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Abstract: In this paper, the field analysis of the sleeve-rotor 

induction motor taking the rings effect into consideration is 
carried out using the Maxwell’s field equations. A model in 

cylindrical coordinates is used to establish the rotor-rings and to 
solve the air gap magnetic field. The flux density is assumed to be 
constant through the very small air gap length while the skin 
effect through the axial rotor length is considered. 

The axial distribution of the air gap flux density, the sleeve 
current density components and the force density are obtained. 
The motor performance is carried out taking into account the 
effects of the sleeve rings performance characteristics.  

The effects of design data on the starting torque and the 
overload capacity of the motor are also considered.  

 
Keywords: induction motor, sleeve-rotor, field analysis, motor      
performance.  

I. INTRODUCTION 

Stator of the single-phase induction motor (IM) has been 

modified to produce two phase motor for different 
applications [1-3]. Whereas the IM with sleeve-rotor has 
usual slotted single-phase stator. Its rotor contains a smooth 
conducting cylinder mounted on an iron core to complete the 
magnetic circuit. The inner iron in the rotor cylinder is used 
here as an iron core to decrease the magnetic reluctance. The 
homogenous sleeve-rotor construction of Fig. 1, allows 
higher rotational speed compared with the similar 
conventional slotted rotor.  

Some authors have carried out theoretical studies on a 
sleeve-rotor IM. The effects of the secondary sheet design 
data on the motor performance characteristics are considered 
in [4], without taking the effects of the rotor-rings into 
account. In [5], the rotor ends are taken into consideration for 
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the case of asymmetrical sleeve-ends.  
In this paper, the field analysis of the sleeve-rotor IM is 

carried out using Maxwell’s field equations in cylindrical 

coordinates. The flux density is assumed to remain constant 
along the very small mechanical air gap length between the 
stator surface and the sleeve cylinder.  

The current density through the conducting sleeve is 
allowed to have both axial and tangential components. 

 

 
Fig. 1. Sleeve-rotor induction motor 

The axial distribution of the air gap flux density as well as 
the sleeve-rotor current density components are obtained 
taking sleeve-rings into consideration [6]. These components 
are calculated and plotted, at different rotor speeds. The main 
performance characteristics of the motor are determined and 
the effects of the sleeve-rings are discussed. 

II. MODEL OF SLEEVE-ROTOR IM WITH 

SLEEVE-RINGS 

A simple model in cylindrical coordinates is used to 
establish the rotor-rings and to solve the air gap magnetic 
field. The magnetic flux is assumed to remain radially 
constant through the very small air gap length. The two 
components of the rotor current density are considered 
through the active sleeve length, taking into account the 
effects of the sleeve-rotor rings. The model shown in Fig. 2 
will be used with the assumptions of infinitely permeability 
and zero conductivity for the iron parts. The stator windings 
are replaced in this model by an equivalent current sheet of 
infinitesimal thickness, carrying the stator electric loading 
𝑨𝒔.     The two rotor-rings have the same sleeve conductivity 
with larger width as shown in Fig. 2. 

According to the mentioned assumptions; the air gap flux 
density 𝑩𝒓  will has only a radial component: 

�⃗⃗� = 𝑩𝒓 ∙ �⃗⃗� 𝒓                                          (𝟏) 
The sleeve-rotor has both axial and tangential current 

density components 𝑱𝒛  and 𝑱𝝋 respectively. 
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Fig. 2. Model for sleeve-rotor IM with sleeve-rings. 

III. FIELD ANALYSIS 

By applying the integral form of the Maxwell’s first 

equation to a loop of infinitesimal dimensions in r - 𝝋 plane 
in the model illustrated in Fig. 2, then: 

𝝏𝑩𝒓
𝝏𝝋

=
𝝁𝒐
𝒈𝒔
(𝑹𝒔𝑨𝒔 + 𝒓𝒕𝒄 𝑱𝒛)                                     (𝟐) 

Where 𝑹𝒔  is the inner stator radius, 𝒓  is the iron rotor 
radius, 𝒕𝒄 is the sleeve thickness and 𝒈𝒔 = 𝒈+ 𝒕𝒄.  

The stator electric loading wave 𝑨𝒔 can be expressed in a 
complex form as: 

𝑨𝒔(𝝋, 𝒕) = 𝑹𝒆 (�̂�𝒔 𝒆
𝒋(𝝎𝒕−𝒑𝝋))                                (𝟑) 

With p𝝋 in electrical degree, where p is the number of 
stator pole pairs and an angle 𝝋 is in mechanical degree. The 
stator electric loading wave, 𝑨𝒔 has both time t and an angle 
𝝋 functions. The restriction to steady state operation allows 
the representation of the field quantities to be: 

𝑩𝒓(𝝋, 𝒕, 𝒛) = 𝑹𝒆 (�̂�𝒓 (𝒛) 𝒆
𝒋(𝝎𝒕−𝒑𝝋))                    (𝟒) 

                𝑱𝒛(𝝋, 𝒕, 𝒛) = 𝑹𝒆 (�̂�𝒛 (𝒛) 𝒆
𝒋(𝝎𝒕−𝒑𝝋))                     (𝟓) 

By substituting Eqs. 3, 4, 5 into Eq. 2, the air gap flux 
density is then: 

𝑩𝒓(𝒛) = 𝒋
𝝁𝒐𝑹𝒔
𝒑𝒈𝒔

𝑨𝒔 + 𝒋
𝝁𝒐𝒕𝒔𝒓

𝒑𝒈𝒔
𝑱𝒛                            (𝟔) 

The current density in an isotropic medium moving with a 
velocity �⃗⃗� , is: 

𝑱 = 𝝈𝒄(�⃗⃗� + �⃗⃗� × �⃗⃗� )                                               (𝟕) 

Where �⃗⃗�  is the electric field intensity induced by 
transformer action, �⃗⃗�  is the liner rotor speed and 𝝈𝒄  is the 
sleeve material conductivity.  

The second Maxwell’s equation can be applied to the 

closed loop of Fig. 2, in the 𝝋, Z-plane to obtain: 
𝝏𝑱𝝋

𝝏𝒛
+ 𝒋

𝒑

𝒓
𝑱𝒛 = 𝒋𝝎𝝈𝒄𝑺𝑩𝒓                                      (𝟖) 

Where 𝑺  is the slip = (1 – (n/ns)), with n is the rotor speed 
and ns is the synchronous speed. 

The relation between 𝝋  and Z-components of the rotor 
current density can be obtained by the continuity condition: 

𝒅𝒊𝒗 𝑱 = 𝟎. 𝟎, 𝒂𝒏𝒅 𝒕𝒉𝒆𝒏 𝑱𝝋 = −𝒋
𝒓

𝒑
∙
𝝏𝑱𝒛
𝝏𝒛
             (𝟗) 

From the previous relations, the axial component of the 
rotor current density is governed by the following second 
order differential equation: 
𝝏𝟐𝑱𝒛
𝝏𝒛𝟐

− (
𝒑𝟐

𝒓𝟐
− 𝒋

𝝎𝝈𝒄𝒔𝝁𝒐𝒕𝒄
𝒈𝒔

) 𝑱𝒛 = −𝒋 (
𝝎𝝈𝒄𝒔𝝁𝒐𝑹𝒔
𝒈𝒔𝒓

)𝑨𝒔       (𝟏𝟎) 

The differential equation (10), describes the axial 
component of the rotor current density. 

A convenient general solution for the complex amplitude 
of  𝑱𝒛 is: 

𝑱𝒛 = 𝑫𝟏𝒆
𝒌𝒛 + 𝑫𝟐𝒆

−𝒌𝒛 + (𝒋
𝝎𝝈𝒄𝒔𝝁𝒐𝑹𝒔
𝒈𝒔𝒓𝒌

𝟐 )           (𝟏𝟏) 

Where the complex quantity,  
 
 

𝒌𝟐 =
𝒑𝟐

𝒓𝟐
− 𝒋 (

𝝎𝝈𝒄𝒔𝝁𝒐𝒕𝒄
𝒈𝒔

)                                       (𝟏𝟐) 

The unknown complex constants 𝑫𝟏  and 𝑫𝟐 can be 
determined by applying the boundary conditions: 𝑱𝒛 = 0 at the 
edge of each rotor-ring, i.e. (z = ± (zs + wr)). For the 
symmetrical rotor rings, the two unknown complex constants 
𝑫𝟏 and 𝑫𝟐  will be only one constant, 𝑫. 

The current density transition from the rotor active length 
to the sleeve-rotor rings is illustrated in Fig. 3. 

 
Fig. 3. Transition of the rotor currents to the sleeve rings. 

The  𝝋 − component of the current density in the 
sleeve-rings is assumed constant all over each rotor ring 
width. The axial current density component 𝑱𝒛  turns to be 
tangential through the rotor rings. The continuity equation at 
one rotor end is then: 

𝑱𝒛(𝒛𝒔) =
𝑾𝒓
\

𝒓

𝝏𝑱𝝋

𝝏𝝋
|
𝒛=𝒛𝒔

                                        (𝟏𝟑) 

Where  𝑾𝒓 is the ring width and 𝒕𝒓 is the ring thickness, 

then the effective ring width is  𝑾𝒓
\
= 𝑾𝒓

𝒕𝒓

𝒕𝒄
 ∙ 

Applying the diversion theorem to give: 
𝟏

𝒓

𝝏𝑱𝝋

𝝏𝝋
= −

𝝏𝑱𝒛
𝝏𝒛
                                                       (𝟏𝟒) 

Hence the unknown constant D can be expressed as: 

𝑫 =

(𝒋
𝝎𝝈𝒄𝒔𝝁𝒐𝑹𝒔
𝒈𝒔𝒓𝒌

𝟐 )𝑨𝒔

𝒆𝒌𝒛𝒔 + 𝒆−𝒌𝒛𝒔 ∙ 𝒌𝑾𝒓
\
∙ (𝒆𝒌𝒛𝒔 − 𝒆−𝒌𝒛𝒔)

      (𝟏𝟓) 

Substituting Eq. 15 in Eq. 11 yields, 

𝑱𝒛(𝒛) = (𝟏 − (
𝒆𝒌𝒛 + 𝒆−𝒌𝒛

(𝒆𝒌𝒛𝒔 + 𝒆−𝒌𝒛𝒔) + 𝒌𝑾𝒓
\
∙ (𝒆𝒌𝒛𝒔 − 𝒆−𝒌𝒛𝒔)

)) 

           ∙ (𝒋
𝝎𝝈𝒄𝒔𝝁𝒐𝑹𝒔
𝒈𝒔𝒓𝒌

𝟐 ) 𝑨𝒔                                (𝟏𝟔) 

The tangential component of the sleeve current density is 
then, 

𝑱𝝋(𝒛) = −
𝝎𝝈𝒄𝒔𝝁𝒐𝑹𝒔
𝒑𝒌𝒈𝒔

𝑨𝒔                                                                       

       ∙ (
𝒆𝒌𝒛 − 𝒆−𝒌𝒛

(𝒆𝒌𝒛𝒔 + 𝒆−𝒌𝒛𝒔) + 𝒌𝑾𝒓
\
∙ (𝒆𝒌𝒛𝒔 − 𝒆−𝒌𝒛𝒔)

) (𝟏𝟕) 

Also, the air gap flux density is: 

𝑩𝒓(𝒛) = 𝒋
𝝁𝒐𝑹𝒔
𝒑𝒈𝒔

𝑨𝒔 (𝟏 + ((𝒋
𝒕𝒄𝝎𝝈𝒄𝒔𝝁𝒐
𝒌𝟐𝒈𝒔

). 

(𝟏 − (
𝒆𝒌𝒛 + 𝒆−𝒌𝒛

(𝒆𝒌𝒛𝒔 + 𝒆−𝒌𝒛𝒔) + 𝒌𝑾𝒓
\
∙ (𝒆𝒌𝒛𝒔 − 𝒆−𝒌𝒛𝒔)

)))

)

 
 
 (𝟏𝟖) 

The air gap flux density and the sleeve-rotor current 
density are important quantities for all of the design 
procedures and their product is directly related to the 
developed power density. 
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Once, the axial rotor current density and the air gap flux 
density are known, then the tangential force per unit sleeve 
volume can be expressed as:  

 

𝒇𝝂𝝋 = −
𝟏

𝟐
𝑹𝒆 (�̂�𝒛

∗ ∙ �̂�𝒓)                               (𝟏𝟗) 

 

IV. CALCULATIONS AND RESULTS: 

The selected normal design data for the following 
computed curves are:  

f = 50 Hz, 𝒑 = 2.0, 2Zs = 8 cm, r = 3.75 cm, g = 0.2 mm,    

tc = 0.5 mm, c = 5 x 107 
1

Ω.m
, 𝑾𝒓 = 10 mm, 𝒕𝒓=2.5 mm. 

 
The axial distribution of the two sleeve current density 

components, the air gap flux density and the tangential force 
density are calculated and plotted in Figs. 4-7, with a rotor 
without sleeve-rings; i.e. 𝑾𝒓  and 𝒕𝒓 are equal to zero. 

The distributions are normalized by the following  base 
quantities; for the current density components (A𝑠/𝑡𝑐), for 
the air gap flux density (

𝑜
R𝑠𝐴𝑠/pg𝑠)  and for the force 

density(½ 
𝑜
R𝑠A𝑠

2/pg𝑠𝑡𝑐)which are suitable bases for the 
normalization. 

 
Fig. 4. Axial current density distribution without rings. 
Three families of curves are given for three different 

speeds to illustrate the effects of the sleeve-rotor armature 
reaction on the field distribution. The axial distributions 
without sleeve-rings are shown in those figures through the 
motor speed range. 

 
Fig. 5. 𝝋-current density distribution without rings. 

 

 
Fig. 6.  Radial flux density distribution without rings. 
 
At the middle of the sleeve-rotor, the axial component of 

the sleeve current density attains its maximum value, while 
the tangential component reduces to zero. The maximum 
value of the axial current density component increases with 
the increasing the slip. 

 

 
Fig. 7. Force density distribution without sleeve rings. 
The difference between the no load and full-load flux 

density is the immediate measure of the intensity of the rotor 
armature reaction. 

At full-load speed, the maximum force density occurs in 
the middle of the rotor sleeve with its contribution to the 
developed torque will be large. At the motor starting, the 
maximum force density appears near to the rotor edges and 
its effect on the starting toque will be weaker. 

Figures 8-11 show the computed axial distribution of 
sleeve current density components, air gap flux density and 
tangential force density but with sleeve-rings. 
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Fig. 8. Axial current density distribution with sleeve rings. 

 
Fig. 9. 𝝋-current density distribution with sleeve rings. 

 
Fig. 10. Radial flux density distribution with sleeve 

rings. 
As a result of sleeve rings, the field components have more 

flatted distributions than that of the previous case without 
sleeve rings. This is due to the current loops, which close 
their paths within the sleeve-rings instead of closing the eddy 

current loops through the main sleeve region. It is clear that 
the tangential component of the sleeve-current density is 
constant all over the ring width. 

It is obvious that, the contribution of the force density to 
the developed torque, will has an expected higher value. This 
will lead to a better characteristic performance for the motor 
with sleeve rings than that without sleeve-rings. 

 
Fig. 11. Force density distribution with sleeve rings. 
The torque density acting on the rotor sleeve can be 

obtained directly from the force density multiplied by the 
sleeve radius r as: 

𝑻𝒒𝝂 = 𝒇𝝂𝝋 ∙ 𝒓                                                   (𝟐𝟎) 
The total torque acting on the rotor can be obtained by 

integrating the torque density over the sleeve volume. The 
developed torque is then: 

𝑻𝒒 = 𝟐𝝅𝒓
𝟐 ∙ 𝒕𝒄 ∙ ∫ 𝒇𝝂𝝋 𝒅𝒛

𝒛𝒔

−𝒛𝒔

                       (𝟐𝟏) 

Figure 12, shows the computed torque-speed 
characteristics for two rotors, one without sleeve-rings and 
the other with sleeve-rings. The base value of the torque is 
taken as (4 𝒓𝟐𝑡𝑐𝑧𝑠) times the force density base. 

 
Fig. 12. Torque-speed characteristics with and without 

sleeve rings. 
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     The motor with sleeve-rings has an improved 
performance characteristic with higher developed torque 
through the operating range. As expected, this is due to the 
current loops which close their paths within the sleeve-ring 
region. It is evident that the current displacement 
phenomenon with respect to the axial direction takes place in 
the rotor conducting sheet. 

Some effects of the sleeve-rotor design data on the motor 
performance are demonstrated by comparing the 
characteristics of four sleeves for the considered motor. The 
different curves of Fig. 13, are obtained from the 
combinations of sleeves with normal design data as base and 
decreasing the sleeve thickness, the sleeve conductivity and 
decreasing the air gap length. 

 

 
Fig. 13. Torque speed characteristics for different 

sleeve design data, 𝒕𝒄 = 𝟎.𝟓 ∙ 𝒕𝒄𝒏 , 𝒈 = 𝟎. 𝟓 ∙ 𝒈𝒏 , 𝝈𝒄 = 𝟎.𝟒 ∙ 𝝈𝒄𝒏 . 
As shown in Fig.13, the thickness of the sleeve sheet 

affects the developed torque at normal operation with better 
starting conditions. The sleeve thickness is limited by 
predetermined maximum current density for avoiding the 
material heating.  

The aluminum sleeve with normal sleeve dimensions, 
gives higher starting torque than that of the copper sleeve. 
Decreasing the air-gap length provides a higher maximum 
torque. The mechanical consideration is only the constraint 
for using the shortest air gap length, which is the same limit 
for any cylindrical rotor machine. 

V. CONCLUSIONS: 

The model and analysis of the sleeve-rotor induction motor 
with rotor rings, using cylindrical coordinates restore the 
geometry of the machine. It is evident that the current 
displacement phenomenon with respect to the axial direction 
takes place in the sleeve conducting sheet. 

The sleeve rings improve the motor characteristics and 
increase the developed torque through the operating range. 

The predicated results show that it is better to design the 
rotor sleeve with thin sheet and shorter air gap, which allows 
considerable improvements in the motor performance with 
saving in the active materials. 
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