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Abstract: There is an increasing interest in saving energy through improving single phase induction motors (SPIMs) efficiency due to recent 

environmental concerns and industrial trends. According to the latest efficiency standards the minimum efficiency that the SPIMs have to 

present is that of IE3 (premium efficiency). Aiming to meet this target, the researchers have focused on the implementation of new 

manufacturing techniques, the development of effective design methodologies and the incorporation of advanced but also low-cost materials. 

In the most cases, the SPIMs rotor is constructed of a high-conductivity material, such as the die-cast copper, which benefits the motor's 

efficiency, but deteriorates its starting performance. Thus, the aim of this work is to investigate if the use of die-cast magnesium alloys, which 

present lower electrical conductivity and cost than the corresponding ones of copper, could lead to the development of topologies with 

enhanced efficiency and starting capability. To make this happen, the authors proceeded to several investigations regarding the rotor slot 

configuration and the selection of the proper windings turns ratio along with the run-capacitor value. The derived topologies satisfied all the 

set requirements and have been proven to be advantageous over the die-cast rotor SPIMs by considering several operational characteristics. 

KEYWORDS: ELECTRICAL MACHINE DESIGN AND MANUFACTURING, HIGH PERFORMANCE, INDUSTRIAL STANDARDS, 

MAGNESUM ALLOYS, PREMIUM EFFICIENCY, SINGLE-PHASE INDUCTION MOTOR 

1. Introduction

The single-phase inductions motors are widely used in several 

household and industrial applications, where the three-phase supply 

is not available. Their application field range is quite extensive and 

involves among others: refrigerators, fans, centrifugal machines, 

compressors, heating-circulating pumps, etc. Their horsepower 

ranges from 0.25 to 3.0 HP and millions of them are produced every 

year. Moreover, many types of them, such as split-phase, capacitor-

start/induction-run, shaded pole, capacitor-start/induction-run and 

capacitor-run SPIMs are available. Among the above topologies, the 

last one gains increased research and industrial interesting, as it 

exhibits low manufacturing cost, high power factor and simple 

structure. It consists of a main and an auxiliary winding which is 

connected in parallel with the first one. A run-capacitor is 

permanently connected to the auxiliary winding, while a squirrel-

cage configuration is adopted for the rotor. Despite the 

aforementioned advantages, the efficiency of the run-capacitor 

SPIMs is relatively low. The ordinary efficiency of commercial 

SPIMs varies from 64% up to 74.5% according to the data retrieved 

from the catalogues of plenty SPIMs manufacturers. The recent 

industrial efficiency standards published by the International 

Electrotechnical Commission (IEC) and the National Electrical 

Manufacturers Association (NEMA) impose that the commercial 

SPIMs have to comply with the specifications set by the energy 

class IE3 (premium efficiency). 

Aiming to meet this goal the researchers have focused on: a) the 

construction of improved equivalent circuits and analytical 

equations [1], b) the optimal design of rotor slot topology [2], c) the 

proper selection of the capacitor value and its optimal placement 

[3], d) the development of new configurations [4] and e) the 

incorporation of new materials for the manufacturing of the stator 

and rotor core [5] and rotor's squirrel cage [6]. It has been proven 

that the rotor topology and its material has great impact on the 

SPIM performance. In the last few decades the aluminum was the 

most commonly used material for the squirrel-cage rotor 

construction due to its low cost. Next, the aluminum was replaced 

by the die-cast copper. The specific material presents high 

conductivity (up to 57 MS/m) and thus results to lower rotor bar 

ohmic losses and temperature and extended life expectancy [7]. 

However, its high melting point and consequently the high cost of 

die-cast processing are always important disadvantages. 

A material with lower melting point, but also lower 

conductivity (up to 20 M/S) is the magnesium. The die-cast 

magnesium alloys have gained more popularity is recent years, as 

they present high strength at light weight, good environmental 

corrosion resistance and better castability over the aluminum and 

copper [8]. In these alloys the magnesium is combined with other 

metals, such as silicon, zinc and manganese in order to acquire 

greater stability and improved mechanical properties. According to 

the conventional wisdom a squirrel-cage rotor made by magnesium 

can only benefit the motor's starting capability, as its resistance will 

be high. Thus, lower efficiency ratings are expected compared to 

the corresponding ones achieved when a copper rotor is used. This 

is true, but only when the rotor slot topology and the rest motor's 

design parameters remain constant. 

Taking the above into consideration, the authors present here an 

overall design methodology for the development of die-cast 

magnesium rotor SPIMs with both enhanced efficiency and starting 

performance. To make this happen, several investigations are 

conducted regarding the effect of important design parameters, such 

as the rotor bars slot cross-sectional area, the run-capacitor value 

and the auxiliary to main windings turns ratio on SPIM operational 

characteristics. The final topologies are compared to those with 

copper rotors. The post-processing analysis of the results reveals 

that the magnesium alloys are a realistic and attractive alternative 

for the construction of SPIM squirrel-cage rotors.  

2. Proposed Design Methodology

The perspective of developing high performance magnesium 

rotor SPIMs is examined for the case of a 4-poles motor with 24 

stator slots and 30 rotor bars. Its output power is equal to 1.0 HP. 

The geometrical representations of the considered stator, rotor and 

end-ring topology are depicted in Fig. 1. A semi-closed trapezoidal 

rotor slot configuration has been selected, as it is also frequently 

chosen by the manufacturers. According to the IE3 class 

specifications, the motor's efficiency (η) has to be higher than 

82.5% and its starting to nominal torque ratio (TS/TN) has to be at 

least equal to 0.35. The rest operational characteristics of the motor 

under study and the relative constraints are summarized in Table 1. 

Table 1: SPIM desirable operational characteristics and relevant 

constraints. 

Parameter Value 

Output power (rated), PN 750 W 

Output torque (rated) TN ≥ 4.8 Nm 

Speed (rated), nm ≥ 1420 rpm 

Line current (rated), IN ≤ 5.0 A 

Power factor, cosφ ≥ 0.9 

Efficiency, η ≥ 82.5 % 

Starting to nominal torque, Ts/TN ≥ 0.35 

Starting to nominal current, IS/IN ≤ 8.0 

Supply voltage, UN 230 V 

Supply frequency, f 50 Hz 

Number of poles, 2p 4 

Net mass, M ≤ 14.0 kg 
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(a) (b) (c) 

Fig. 1 Geometrical representation of the SPIM under study: (a) stator and (b) rotor slot topology and (c) axial cross-section of 

the rotor rings. 

The adopted design strategy combines both the classical SPIM 

methodology and the modifications described in [6] (a work also 

made by the authors). In that work, the authors proposed the 

enlargement of the SPIM axial length in order to enhance the 

motor's efficiency. Following the directions provided there the basic 

motor's design parameters can be obtained. Further information 

regarding their analytical calculation is given in [9]. Next, three 

crucial characteristics have to be determined. The first one is the 

rotor bar slot cross-sectional area (Abar), which can be estimated as 

in Eq. (1), where kbar is the slot area factor, Qs is the stator slots 

number and Qr is the rotor bars number. Except from kbar all the 

other parameters are determined in previous steps of the classical 

design methodology. The designer has to assign a value to kbar 

based on his own experience. Regarding this quantity only some 

general rules are available in [9], where it is suggested to choose a 

value between 0.35 and 0.6. The authors decided to expand the 

above variation range from 0.2 to 0.6 with a step of 0.225, as two 

materials with different conductivity are going to be used. The rotor 

bar topology modification along with the variation of slot area 

factor is illustrated in Fig. 2. 
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Fig. 2 The rotor bar slot cross-section variation as a function of kbar. 

The next two design variables that will be considered under 

investigation are the auxiliary to main winding turns ratio (a) and 

the run-capacitor value (Crun). The first one relates the auxiliary 

winding turns number (Na) with main winding turns number (Nm). 

The Nm can be obtained through Eq. (2), where Em is the main 

winding induced voltage (typically equal to 0.96 of the supply 

voltage UN), kdis is the magnetic flux correction factor and Bg is the 

airgap flux density, D is airgap diameter, L is the motor's axial 

length, f is the supply frequency, 2p is the poles number and kw is 

the winding factor. The Bg and kdis are considered equal to 0.7 and 

0.9 respectively for small induction motors. The turns ratio value 

usually ranges from 1.0 to 2.0, but its value can be lower than 1.0 

when a capacitor of high value is used for Crun. The Crun can be 

calculated by using Eq. (4), where a value has to be assigned to 

motor's rated current IN taking into consideration the desirable 

efficiency. For commercial SPIMs with the same output power the 

Crun varies from 18 uF to 30 uF.  
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3. Effect of kbar, Crun and a 

In this Section, the effect of Crun, kbar and a on the SPIM's 

efficiency, power factor, starting current and starting to nominal 

torque ratio is presented and thoroughly discussed. By inspecting 

Fig. 3 we address and justify here the main findings for each 

quantity: 

Efficiency: As the capacitance becomes higher a slight variation is 

observed for the motor's efficiency. The efficiency is maximized for 

a specific value of Crun. In the most cases, the maximum value is 

achieved when the Crun ranges from 25 uF to 30 uF. For SPIMs with 

die-cast rotor the efficiency reaches its highest ratings for kbar equal 

to 0.2. This can be justified by the fact that the stator windings 

copper losses increase extensively, as the rotor slot area becomes 

larger due to the higher absorbed line current. The above loss type 

is the dominant one and thus defines the efficiency tend. For the 

SPIMs with die-cast magnesium rotor a quite different behavior is 

observed for the efficiency. The highest efficiency is now achieved 

for kbar=0.475. Beyond and below this value the efficiency 

decreases. For given Crun and for all the examined variation range of 

kbar the topologies with magnesium rotors present lower capacitor, 

stator copper and core losses. Only the rotor copper losses have 

been found higher for them due to the higher rotor resistance. The 

rotor resistance of magnesium squirrel-cage is 3 up to 4 times 

higher than the corresponding one of copper squirrel-cage. 

Power factor: The decrement of kbar with the simultaneous 

increment of Crun benefits substantially the power factor for the case 

of motors with copper rotor. The obtained values range from 0.5 to 

1.0. On the other hand, the power factor acquires higher values even 

for a high value of kbar when the magnesium rotor are used. In this 

case, the minimum recorded value is higher than 0.88. The power 

factor increases as the rotor bar cross-sectional area becomes 

smaller. Also, acquires its maximum value for a value of kbar close 

to 0.475 and then remains almost constant. 

Starting to nominal torque ratio: All the examined models with 

copper rotor fulfill the minimum set requirement regarding this 

characteristic (i.e. TS/TN=0.35). It is observed that a higher starting 

torque coincides with an efficiency lower than 82.5%. When the 

magnesium is used, the starting torque increases significantly for 

low values of kbar and a high value for Crun. When kbar=0.2 the TS/TN 

ratio varies from 0.58 to 0.73, but the premium efficiency is not 

achieved. When the efficiency is maximized (for kbar=0.475) the 

specific ratio is equal to 0.35. However, as it can be seen from the 

data given in Table 2, the premium efficiency can be combined with 

the improved starting performance when the kbar takes a value 

between 0.375 and 0.45. 
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Fig. 3 Variation of efficiency, power factor, starting to nominal torque ratio, starting current and turns ratio as a function of Crun and kbar for: 

 (a) copper rotor and (b) magnesium rotor SPIM. 
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Table 2: Minimum and maximum efficiency and starting to nominal 
torque ratio for SPIMs with die-cast magnesium rotor. 

kbar 
η (%) TS/TN 

Min max. Min. Max. 

0.2 79.21 79.58 0.58 0.73 

0.225 80.09 80.41 0.57 0.68 

0.25 80.73 81.09 0.54 0.63 

0.275 81.24 81.62 0.51 0.60 

0.3 81.65 82.07 0.46 0.57 

0.325 82.00 82.40 0.44 0.54 

0.35 82.29 82.68 0.41 0.51 

0.375 82.54 82.89 0.39 0.48 

0.4 82.76 83.12 0.37 0.47 

0.425 83.07 83.31 0.35 0.42 

0.45 83.29 83.49 0.35 0.38 

0.475 82.90 83.65 0.35 0.37 

0.50 82.51 83.55 0.35 0.38 

0.525 81.37 83.64 0.35 0.39 

0.55 80.69 83.40 0.35 0.39 

0.575 80.51 83.25 0.35 0.38 

0.6 79.82 82.71 0.35 0.38 

 
Starting Current: The motor's starting current decreases as the rotor bar slot 

cross-sectional area becomes smaller and a high value of capacitor is 

selected for the Crun. Moreover, it can be said that the topologies whose rotor 

is made of magnesium require a lower starting current. is required. 

 

Aux. to main winding turns ratio: A higher value has to be assigned to the 
turns ratio when the rotor bar slot are becomes larger aiming to satisfy the 

starting torque requirements. Also, as the capacitance increases the turns 

ratio value decreases. Comparing the SPIMs with copper and magnesium 
rotor, a higher number of main winding turns are required in the second 

case. When the efficiency is maximized, the turns ratio value ranges from 

0.94 to 1.4 for the copper topologies and from 0.83 to 1.25 for the 
magnesium topologies. 

3. Comparison of the final topologies and 

discussion 

In this Section a comprehensive analysis of the derived SPIM 

topologies will be conducted aiming to highlight the advantages of 

using die-cast magnesium. As already demonstrated the SPIM 

configuration with copper rotor present premium efficiency only 

when the kbar is equal to 0.2 or 0.225. For the case of magnesium an 

efficiency higher than 82.5% is achievable for a relatively wide slot 

area factor variation range. In these cases both the SPIM efficiency 

and starting performance are enhanced. This is not feasible when 

the die-cast copper is used. Moreover, the performance 

characteristics of the configurations with the highest efficiency are 

summarized in Table 3 and 4. As it can be seen, the topologies with 

magnesium present efficiency of the same ratings with the 

corresponding ones of SPIM with copper rotor. When the Crun is 

lower than 25 uF the difference among the achievable efficiency are 

negligible. For a value of Curn higher than 25 uF the efficiency of 

the copper topologies is higher up to 0.7%. The performance ratings 

of the examined topologies are comparable even under different 

load conditions according to the data presented in Table 5. When 

the motor is underloaded, the use of magnesium seems to benefit 

both its efficiency and power factor. For full load and overloaded 

conditions the efficiency of the motor with copper rotor is superior. 

Furthermore, the magnesium rotor topologies require lower 

starting current aiming to provide the same amount of torque during 

the start-up phase. The ratio IS/IN varies from 4.8 to 6.0 for the case 

of motor with magnesium. On the other hand, the corresponding 

ratio value for SPIM with copper rotor lies between 6.5 and 7.18. 

Also, the mass of magnesium motors is lower up to 0.54 kg and 

their manufacturing cost is lower by 9.16% up to 14.47%. 

4. Conclusions 

Through the conduction of extended investigations it has been 

proven that the die-cast magnesium alloys are an attractive 

alternative for the construction of SPIM rotors from economical 

point of view and also by taking into consideration numerous perfor- 

Table 3: Performance characteristics of the SPIM topologies with  
die-cast copper rotor for kbar=0.2. 

Crun 

(μF) 

η 

(%) 

cosφ Na Nm IS/IN M 

 (kg) 

Cost 

($) 

18 83.02 0.951 504 360 7.17 12.14 43.35 

19 82.94 0.956 488 360 7.18 12.08 43.03 

20 82.82 0.958 472 360 7.18 12.03 42.72 

21 83.31 0.978 452 368 7.01 11.94 42.24 

22 83.53 0.980 440 368 7.03 11.80 42.01 

23 83.43 0.983 428 368 7.04 11.86 41.78 

24 83.35 0.985 416 368 7.03 11.82 41.55 

25 83.68 0.995 400 380 6.73 11.78 41.29 

26 84.09 0.999 392 384 6.58 11.74 41.11 

27 84.01 0.999 384 384 6.56 11.72 40.96 

28 83.93 1.000 372 384 6.55 11.68 40.74 

29 83.84 1.000 364 384 6.54 11.65 40.59 

30 83.76 1.000 360 384 6.52 11.64 40.52 

 

Table 4: Performance characteristics of the SPIM topologies with  
die-cast magnesium rotor for kbar=0.475. 

Crun 

(μF) 

η 

(%) 

cosφ Na Nm IS/IN M 

 (kg) 

Cost 

($) 

18 82.90 0.972 504 380 6.03 11.71 39.71 

19 83.32 0.982 488 384 5.96 11.65 39.35 

20 83.23 0.984 472 384 5.95 11.59 39.05 

21 83.42 0.993 456 392 5.73 11.22 36.91 

22 83.65 0.995 444 392 5.74 11.49 38.48 

23 83.43 0.995 432 392 5.73 11.45 38.26 

24 83.44 0.998 424 392 5.73 11.43 38.12 

25 83.33 1.000 408 400 5.31 11.24 37.05 

26 83.25 1.000 396 400 5.29 11.21 36.84 

27 83.54 0.999 384 408 5.11 11.18 36.68 

28 83.57 0.996 380 416 4.87 11.16 36.59 

29 83.49 0.995 368 416 4.85 11.13 36.38 

30 83.42 0.993 360 416 4.83 11.11 36.25 

 

Table 5: Efficiency and power factor comparison of the final topologies 
with Crun=18 uF for different load conditions 

SPIM loading 

 (% Pout) 

Copper rotor  

SPIM 

Magnesium rotor 

SPIM 

η (%)  cosφ η (%)  cosφ 

25 % 55.26 0.641 58.18 0.668 

50 % 72.91 0.833 74.70 0.860 

75 % 80.14 0.919 80.89 0.934 

100 % 83.02 0.951 82.90 0.972 

125 % 83.92 0.969 83.13 0.984 

150 % 83.61 0.979 83.16 0.990 

 

mance indexes. When the proper design of the rotor topology is 

combined with the careful determination of the rest important 

design parameters an overall enhanced performance can be 

achieved. 
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