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Introduction 
 
 Squirrel-cage induction machines dominate recently 
in miscellaneous electrical drives. This situation is 
determined by high reliability of this kind of electrical 
machines and also by simplicity of production technology 
of their rotors having aluminium windings. The appliance 
ranges of these machines widened substantially when 
frequency converters have been started to be used for the 
control of their rotation. It is necessary to mention at the 
same time that the squirrel-cage rotor casted by aluminium 
is more complicated from the theoretical point of view than 
wound-rotor – the winding of squirrel-cage rotor is poorly 
isolated from the core of electrical steel sheets. As shown 
in Fig. 1, the quadrature-axis currents Iq, producing 
additional losses, are created in the rotor [3]. The theory of 
squirrel-cage induction machine having rotor with 
aluminium winding is simplified by identifying the short 
circuited winding of rotor with the artificial one [1] which 
at first sight differs little from the real winding. 
 

 
Fig. 1. Quadrature-axis currents in a squirrel-cage rotor of 
induction machine 
 
 The analysis of magnetic field of short circuited 
rotor’s winding and results of experimental investigation 
are presented in the paper. 

 
Magnetic field of rotor 
  
 It is assumed in the investigation of rotor magnetic 
field that the rotor winding is polyphase and the polyphase 
current flows in the bars of rotor [1, 2, 5]. Such analysis of 
rotor magnetic field causes difficulties in the evaluation of 
geometrical parameters of rotor winding and in the 
determination of the location of winding bars in rotor slots. 
For example, in the monograph [1] the short circuited  
winding of rotor is being identified with the two-layer 
winding (Fig. 2). 

 
Fig. 2. Two-layer winding of induction machine’s rotor 
 
 Using the expression of magnetic field’s strength in 
the air gap of induction machine [1], we have  
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where N – number of coil‘s turns; I – effective value of 
current;  δ – length of air gap; ν – order of space 
harmonic; αy – coil pitch; α1 – angle between the coil 
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symmetry axes; α – variable angle; m – number of 
winding‘s phases. 
 By using the formula (1) for the short-circuited 
rotor’s winding (Fig. 2) in the case when the excitation 
field is single-phase, we receive  
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 The latter equation of magnetic field strength, written 
for the short-circuited rotor, does not take into account the 
geometrical peculiarities of two-layer winding of short-
circuited rotor – for example, the angle β (Fig. 2). 
 There is shown in the paper that the strength of the 
rotor magnetic field Hm(α,t) is under the influence of the 
angle β. The stator poles creating alternating magnetic 
field, and rotor magnetic core made of electrical steel 
sheets, on which the short-circuited turn 1–1 is placed and 
which freely rotates around its axis, are shown in Fig. 3. 
 

 
Fig. 3. Short-circuited turns on a rotor in the pulsating magnetic 
field of stator 

 
 The reluctance of the turn 1–1 to the magnetic field of 
stator [5] is  

                           
Z
fwjZ

22π
μ = ;   (3) 

 

where  Z = r + jx – electrical complex impedance of turn; 
w = 1 – winding’s number of turns; f – frequency; j – 
imaginary unit. 
 It is evident that 
                                    0>μZ .     (4) 
 

 Therefore the increased reluctance in the area of the 
turn 1–1 may be treated as an increased air-gap. 
Consiquently, the salient-pole rotor is available which is 
under the action of the reactive torque M this long until the 
turn 1–1 takes the position 2–2 (Fig. 3). 

 It is possible to conceive the origination of the torque 
M by invoking the laws of electrodynamics. Marking by 
H1 the strength of stator magnetic field in the point O1, and 
by H2 – the strength of magnetic field of turn reaction, it is 
possible to notice that the H2 lags in time from the H1. 
Hence, the strength of magnetic field H1 rotates in the air-
gap of induction motor to the counterclockwise direction, 
towards the strength of magnetic field H2 (rotation angle 
180˚– γ). This rotating magnetic field turns the poles of 
stator with the torque M to the counterclockwise direction. 
The rotor is turned with the same torque M to the 
clockwise direction because the stator is fixed to the 
foundation. 
 

 
Fig. 4. Fragment of single-phase induction motor having the 
modified short-circuited rotor 
 
 In the Fig. 4 is shown the fragment of single-phase 
induction motor, having the rotor with the winding, made 
from short-circuited turns A–C, the angle γ of which is 
formed between its magnetic axis and the strength of 
magnetic field H1 created by the stator winding. The 
element A–B (Fig. 4) of short-circuited rotor ring of 
traditional induction machines form the right-angle with 
the strength of magnetic field H1, and the angle γ = 0. 
 The pulsating magnetic field is created in the air-gap 
of single-phase induction motor when its stator winding is 
fed by alternating current and no current flows in the short-
circuited turns of the rotor: 
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where b(t,x) – magnetic flux density depending on time 
and space. 
 The rotor tooth of the sector ABO (Fig. 4) is cut by 
magnetic flux Φ1, which induces the electromotive force 
E2 in the short-circuited turn A–C, shown in the Fig. 5, 
where I2

’ – secondary current by reference to the primary 
winding flowing in the short-circuited winding of rotor; the 
current creates the magnetomotive force F2 and the 

 68



magnetic flux Φ2. Assume that the magnetic losses are 
vanishing. The time phases of magnetomotive force and of 
corresponding magnetic flux coincide in this case. 
 

 
Fig. 5. The phasor diagram of electromagnetic values of the 
induction motor 
 
 It is possible to calculate the stator‘s magnetomotive 
force and the magnetic flux Φ1 when the magnetomotive 
force F0, the magnetic flux in the air-gap Φ0, and the same 
values of short-circuited turn – the magnetomotive force F2 
and the magnetic flux Φ2 are available: 
 

                                     Φ1 = Φ0 – Φ2.        (6) 
 

 The short-circuited turn A–C creates the magnetic 
flux Φ2 which lags in time from the magnetic flux Φ1 by 
angle ψ (Fig. 5). 
 
Torque of the induction motor 
 
 The magnetic fluxes Φ1 and Φ2 meet the following 
condition in space: 

                  γΦΦ =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ∧

21 , .     (7) 

 

Thus, the magnetic fluxes of rotor Φ1 and Φ2 create 
the electromagnetic torque [5]: 
 

                        ψγΦΦ sinsin21i iiCM = ;       (8) 
 

where C – constant; i – number of rotor‘s tooth. 
 This electromagnetic torque turns the stator to the 
counterclockwise direction and, because the stator of the 
induction motor does not move, therefore the torque turns 
the rotor to the clockwise direction. 
 By summing the torques created by all teeth of the 
rotor, we receive 
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where N2 – the total number of rotor‘s teeth. 

 Assume now that all short-circuited turns of the rotor 
are identical in the sense of their electromagnetic and 
geometric properties and therefore 
 

                                γ = const, ψ = const.      (10) 
 

 The two-layer winding is often used for the wound-
rotor of induction machines. Therefore the angle of 
magnetic axis of rotor winding section γ ≠ 0 (Fig. 4). 
However the initial starting torque M (9) is relatively small 
in this case because the angle γ amounts just 3˚ ÷ 5˚. 
Meanwhile the angle γ of the construction of the squirrel-
cage rotor offered in this paper reaches 25˚ ÷ 35˚.  
 
Experimental part 
 
 The stator of conventional capacitor motor [7], the 
rated output power of which P2N = 60 W, is used in the 
experimental induction motor. The parameters of stator of 
the experimental induction motor are the following: the 
diameter of internal cylinder circle d1 = 44·10-3 m; the 
length of iron-core l1 = 40·10-3 m; the number of slots z1 = 
24. The sinusoidal two-pole single-phase winding made 
from 12 sections, is located in the stator of the motor. The 
short-circuited rotor was produced by engineer Petras 
Ukanis. The geometrical parameters of the rotor are the 
following: the diameter of outer cylinder d2 = 43,6·10-3 m; 
the length l2 = 40·10-3 m of iron-core made from electrical 
steel sheets, the thickness of which – 0,5·10-3 m; the 
diameter of rotor shaft d3 = 10·10-3 m; the number of slots 
z2 = 17. 
 

 
 
Fig. 6. Performance characteristics of the induction motor 
 
 The measured value of starting torque Ms = 0,031 
Nm. It is evident from the results of experiments that the 
single-phase induction motor with the squirrel-cage rotor 
having the construction described in the paper, creates the 
asynchronous torque, which is not discussed in a literature. 
 
Conclusions 
 
 The results of theoretical and experimental 
investigation confirm the proposition that the single-phase 
induction motor with the pulsating magnetic field of stator 
and with the squirrel-cage rotor having two-layer winding, 
develops the starting torque which is unequal to zero, on 
the contrary to what is claimed in the literature [1, 2, 5]. 
This electromagnetic effect also exists in the induction 
motors with the wound-rotor having the two-layer 
winding. 
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