s nominal operation. Its particular losses are specified by processing the extracted information. The models and/or the analytical equations that have been employed for the losses claculation are briefly described here. Under sinusoidal magnetic flux condition, the iron losses (  P  i r o n   ) of the motor’s stator and rotor core derive from Equation (5), which exploits the well-known Bertotti loss separation model. The   P  i r o n    are divided into hysteresis (  P h  ), classical eddy current (  P c  ), and excess eddy current (  P e  ) losses. The applied formula contains the fundamental frequency of the magnetic field (f), the magnetic flux amplitude (  B m  ), the coefficients of hysteresis, classical eddy current, and excess eddy current losses (  k h  ,   k c  , and   k e   respectively) and the coefficient  β , which is related to the hysteresis losses. All the above coefficients depend on the steel’s properties.


   P  i r o n   =  P h  +  P c  +  P e  =  k h  f  B m β  +  k c   f 2   B m 2  +  k e   f  1.5    B m  1.5    



(5)







The SPIM’s stator windings copper losses (  P  s c l   ) are obtained from Equation (6), where   R m   is the main winding resistance,   R a   is the auxiliary winding resistance, and   I  a , r m s    and   I  m , r m s    are the   r m s   currents of the main and auxiliary winding, respectively. The winding resistance varies with the temperature. Hence, the   R m   and   R a   are modified according to the considered temperature through Equation (7). At this expression,   R 0   is the phase resistance at the reference temperature   T  r e f   ,   s R   is the slope of resistance-temperature characteristic (i.e., the temperature coefficient of resistance of the conductor), and T is the prevailing temperature. The oil-filled or paper capacitors, which are incorporated at the motor of this type, are not ideal (i.e., they do not exhibit only capacitance). They have imperfections within their materials that create resistance. This resistance is called equivalent series resistance (  R  E S R   ), and it is typically set equal to 1.0% of the capacitor reactance. For example, the   R  E S R    of a run-capacitor of 4.5 uF at 50 Hz supply frequency is equal to 7.07  Ω . So, the capacitor losses (  P  c a p   ) are specified as per Equation (8).


   P  s c l   =  R a   I  a , r m s  2  +  R m   I  m , r m s  2   



(6)






  R =  R 0    1 +  s R    T −  T  r e f        



(7)






   P  c a p   =  R  E S R    I  a , r m s  2   



(8)







The rotor ohmic losses (  P  r c l   ) of the squirrel-cage bars are determined by utilizing Equation (9) and by considering: (i) the impact of the skin effect on the rotor bars and (ii) that the rotor bar currents have components only in the direction of the z-axis at the two-dimensional model. The quantities, incorporated in Equation (9), are the rotor bars number (  Q r  ), the bar’s axial length (  l  b a r   ), the bar’s electrical conductivity (  σ  b a r   ), the current density of each element (  J  z , i   ), and the area of each element (  A i  ) in which the bar is divided when the FEA is performed. Since the skin effect creates a non-uniform current density distribution, the AC copper losses of each rotor bar are calculated as the sum of the losses in each element. The mechanical losses include the frictional (  P f  ) and the windage losses (  P  w i n d   ). The first one comes as a consequence of the bearings, and they are dependent on the lubricant, the shaft’s rotational speed, mass and friction coefficient, and the bearing’s type, diameter, and load. They are approximated through Equation (10), where   ω m   is the angular speed of the shaft,   k b   is the friction coefficient (it ranges typically from 0.08 up to 0.20), G is the gravitational acceleration constant,   D b   is the bearing inner diameter, and   M r   is the mass of the rotating components. The   M r   involves the mass of the rotor core, squirrel-cage, shaft, end plates, and bearing. The windage losses have two components, i.e., the losses in airgap and the losses at the rotor’s end surfaces. The losses in the airgap are represented by the first term of Equation (11), where   k r   is the rough coefficient (it ranges from 1.0 up to 1.4, for a smooth surface   k r   = 1),   C f   is the torque coefficient,   ρ  a i r    is the air density,   D r   is the rotor’s outer diameter, and   D  s h a f t    is the shaft diameter. The   C f   is decided by the Couette Reynolds number (  R e  ). The   R e   is given in Equation (12), where   μ  a i r    is the dynamic viscosity of air and g is the airgap length. For given   R e  , the value of   C f   is acquired with the help of Equation (13). The second term of Equation (11) represents the losses at the rotor’s end surfaces. In this case,   C f   depends on the tip Reynolds number (  R  e r   ), which is provided in Equation (14). Now, the   C f   is estimated by using Equation (15). Finally, the capacitor-run SPIM’s efficiency derives from Equation (16), where   P n   is the motor’s nominal output power.


   P  r c l   =  ∑  j = 1   Q r     ∑  i = 1        N o   of   j  − th      bar  elements            J  z , i   ·  A i     2  ·   l  b a r     σ  b a r    A i       



(9)






   P f  = 0.5  ω m   k b   M r  G  D b   



(10)






   P  w in d   =  π 32   k r   C f   ρ  a i r    ω m 3   D r 4  L +  1 64   C f   ρ  a i r    ω m 3     D r 5  −  D  s h a f t  5     



(11)






   R e  =   ρ    a i r    ω m   D r  g   2  μ  a i r      



(12)






       C f  = 10      2 g /  D r      0.3    R e      ,     R e   < 64                    C f  = 2      2 g /  D r      0.3    R e  0.6       ,     64 <    R e    < 500                    C f  = 1.03      2 g /  D r      0.3    R e  0.5       ,     500 <    R e    < 1    0  4                    C f  = 0.065      2 g /  D r      0.3    R e  0.6       ,    1   0  4   <   R e       



(13)






   R  e r   =   ρ    a i r    ω m   D r 2    4  μ  a i r      



(14)






       C f  =   3.87   R  e r   0.5       ,     R e    < 3  · 1   0  5                    C f  =   0.146   R  e r   0.1       ,    3 · 1   0  5   <   R e       



(15)






  η =   P n    P n  +  P  s c l   +  P  r c l   +  P  i r o n   +  P  c a p   +  P f  +  P  w i n d      



(16)








6. Sensitivity Analysis Results


The impact of   k  b a r    and   C  r u n    on the SPIM’s efficiency and power factor is illustrated in Figure 4 and Figure 5, respectively. For given   k  b a r   , the relation between the turns ratio and   C  r u n    is revealed in Figure 6. At this point, it has to be noted that the nominal rotational speed of the developed SPIMs remains almost constant for given   k  b a r   . The speed presents a small variation (i.e., 7–22 rpm) as the   C  r u n    varies and rotor bars of different shapes are used. Consequently, it can be considered that for a given   k  b a r   , the motors operate at the same slip, regardless of the bar’s geometry. By inspecting the curves of Figure 4, it is observed that the efficiency increases as lower values are assigned to   k  b a r   . The efficiency maximization occurs when   k  b a r    = 0.2 for all the examined bar designs. The tendency of the efficiency can be explained through the motor’s loss decoupling. Its maximization coincides with the main/auxiliary winding copper losses minimization. The stator windings copper losses are the dominant loss type. The iron and capacitor losses augment as the rotor bar’s cross-sectional area becomes larger. Indicatively, it is reported that the efficiency of the SPIMs with the trapezoidal bars declines by up to 2.0% as the   k  b a r    varies from 0.2 to 0.6. This comes as a result of the magnetic saturation at the rotor’s teeth. For the same   k  b a r    variation range, the capacitor losses are tripled. Only the rotor ohmic losses follow a decreasing trend due to the lower squirrel-cage resistance. The sum of the frictional and windage losses remains almost constant as the motor’s nominal output power is delivered at about the same rotational speed.



Considerable differences are recorded among the losses of the SPIMs with different rotor squirrel-cage configuration as the   k  b a r    ranges from 0.2 to 0.275. Beyond the last mentioned value, the stator windings copper losses of the machines with drop and round rotor bars increase extensively. The   k  b a r    value should not be higher than 0.375 for the above geometries so as to conclude to motors with efficiency at least equal to that of the IE1 efficiency class (i.e.,   η ≥   72.1%). The respective value is equal to 0.425 when bars of pent and trapezoidal cross-section are employed. For bars of quadrangular, oval, polygonical, and rectangular shape, the   k  b a r    should not be higher than 0.45.



The SPIM’s efficiency is at least equal to or higher than that set by the IE3 efficiency class, when   k  b a r    = 0.2, independently of the rotor bar’s shape. This validates the directions, given in [28], concerning the   k  b a r    value toward the achievement of premium efficiency. The same efficiency level is also attainable when   k  b a r    = 0.225. This does not happen for the bars with polygonical and drop cross-section. For   k  b a r    = 0.2, the efficiency increases as the   C  r u n    gets a higher value. The difference between the minimum and maximum calculated efficiency values ranges from 0.35% to 1.05%. All the loss types, except from the rotor ohmic losses, are reduced when the   C  r u n    becomes higher. For the majority of the resulted models, the efficiency is maximized when the   C  r u n    varies from 25  μ F to 30  μ F for the whole variation range of   k  b a r   . The efficiency often gets its maximum value when   C  r u n    = 26  μ F. It seems that a capacitance equal to or higher than 25  μ F is the most appropriate choice for the SPIM under study. Exceptions to the above statement are the topologies with polygonical and quadrangular shape, where the efficiency maximization occurs when   C  r u n    = 25  μ F. Another exception is the SPIMs with rectangular bars, since the efficiency becomes maximum when   C  r u n    = 27  μ F.



The augmentation of   C  r u n    with the simultaneous decrement of   k  b a r    enhances the power factor. Generally, a high power factor (i.e.,   c o s ϕ ≥  0.85) is recorded throughout the whole   k  b a r    variation range. The most curves, given in Figure 5, have the same tendency. Only for the round and quadrangular bars, the curve’s tendency is quite different. For given   C  r u n   , the power factor maximization happens when   k  b a r    = 0.2. The auxiliary to main winding turns ratio declines when either the rotor bar’s cross-sectional area is getting smaller or a higher value is selected for the   C  r u n   . The large number of turns for the auxiliary winding increases greatly the stator copper losses and makes the SPIM’s efficiency lower. For   k  b a r    = 0.2 (i.e., the value at which both the motor’s efficiency and power factor are maximized), the turns ratio of the developed models lies always between 0.8 and 1.5. This proves that the recommendations, made in [28], for the turns ratio variation range are the proper ones for the design of SPIMs with premium efficiency. At the same time, it validates once again the generalization and effectiveness of the introduced design methodology. Additionally, the folllowing can be stated: (a) the efficiency target is satisfied at all the SPIM models regardless of the rotor bar’s shape, (b) the new efficiency ratings can be reached when the design parameters of both the squirrel-cage rotor structure and the stator windings are suitably specified, (c) the determination of the specific geometrical features is interdependent, and (d) for   k  b a r    = 0.2, there are notable differences for the efficiency and power factor of the resulted SPIM models. As a consequence, more attention is paid to other operational characteristics (e.g., starting current, breakdown torque, shift angle between the currents, etc.) in the next section.




7. Comparison of the SPIMs with the Highest Efficiency


The design parameters and the performance quantities of the capacitor-run SPIMs with the highest efficiency (i.e., with   k  b a r    = 0.2) are summarized in Table 3, Table 4, Table 5, Table 6, Table 7, Table 8, Table 9 and Table 10. The half-view (½) part of these machines as well as the magnetic flux density distribution under the motor’s nominal operation are shown in Figure 7. For the specific SPIMs, the subsequent comments can be made:




	(a)

	
The constraints regarding: (i) the motor’s net mass (i.e.,   M ≤  14.0 kg), (ii) the main/ auxiliary winding current densities (i.e.,   J m  ,   J a  ≤3.5 A/mm   2  ), and (iii) the starting to nominal torque ratio (i.e.,   T  s t   /   T n  ≥   0.35) are met. Moreover, the starting to nominal current ratio (  I  s t   /  I n  ) is always lower than 8.0. The SPIMs with pent and rectangular rotor bars present the lowest values for this ratio, and they have clear advantage over the other models. The   I  s t   /  I n   ratio ranges from 4.61 to 6.24 for the machines with bars of pentagonal shape. The ratio value ranges from 4.82 to 6.42 when rectangular bars are utilized. On the contrary, the topologies with trapezoidal bars exhibit the highest values for this ratio, i.e., 6.52–7.17. The starting current decreases notably as the rotor bar’s cross-sectional area becomes smaller and a capacitance of high value is used.









	(b)

	
The efficiency of the SPIM with quadrangular bars and   C  r u n    = 25  μ F is equal to 84.33%, and it is the maximum one among the highest recorded values. The minimum one (i.e., 83.91%) corresponds to the SPIM with   C  r u n    = 26  μ F and bars of pent shape. The difference between the above efficiency values is equal to 0.42%. It comes as a result of the fact that the specific motor with quadrangular bars present lower stator windings copper losses and rotor ohmic losses. For given   C  r u n   , the efficiency of the SPIMs with different rotor bar geometry exhibits considerable variation. The difference between the minimum and maximum efficiency values is lower than 0.5% when    C  r u n   ≥   26  μ F. The respective difference lies between 0.55% and 0.98% as the   C  r u n    varies from 18  μ F to 25  μ F. This is due to the variation of: (i) the stator windings copper losses, (ii) the rotor ohmic losses, and (iii) the iron losses. Further information about the effect of the rotor bar’s shape on the rotor ohmic losses is given in Section 8. Generally-speaking, the efficiency ranges from 82.82% to 84.33%. The maximum value of the analyzed SPIMs is quite close to that of IE4 efficiency class (i.e., 85.7%).




	(c)

	
The motors with bars of rectangular and pent shape have the lowest stator and rotor core losses.




	(d)

	
No severe magnetic saturation is observed at the SPIM’s stator and rotor teeth. The only exceptions are the models with bars of drop shape, where the magnetic flux density at the rotor’s teeth is higher than 1.70 T.




	(e)

	
The angle between the currents of the main and auxiliary winding ( θ ) augments as a higher value is assigned to   C  r u n   . Only a few exceptions exist at the final SPIMs. The shift angle is close enough or equal to the ideal value (i.e., 90 electrical degrees) for the whole variation range of   C  r u n   . The achievement of the ideal angle value is crucial for two reasons. The first one refers to the generation of circular rotating fields. Unlike the three-phase IMs, circular rotating fields are not inherently formed at the capacitor-run SPIMs. Rotating fields with elliptical shape are produced due to the backward fields, especially when the shift angle is far away from 90 electrical degrees. When the above happens, the motor’s performance is substantially degraded. The second reason is related to the maximization of the SPIM’s delivered output torque for given absorbed current. A high value of   C  r u n    is preferable at the machines with pent and rectangular bars, aiming for the currents shift angle to approach the ideal value. The shift angle becomes higher than 90 electrical degrees when trapezoidal bars are incorporated and    C  r u n   ≥   23  μ F. With respect to the ideal angle, a lower value is preferable rather than a higher one. In the latter case, the SPIM’s operation may be noisy due to the torque fluctuations and the vibrations.




	(f)

	
A necessary condition for the SPIM’s torque ripple minimization (besides the slotting and higher-order current harmonics effect reduction) is the ratio of the main to auxiliary winding current amplitudes (  I m  /  I a  ) to be equal to the turns ratio. This condition is fulfilled, as the value of the   I m  /  I a   ratio is almost equal to the turns ratio.




	(g)

	
The breakdown torque (  T m  ) declines when a higher capacitance is employed. At the commercial capacitor-run SPIMs with the same output power ratings and specifications, the breakdown to nominal torque ratio (  T m  /  T n  ) ratio is usually equal to 1.80. This requirement is satisfied at the obtained SPIMs. The minimum (when   C  r u n    = 30  μ F) and the maximum (when   C  r u n    = 18  μ F) values of the    T m  /  T n    ratio are tabulated in Table 11. From the data given there, it is concluded that the SPIMs with trapezoidal bars are advantageous. For all the machines, it was found that the breakdown torque is proportional to the square of the main winding turns number. Furthermore, the   T m   is almost inversely proportional to the sum of: (i) the main winding resistance, (ii) the main winding leakage reactance, (iii) the rotor squirrel-cage resistance, and (iv) the rotor-squirrel-cage leakage reactance.








8. Further Considerations


This section provides insight into aspects concerning SPIM’s operational characteristics that have to be taken into account by the designer.



8.1. Effect of Capacitance on Magnetizing Reactance and Magnetic Saturation Factor


The magnetizing reactance (  X m  ) variation as a function of the run-capacitor value (  C  r u n   ) for the SPIMs with   k  b a r    = 0.2 is depicted in Figure 8. The   X m   increases as the   C  r u n    becomes higher, since a larger number of main winding turns (  N m  ) are utilized (Table 3, Table 4, Table 5, Table 6, Table 7, Table 8, Table 9 and Table 10). The specific quantity is strongly dependent on the   N m  . It is also affected by the rotor bar’s shape due to the resulted magnetic saturation. The above is apparent from the topologies with   C  r u n    = 18  μ F,   N m   = 360, and trapezoidal, quadrangular, polygonical, and drop bars. Although the above motors have the same   N m  , their   X m   is different. The SPIM with trapezoidal bars has the lowest   X m  , while that with rotor slots of drop shape has the highest one. In general, the rotor squirrel-cage configurations with rectangular and pent bars conclude to the highest values for the   X m  .



The magnetic saturation factor (  k  s a t   ) variation as a function of   C  r u n    for the machines with   k  b a r    = 0.2 is also given in Figure 8. The   k  s a t    represents the ratio of the total magnetomotive force to the airgap magnetomotive force. Its value declines as the   C  r u n    augments. This coincides with the tendency of the SPIM’s iron losses, which become lower for a higher capacitance, as already mentioned in Section 6. Based on the   k  s a t    values, it can be said that the magnetic saturation level is moderate. The highest   k  s a t    is recorded for the SPIMs with trapezoidal and drop rotor bars.




8.2. Impact of Skin Effect on the Rotor Bars Resistance and Leakage Reactance


As noted in Section 5, the skin effect is a phenomenon that takes place at the squirrel-cage rotor bars. In order to demonstrate its influence on the rotor ohmic losses, the variation of the bars’ resistance coefficient (  K r  ) and leakage reactance coefficient (  K x  ) as a function of the motor’s slip is illustrated in Figure 9 for five indicative   k  b a r    values. The results refer to the SPIMs with   C  r u n    = 18  μ F and rectangular bars. The coefficients   K r   and   K x   establish the ratio between the AC and DC resistance as well as the reactance, respectively. From Figure 9, it can be seen that the   K r   tends to 1.0 for low slip values, independently of the   k  b a r    value. This means that the impact of the skin effect can be neglected in this case. As the slip increases, the   K r   augments. The influence of this phenomenon is more intense when the rotor bar’s cross-sectional area is becoming larger. The   K x   follows a different trend. It is almost equal to 1.0 when the slip is close to zero and decreases with the slip increment. Once again, the impact of the skin effect is more prominent for high values of   k  b a r   . The variation of   K r   and   K x   for   k  b a r    = 0.2 indicates that the AC rotor ohmic losses are quite close to the DC ones. Thus, it seems that the skin effect is less important at the low-power SPIMs.




8.3. Effect of Bar’s Shape on the Rotor Ohmic Losses


The rotor bar’s shape affects greatly the rotor ohmic losses, as it can be concluded from the data of Table 12 and Table 13, where the certain losses are summarized for the minimum and maximum   k  b a r    values examined in each case. The losses increase as the   C  r u n    rises to higher values and the bar’s cross-sectional area is becoming larger. For   k  b a r    = 0.2, the SPIMs with bars of rectangular and pent shape have the lowest losses of this type. The rotor ohmic losses minimization does not always coincide with the efficiency maximization. This is clear by considering the machines with trapezoidal bars. Despite the fact that these motors exhibit the lowest rotor ohmic losses for the whole variation range of   C  r u n   , their efficiency is lower in some cases than the corresponding one of the other SPIMs according to the data of Table 3, Table 4, Table 5, Table 6, Table 7, Table 8, Table 9 and Table 10. This proves that the rotor bar’s geometry has also a significant impact on the rest of the SPIM’s particular losses and especially on the iron losses and stator windings copper losses.





9. Conclusions


In this paper, the impact of the rotor bar’s geometry on the capacitor-run SPIM’s efficiency was analyzed and presented. The findings indicate that the bar’s shape influences considerably the specific performance quantity. The difference between the minimum and maximum efficiency values of the SPIMs with the highest performance is equal to 0.42%. For given capacitance, the difference between the minimum and the maximum efficiency values of the SPIMs with different rotor bar geometry ranges from 0.31% up to 0.98%. In spite of the above, it was highlighted that the bar design has a notable effect on other SPIM’s operational characteristics, such as the motor’s particular losses, starting current, breakdown torque, currents shift angle, magnetic saturation, etc. Thus, useful conclusions were drawn through the analytical comparison of the derived SPIMs and the discussion of the results. The efficiency of these machines was found to be higher than that of the IE3 (premium) efficiency class and quite close to that of the IE4 (super premium) efficiency class. So, this work provides an insight into the development of capacitor-run SPIMs with enhanced efficiency, while it simultaneously deals with aspects such as the impact of skin effect on the rotor ohmic losses and the influence of capacitance on the motor’s magnetizing inductance. The efficiency target fulfillment is independent of the rotor bar’s shape and comes as a result of the bar’s cross-sectional determination in conjunction with the proper selection of the run-capacitor value and auxiliary to main winding turns ratio. Thus, the proposed design methodology offers to designers and manufacturers great flexibility in the rotor squirrel-cage design. In addition, the generalization of this design approach is validated, and its applicability is expanded.
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Figure 1. International efficiency classes for four-pole IMs at 50 Hz [12]. 
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Figure 2. (a) Representation of the used stator topology and (b) 3D view of the SPIM topology under study. 
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Figure 3. The cross-section variation as a function of   k  b a r    for the rotor bar with (a) trapezoidal, (b) oval, (c) pent, (d) polygonical, (e) round, (f) drop, (g) rectangular, and (h) quadrangular shape. 
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Figure 4. Impact of   C  r u n    and   k  b a r    on efficiency of SPIMs with rotor squirrel-cage bars of: (a) trapezoidal, (b) oval, (c) pent, (d) polygonical, (e) round, (f) drop, (g) rectangular, and (h) quadrangular shape. 
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Figure 5. Impact of   C  r u n    and   k  b a r    on power factor of SPIMs with rotor squirrel-cage bars of: (a) trapezoidal, (b) oval, (c) pent, (d) polygonical, (e) round, (f) drop, (g) rectangular, and (h) quadrangular shape. 
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Figure 6. Impact of   C  r u n    and   k  b a r    on auxiliary to main winding turns ratio of SPIMs with rotor squirrel-cage bars of: (a) trapezoidal, (b) oval, (c) pent, (d) polygonical, (e) round, (f) drop, (g) rectangular, and (h) quadrangular shape. 
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Figure 7. View (½) part and magnetic flux density distribution under nominal operation of the SPIM with   C  r u n    = 18  μ F and rotor bars of: (a) trapezoidal, (b) oval, (c) pent, (d) polygonical, (e) round, (f) drop, (g) rectangular, and (h) quadrangular shape. 
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Figure 8. Variation of the SPIM’s magnetizing reactance (left) and magnetic saturation factor (right) as a function of the run-capacitor value for all the examined rotor bar shapes. 
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Figure 9. Variation of rotor bars resistance coefficient (left) and leakage reactance coefficient (right) as a function of the SPIM’s slip for different   k  b a r    values. 
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Table 1. SPIM’s operational characteristics and applied constraints.






Table 1. SPIM’s operational characteristics and applied constraints.





	Parameter
	Value/Type





	Rated output power,   P n  
	746 W



	Rated output torque,   T n  
	≥4.8 Nm



	Rated speed,   n m  
	≥1400 rpm



	Number of poles,   2 p  
	4



	Supply voltage,   U n  
	230 V



	Supply frequency, f
	50 Hz



	Line current at nominal operation,   I n  
	≤5.0 A



	Efficiency at nominal operation,  η 
	≥82.5%



	Power factor at nominal operation,   c o s ϕ  
	≥0.9



	Starting to nominal torque ratio,   T  s t   /  T n  
	≥0.35



	Starting to nominal current ratio,   I  s t   /  I n  
	≤8.0



	Main/aux. winding wire current density,   J m  /  J a  
	≤3.50 A/mm   2  



	Net mass, M
	≤14.0 kg



	Mounting
	Foot



	Insulation class
	B



	Design type
	N
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Table 2. Minimum 50 Hz efficiency values defined in IEC/EN 60034-30-1:2014 for a four-pole/1.0 HP IM.






Table 2. Minimum 50 Hz efficiency values defined in IEC/EN 60034-30-1:2014 for a four-pole/1.0 HP IM.










	Efficiency Class
	
	Value (Minimum)





	Standard Efficiency
	IE1
	72.1%



	High Efficiency
	IE2
	79.6%



	Premium Efficiency
	IE3
	82.5%



	Super Premium Efficiency
	IE4
	85.7%
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Table 3. Design parameters and performance quantities of the SPIMs with rotor bars of trapezoidal shape.






Table 3. Design parameters and performance quantities of the SPIMs with rotor bars of trapezoidal shape.





	   C run    (  μ  F)
	  η   %
	    cos ϕ    
	a
	    N a    
	    N m    
	   I st    (A)
	   I st   /   I n   
	M (kg)
	  θ   (deg)
	   I m   /   I a   





	18
	83.02
	0.951
	1.400
	504
	360
	29.46
	7.17
	12.14
	88.63
	1.460



	19
	82.94
	0.956
	1.356
	488
	360
	29.43
	7.18
	12.08
	90.11
	1.401



	20
	82.82
	0.958
	1.311
	472
	360
	29.39
	7.18
	12.03
	92.02
	1.368



	21
	83.31
	0.978
	1.239
	456
	368
	27.91
	7.01
	11.94
	90.43
	1.269



	22
	83.53
	0.980
	1.196
	440
	368
	27.87
	7.03
	11.80
	92.50
	1.232



	23
	83.43
	0.983
	1.174
	432
	368
	27.84
	7.04
	11.86
	93.88
	1.184



	24
	83.35
	0.985
	1.130
	416
	368
	27.80
	7.03
	11.82
	95.41
	1.161



	25
	83.68
	0.995
	1.042
	400
	384
	26.18
	6.73
	11.78
	93.94
	1.094



	26
	84.09
	0.999
	1.021
	392
	384
	25.42
	6.58
	11.74
	93.86
	1.035



	27
	84.01
	0.999
	1.000
	384
	384
	25.39
	6.56
	11.72
	95.06
	1.002



	28
	83.93
	1.000
	0.958
	368
	384
	25.35
	6.55
	11.68
	96.49
	0.981



	29
	83.84
	1.000
	0.938
	360
	384
	25.31
	6.54
	11.65
	97.75
	0.957



	30
	83.76
	1.000
	0.938
	360
	384
	25.28
	6.52
	11.64
	98.62
	0.917
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Table 4. Design parameters and performance quantities of the SPIMs with rotor bars of oval shape.






Table 4. Design parameters and performance quantities of the SPIMs with rotor bars of oval shape.





	   C run    (  μ  F)
	  η   %
	    cos ϕ    
	a
	    N a    
	    N m    
	   I st    (A)
	   I st   /   I n   
	M (kg)
	  θ   (deg)
	   I m   /   I a   





	18
	83.53
	0.972
	1.326
	488
	368
	27.25
	6.82
	12.05
	84.51
	1.42



	19
	83.45
	0.975
	1.283
	472
	368
	26.91
	6.75
	12.00
	86.41
	1.38



	20
	83.37
	0.977
	1.239
	456
	368
	26.84
	6.74
	11.94
	88.08
	1.33



	21
	83.51
	0.990
	1.167
	448
	384
	25.33
	6.46
	11.92
	86.39
	1.23



	22
	83.99
	0.995
	1.125
	432
	384
	24.82
	6.39
	11.85
	86.80
	1.18



	23
	83.92
	0.996
	1.083
	416
	384
	24.58
	6.34
	11.81
	88.57
	1.15



	24
	83.94
	0.999
	1.041
	408
	392
	24.31
	6.29
	11.77
	87.80
	1.09



	25
	83.71
	0.998
	1.020
	400
	392
	23.44
	6.05
	11.75
	90.92
	1.05



	26
	84.18
	0.999
	0.980
	384
	392
	23.35
	6.04
	11.70
	90.66
	1.03



	27
	83.99
	0.998
	0.940
	376
	400
	21.63
	5.59
	11.54
	89.08
	0.99



	28
	83.97
	0.995
	0.902
	368
	408
	20.91
	5.39
	11.52
	88.65
	0.94



	29
	83.90
	0.994
	0.882
	360
	408
	20.87
	5.36
	11.50
	89.90
	0.92



	30
	84.11
	0.992
	0.863
	352
	408
	20.83
	5.36
	11.47
	91.57
	0.89
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Table 5. Design parameters and performance quantities of the SPIMs with rotor bars of pent shape.






Table 5. Design parameters and performance quantities of the SPIMs with rotor bars of pent shape.





	   C run    (  μ  F)
	  η   %
	    cos ϕ    
	a
	    N a    
	    N m    
	   I st    (A)
	   I st   /   I n   
	M (kg)
	  θ   (deg)
	   I m   /   I a   





	18
	83.63
	0.983
	1.292
	496
	384
	24.62
	6.24
	12.07
	81.35
	1.39



	19
	83.56
	0.986
	1.250
	480
	384
	24.59
	6.25
	12.02
	82.97
	1.33



	20
	83.72
	0.993
	1.184
	464
	392
	23.44
	6.01
	11.94
	82.09
	1.27



	21
	83.65
	0.995
	1.143
	448
	392
	23.40
	6.01
	11.90
	83.73
	1.23



	22
	83.74
	0.996
	1.122
	440
	392
	23.37
	6.01
	11.88
	86.10
	1.18



	23
	83.69
	1.000
	1.060
	424
	400
	21.63
	5.58
	11.69
	83.91
	1.12



	24
	83.62
	1.000
	1.040
	416
	400
	21.59
	5.56
	11.65
	85.73
	1.09



	25
	83.88
	0.999
	0.980
	400
	408
	20.77
	5.37
	11.61
	86.26
	1.06



	26
	83.91
	0.997
	0.942
	392
	416
	19.88
	5.13
	11.59
	84.88
	0.99



	27
	83.87
	0.993
	0.906
	384
	424
	19.03
	4.89
	11.57
	84.17
	0.96



	28
	83.84
	0.991
	0.868
	368
	424
	18.99
	4.86
	11.53
	85.35
	0.94



	29
	83.75
	0.991
	0.849
	360
	424
	18.95
	4.85
	11.50
	87.35
	0.93



	30
	83.67
	0.983
	0.833
	360
	432
	18.15
	4.61
	11.49
	85.88
	0.87
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Table 6. Design parameters and performance quantities of the SPIMs with rotor bars of polygonical shape.






Table 6. Design parameters and performance quantities of the SPIMs with rotor bars of polygonical shape.





	   C run    (  μ  F)
	  η   %
	    cos ϕ    
	a
	    N a    
	    N m    
	   I st    (A)
	   I st   /   I n   
	M (kg)
	  θ   (deg)
	   I m   /   I a   





	18
	83.17
	0.964
	1.356
	488
	360
	27.38
	6.77
	12.05
	86.22
	1.44



	19
	83.48
	0.980
	1.283
	472
	368
	26.04
	6.57
	11.98
	84.78
	1.34



	20
	83.40
	0.983
	1.239
	456
	368
	26.00
	6.57
	11.93
	86.48
	1.29



	21
	83.93
	0.993
	1.146
	440
	384
	24.53
	6.29
	11.88
	85.58
	1.23



	22
	83.85
	0.994
	1.104
	424
	384
	24.49
	6.29
	11.83
	87.50
	1.20



	23
	83.79
	0.997
	1.083
	416
	384
	23.82
	6.14
	11.80
	87.75
	1.14



	24
	84.01
	1.000
	1.020
	400
	392
	23.70
	6.12
	11.74
	86.59
	1.10



	25
	84.22
	1.000
	1.000
	392
	392
	22.70
	5.88
	11.71
	88.05
	1.05



	26
	83.85
	1.000
	1.000
	384
	384
	22.66
	5.87
	11.69
	92.45
	1.04



	27
	83.81
	0.998
	0.940
	376
	400
	20.99
	5.41
	11.53
	88.48
	0.98



	28
	83.74
	0.997
	0.920
	368
	400
	20.95
	5.40
	11.49
	89.95
	0.96



	29
	83.79
	0.992
	0.882
	360
	408
	20.24
	5.19
	11.49
	88.97
	0.90



	30
	84.00
	0.991
	0.863
	352
	408
	20.20
	5.18
	11.46
	90.65
	0.88
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Table 7. Design parameters and performance quantities of the SPIMs with rotor bars of round shape.






Table 7. Design parameters and performance quantities of the SPIMs with rotor bars of round shape.





	   C run    (  μ  F)
	  η   %
	    cos ϕ    
	a
	    N a    
	    N m    
	   I st    (A)
	   I st   /   I n   
	M (kg)
	  θ   (deg)
	   I m   /   I a   





	18
	83.38
	0.968
	1.348
	496
	368
	27.00
	6.74
	12.08
	85.29
	1.43



	19
	83.30
	0.972
	1.304
	480
	368
	26.96
	6.72
	12.05
	86.92
	1.37



	20
	83.58
	0.986
	1.229
	472
	384
	25.43
	6.46
	11.96
	85.43
	1.29



	21
	83.96
	0.992
	1.167
	448
	384
	24.72
	6.34
	11.91
	85.76
	1.22



	22
	83.88
	0.994
	1.125
	432
	384
	24.69
	6.33
	11.87
	87.43
	1.19



	23
	83.97
	0.999
	1.082
	424
	392
	23.54
	6.08
	11.83
	86.31
	1.12



	24
	83.84
	0.999
	1.061
	416
	392
	23.50
	6.07
	11.79
	88.43
	1.10



	25
	83.77
	0.999
	1.020
	400
	392
	23.46
	6.05
	11.75
	89.70
	1.06



	26
	84.03
	1.000
	1.000
	392
	392
	23.42
	6.07
	11.73
	91.09
	1.01



	27
	83.95
	0.998
	0.941
	384
	408
	20.98
	5.42
	11.56
	88.15
	0.98



	28
	83.88
	0.997
	0.902
	368
	408
	20.94
	5.40
	11.53
	89.59
	0.95



	29
	83.81
	0.995
	0.882
	360
	408
	20.91
	5.38
	11.50
	90.82
	0.93



	30
	84.01
	0.994
	0.863
	352
	408
	20.86
	5.38
	11.48
	92.48
	0.91
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Table 8. Design parameters and performance quantities of the SPIMs with rotor bars of drop shape.






Table 8. Design parameters and performance quantities of the SPIMs with rotor bars of drop shape.





	   C run    (  μ  F)
	  η   %
	    cos ϕ    
	a
	    N a    
	    N m    
	   I st    (A)
	   I st   /   I n   
	M (kg)
	  θ   (deg)
	   I m   /   I a   





	18
	83.37
	0.965
	1.333
	480
	360
	28.06
	6.97
	12.06
	86.12
	1.44



	19
	83.31
	0.970
	1.311
	472
	360
	28.02
	6.97
	12.02
	87.48
	1.37



	20
	83.21
	0.973
	1.267
	456
	360
	27.69
	6.92
	11.96
	89.29
	1.33



	21
	83.80
	0.986
	1.196
	440
	368
	26.45
	6.74
	11.89
	88.62
	1.25



	22
	83.58
	0.987
	1.152
	424
	368
	26.41
	6.73
	11.85
	90.67
	1.21



	23
	83.83
	0.996
	1.083
	416
	384
	25.98
	6.68
	11.82
	88.97
	1.15



	24
	83.78
	0.997
	1.062
	408
	384
	24.92
	6.43
	11.79
	90.04
	1.09



	25
	83.35
	0.988
	1.042
	400
	384
	24.89
	6.32
	11.74
	89.73
	1.08



	26
	84.25
	1.000
	0.980
	384
	392
	23.05
	5.99
	11.71
	89.47
	1.01



	27
	84.18
	0.999
	0.959
	376
	392
	23.01
	5.97
	11.68
	90.77
	0.98



	28
	84.11
	0.998
	0.939
	368
	392
	22.97
	5.95
	11.64
	92.16
	0.96



	29
	84.04
	0.997
	0.918
	360
	392
	22.94
	5.93
	11.63
	93.07
	0.91



	30
	84.11
	0.993
	0.880
	352
	400
	21.26
	5.47
	11.47
	91.99
	0.88
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Table 9. Design parameters and performance quantities of the SPIMs with rotor bars of rectangular shape.






Table 9. Design parameters and performance quantities of the SPIMs with rotor bars of rectangular shape.





	   C run    (  μ  F)
	  η   %
	    cos ϕ    
	a
	    N a    
	    N m    
	   I st    (A)
	   I st   /   I n   
	M (kg)
	  θ   (deg)
	   I m   /   I a   





	18
	83.64
	0.984
	1.286
	504
	392
	25.30
	6.42
	12.16
	83.71
	1.39



	19
	83.77
	0.993
	1.200
	480
	400
	23.33
	5.98
	11.94
	83.04
	1.34



	20
	83.72
	0.995
	1.160
	464
	400
	23.31
	5.98
	11.90
	84.51
	1.28



	21
	83.75
	0.998
	1.098
	448
	408
	22.52
	5.80
	11.85
	84.80
	1.25



	22
	84.01
	1.000
	1.058
	440
	416
	21.56
	5.60
	11.82
	83.77
	1.16



	23
	84.04
	1.000
	1.019
	424
	416
	21.52
	5.58
	11.77
	85.60
	1.14



	24
	84.05
	1.000
	0.981
	416
	424
	20.53
	5.31
	11.74
	84.48
	1.08



	25
	83.98
	0.999
	0.962
	408
	424
	20.49
	5.30
	11.71
	86.25
	1.06



	26
	83.94
	0.995
	0.907
	392
	432
	19.64
	5.06
	11.67
	85.62
	1.02



	27
	84.16
	0.993
	0.889
	384
	432
	19.60
	5.05
	11.65
	87.06
	0.98



	28
	84.09
	0.989
	0.855
	376
	440
	18.98
	4.86
	11.64
	86.92
	0.95



	29
	84.06
	0.986
	0.836
	368
	440
	18.95
	4.84
	11.62
	87.76
	0.91



	30
	84.00
	0.983
	0.818
	360
	440
	18.91
	4.82
	11.59
	88.96
	0.89
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Table 10. Design parameters and performance quantities of the SPIMs with rotor bars of quadrangular shape.






Table 10. Design parameters and performance quantities of the SPIMs with rotor bars of quadrangular shape.





	   C run    (  μ  F)
	  η   %
	    cos ϕ    
	a
	    N a    
	    N m    
	   I st    (A)
	   I st   /   I n   
	M (kg)
	  θ   (deg)
	   I m   /   I a   





	18
	83.29
	0.963
	1.356
	488
	360
	28.60
	7.07
	12.07
	86.52
	1.44



	19
	83.60
	0.979
	1.283
	472
	368
	27.06
	6.83
	12.00
	85.20
	1.34



	20
	83.52
	0.982
	1.239
	456
	368
	27.02
	6.83
	11.95
	86.89
	1.30



	21
	84.02
	0.992
	1.146
	440
	384
	25.51
	6.55
	11.90
	86.23
	1.24



	22
	84.08
	0.996
	1.104
	424
	384
	24.80
	6.40
	11.84
	86.45
	1.19



	23
	84.20
	1.000
	1.061
	416
	392
	23.67
	6.13
	11.81
	85.01
	1.12



	24
	84.13
	1.000
	1.041
	408
	392
	23.63
	6.12
	11.77
	86.89
	1.09



	25
	84.33
	1.000
	1.000
	392
	392
	23.59
	6.12
	11.73
	88.58
	1.06



	26
	84.11
	1.000
	0.960
	384
	400
	21.85
	5.66
	11.57
	87.20
	1.01



	27
	84.05
	0.998
	0.940
	376
	400
	21.82
	5.64
	11.54
	88.36
	0.97



	28
	84.02
	0.995
	0.902
	368
	408
	21.08
	5.44
	11.52
	88.47
	0.95



	29
	83.93
	0.993
	0.882
	360
	408
	21.05
	5.41
	11.51
	89.37
	0.91



	30
	84.15
	0.988
	0.846
	352
	416
	20.15
	5.16
	11.48
	89.31
	0.89
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Table 11. Minimum and maximum   T m  /  T n   ratio values of the resulted SPIMs.






Table 11. Minimum and maximum   T m  /  T n   ratio values of the resulted SPIMs.





	
Rotor Bar Shape

	
min.    T m   /   T n   

	
max.    T m   /   T n   




	

	
(   C run    = 30   μ  F)

	
(   C run    = 18   μ  F)






	
Trapezoidal

	
2.94

	
3.22




	
Oval

	
2.47

	
2.99




	
Pent

	
2.22

	
2.77




	
Polygonical

	
2.42

	
3.05




	
Round

	
2.47

	
3.01




	
Drop

	
2.68

	
3.10




	
Rectangular

	
2.27

	
2.83




	
Quadrangular

	
2.40

	
3.14
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Table 12. The SPIM’s rotor ohmic losses for the minimum and maximum   k  b a r    values and indicative corresponding   C  r u n    values, for rotor bars of trapezoidal, oval, pent and polygonical shape.






Table 12. The SPIM’s rotor ohmic losses for the minimum and maximum   k  b a r    values and indicative corresponding   C  r u n    values, for rotor bars of trapezoidal, oval, pent and polygonical shape.





	Bar Shape
	 
	Trapezoidal
	Oval
	Pent
	Polygonical





	 
	   k  b a r    
	0.2 …0.6
	0.2 …0.6
	0.2 …0.6
	0.2 …0.6



	   C  r u n    
	 
	 
	 
	 
	 



	18  μ F
	 
	21.79 …6.70
	24.67 …6.84
	28.49 …11.46
	24.39 …6.30



	20  μ F
	 
	21.83 …7.11
	24.56 …7.22
	29.82 …11.98
	25.64 …7.79



	22  μ F
	 
	21.87 …8.14
	26.64 …8.23
	29.40 …12.67
	27.14 …8.83



	24  μ F
	 
	21.93 …9.27
	27.89 …9.32
	31.16 …13.33
	27.81 …9.55



	26  μ F
	 
	23.71 …10.02
	27.99 …9.65
	33.69 …14.55
	29.32 …10.65



	28  μ F
	 
	23.83 …10.68
	30.48 …10.84
	35.35 …15.11
	30.80 …10.90



	30  μ F
	 
	23.96 …11.81
	30.49 …10.66
	36.80 …16.35
	31.81 …12.36
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Table 13. The SPIM’s rotor ohmic losses for the minimum and maximum   k  b a r    values and indicative corresponding   C  r u n    values, for rotor bars of round, drop, rectangular and quadrangular shape.






Table 13. The SPIM’s rotor ohmic losses for the minimum and maximum   k  b a r    values and indicative corresponding   C  r u n    values, for rotor bars of round, drop, rectangular and quadrangular shape.





	Bar Shape
	 
	Round
	Drop
	Rectangular
	Quadragular





	 
	   k  b a r    
	0.2 …0.475
	0.2 …0.475
	0.2 …0.6
	0.2 …0.45



	   C  r u n    
	 
	 
	 
	 
	 



	18  μ F
	 
	24.72 …11.49
	23.23 …10.79
	28.19 …12.09
	23.19 …10.17



	20  μ F
	 
	26.19 …13.63
	23.09 …12.02
	29.73 …12.60
	24.32 …10.78



	22  μ F
	 
	26.87 …14.00
	24.19 …12.61
	32.12 …13.54
	26.57 …11.28



	24  μ F
	 
	27.95 …15.54
	25.63 …14.25
	33.59 …13.99
	27.85 …11.92



	26  μ F
	 
	28.70 …15.61
	27.75 …15.10
	35.14 …14.96
	29.29 …12.48



	28  μ F
	 
	29.77 …17.74
	27.77 …16.55
	35.91 …15.52
	30.29 …13.35



	30  μ F
	 
	30.64 …18.28
	29.27 …17.46
	36.19 …16.73
	31.79 …13.78
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