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Abstract: Rotor winding configurations have been 
proposed for induction type bearingless motors. 
Con ventional squirrel cage rotor windings can been 
seen as not only 4-pole path but also 2-pole path. 
Th us, a part of curren tin 2-pole radial force windings 
flows into the squirrel cage rotor windings, which 
results in decreased radial force and serious phase
lag. Two rotor windings are proposed, which can 
been seen as 4-pole winding only. Secondary 
resistances are calculated and compared with 
measured values. These values are sHghtly high if 
rotor-bars are the same diameters. The phase-lags of 
two proposed rotors are found to be significantly 
smaller than those of the conventional squirrel cage 
rotor. Successful high speed operations are realized 

1. Introduction 

High power and high speed electric machines 
are required for machine tools, turbo-molecular 
pumps, compact generators, and flywheels. Magnetic 
bearings have been employed in these applications 
[1]. However, magnetic bearings occupy considerably 
large area as well as a number of single phase 
inverters. 

Bearingless motors are high speed electric 
machines combined with magnetic bearing functions. 
The compactness of bearingless motors suggests the 
possibility of high power and high rotational speed 
motors. Induction machine ·· type bearingless motors 
have been studied in several countries [2-6]. A 
bearingless motor with 4-pole and 2-pole windings in 
stators is practical because these windings are 
differential to each other. 

If a squirrel cage· rotor of conventional 
induction motors is emplqyed in the beal;ingless 
motors, a serious phase-lag occurs in relationships 
between radial forceand:its winding current. A 
phase-lead compensation in radial position 
controllers was proposed to realize a stable levitation 
of squirrel cage induction motor [5]. However, it is 
also possible to realize a stable levitation by 
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modifying rotor circuits. When the 4-pole and 2-pole 
windings are used as motor and radial force windings, 
respectively, rotor circuits can be constructed to 
generate only 4-pole paths, so that the phase-lead 
compensation is unnecessary. Two rotor windings, 
which can be seen as only 4-pole windings, have been 
proposed by the authors [6] . A stable magnetic 
levitation has been reported. However, theoretical 
calculation of rotor resistances has not yet made clear. 
In addition, the fabricated rotors have been made of 
different diameters of rotor-bars, which have made 
comparisons difficult. 

In this paper, two proposed rotors as well as a 
conventional squirrel cage rotor are fabricated with 
the same diameters of rotor-bars for easy 
comparisons. In addition, secondary resistances seen 
at motor winding terminals have been theoretically 
calculated. The results of the calculation show a 
slight increase in motor secondary resistance. These 
results are confirmed in experiments. The 
effectiveness of proposed rotors is also confirmed in 
experiments measuring phase-delay angles. 

2. Influence of phase-lag 

Bearingless motor has 4-pole motol' windings 
and 2-pole radial force windings. Both 4-pole and 2-
pole three-phase windings are wound in a stator. As 
shown in Fig. 1 and Fig.2, two equivalent circuits can 
been drawn when a rotor is positioned at stator 
center. One is at 4-pole motor winding terminals and 
the other is at 2-pole radial force winding terminals. 
There is no mutual coupling between 4-pole and 2-
pole windings. Radial force is generated with an 
interaction of 4-pole and 2-pole fluxes. Thus, radial 
force is proportional to the currents Imm and 1mb of 
magnetizing inductances of 2-pole and 4-pole 
windings. Let us suppose that the field flux of motor 
is kept constant, i.e. , Imm= const., by motor controllers. 
This can be realized byfield oriented controllers. On 
the other hand, it is very difficult to regulate 1mb 
because several frequency components are injected 
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into radial force wincling terminals to· realize stable 
levitation. One of these has the same frequency of 
motor wincling currents to keep a balance with 
gravity force. In this case, the slip Sb shown in Fig.2 
is about 50 percents because the exciting frequency of 
4-pole motor win clings is equal to that of 2-pole radial 
force windings. If secondary resistance R2b of 2-pole 
radial force winclings is low as squirrel cage winclings, 
a part of line current 12. in the 2-pole radial force 
winclings flows into the secondary circuit. Then, a 
transfer function ImblI2s results in a phase-lag 
function. Moreover, the transfer function depends on 
the frequency of injected current at radial force 
wincling terminals, because the slip Sb is determined 
by the injected current frequency and rotor rotational 
speeds. The phase-lead compensation proposed in [5] 
was designed only for static force compensation, but 
not for other frequency components. This phase-lead 
compensator was found to be effective to a test 
machine with squirrel cage rotor, experimentally. 
However, in the principles, the compensator should 
be constructed for all frequency components 
depencling on rotor rotational speeds. It is also noted 
that phase-lead compensation results in high gain 
and noisy signal conditions. 

Fig.3 explains a problem in static force 
generation. Suppose gravity force F is applied to the 
shaft. Then, negative feedback loops automatically 
detect radial displacements and generate radial force 
command F /3 * as shown. The generated F (3 * in 
controllers has the same amplitude and is oriented to 
the fJ -axis. This is true only at zero rotational speed 
in the case of squirrel cage rotors. As the speed 
increases, the radial force command F * is 
automatically generated, which amplitude is 
increased and direction is oriented in delay-angle of 
¢m. This fact can be explained that the negative 
feedback loops are automatically compensating a 
phase-lag angle caused in bearingless motors. The 
phase-lag angle ¢m and the amplitude F* increase 
as the rotational speed increases. Despite of the 
effects of negative feedback loops, the phase-lag in 
bearingless motors results in the decrease of phase 
margin of radial position control loop, which finally 
results in instability. In order to avoid these problems, 
it is very preferable to make the rotor circuit 
resistance llib of 2-pole radial force winclings as high 
as possible. This can be achieved by wound rotors of 
induction motors. 

3. Structure of proposed rotor windings 

Fig.4 shows three rotor. circuits for I6-s10t 
rotors and the dimensions of secondary conductors. 
Fig4(a) shows a conventional squirrel cage rotor of 
typical induction motors. Fig4(b) shows one short 
circuit path of 2-phase rotor. Fig4(c) shows one short 
circuit for 4-phase rotor. The short circuit paths of 

proposed rotors are connected so that only 4-pole 
circuits are constructed. 

The rotor in Fig.4(c) is ideal, however, it ~ 
rather complicated to construct 4 coil-end conductors. 
As 4 layers of coil-end conductors are constructed, the 
length of rotor-bars must be increased. Thus, rotor 
resistance R2m seen at motor terminals increases. 

The rotor in Fig.4(b) is mechanically simple 
with less coil-end conductors compared with one in 
Fig.4(c). However, a part of rotor shown in Fig.4(b) 
can be seen as squirrel cage. Thus, a few amount of 
current in 2-pole radial force winclings flow into rotor 
winclings. This fact results in low resistance in R2b 
compared with the rotor in Fig.4(c). It is also 
understood that R2m is increased compared with the 
squirrel cage rotor because the length of rotor-bars 
must be increased. 

4-pole motor L 
winding terminals mm 

Fig. 1 Equivalent circuit of 4-pole motor winclings 

I RIb 
2s 

2-pole radial force 
winding terminals 

Fig.2 Equivalent circuit of 2-pole radial force 
winclings 

[3 

F ~ ______ F {3 * 

F 

Fig.3 Influence of phase-lag 



(a) Squirrel cage rotor 

(b) Rotor 1 (c) Rotor2 

Fig.4 Structure of rotor windings 

Nv4 

Nw4 

NV4 Nw4 

(a)Stator iron and windings 

(b )Rotor iron 

Fig.5 Dimension of stator and rotor 
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4. Calculation of secondary resistances 

4.1 Dimensions 

Fig.5(a) shows the dimension of stator core 
and windings distribution. The inside diameter of 
stator is 49mm. The outside diameter of stator is 
90mm. Both 4-pole motor windings and 2-pole radial 
force windings are concentratedly wound with ¢ 

O.6mm copper wires. The number of turns in 4~pole 
motor and 2-pole radial force windings for one phase 
Nu4 and Nu2 are 48 turns and 36 turns per one slot, 
respectively. Fig.5(b) shows the dimension of rotor 
iron core. The diameter of rotor is 48.2mm. The stack 
length is 30.8mm. The length of air gap is O.4mm, 
when the rotor is centered. 

Fig.4 also shows the dimensions of secondary 
conductors of three rotors. The diameter of rotor-bars 
is 3.6mm for all three rotors. The cross section area 
At, of a rotor-bar is 1O.2mm2. The cross section area Ae 
of end-ring of squirrel cage rotor was designed to be 
wide enough, i.e., 79.3 mm2. The cross section area Ae 
of coil-end of rotor 1 is also wide enough, i.e., 54.0mm2. 
The cross section area Ae of coil-end of rotor2 is 35.4 
mm2. The all coil-end conductors are designed to be 
wide enough, so that the secondary resistances are 
decreased. The lengths Lb of rotor-bar of squirrel cage 
rotor, rotorl and rotor2 are 42.8mm, 57.5mm and 
68.0mm, respectively. It is seen that thick coil-end 
conductors result in long rotor-bars. Thus, values of 
R2m increase as the lengths of rotor-bars are 
increased. The circular length Le of end-ring of 
squirrel cage rotor is 133.2mm. The circular length Le 
of coil-end ofrotorl and rotor2 are 23.6mm. 

4.2 Calculations of secondary resistances 

In this section, the secondary resistances R2m 
of 4-pole motor windings are calculated theoretically. 
The relationships between secondary resistances and 
physical dimensions and connections of rotor-bars are 
made clear. Some basic assumptions are employed. 
Iron loss resistance RIm and leakage inductance Rm 
are ignored. Fig.6(a) shows ideal transformer. The 
power factor is cose, thus, II cose indicates a real 

. power current component. The nl and n2 are 
number of turns in primary and secondary windings. 
A basic relationship is, 

nlI I cose = n2I2 

This equation shows that mmfs are the same at both 
terminals. Suppose that N 1 is a number of series 
conductors per one slot in a stator, i.e., 48T. Two slots 
are used for one phase of 4-pole windings. In addition, 
(3/2) times of mmf is generated with 3-phase 
windings. Thus, mmf of primary windings is, 

(1) 
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Fig.7 shows the distribution of current that flows in 
secondary conductor. The sinusoidal current 
distribution is assumed. Let us define the pole pitch 
T, i.e., 2nR 14, where R is rotor radius. Let also 
define the rms current of rotor-bars as lb. The 
instantaneous current value i at the position x is 
written as, 

i == fi1b sin(~x) 
1: 

Fig.8 shows that current flows in several rotors. The 
symmetrical current distribution suggests that the 
current in the rotor-bar 8 is equal to that in the 
rotor-bar 11. In the same manner, rotor-bars 9 and 10 
carry the same value in current. Thus, mmf 
generated by rotor current is obtained by twice of an 
integral of a half pole pitch, i.e., 

I 1 iT
/
2 N 2 . n I 12 = 1-.- -Ib sm( -x)dx x 2 

11:1 2 0 P 1: 
(2) 

where, N2 is a number of rotor-bars, i.e., 16. The Nip 
indicates a number of rotor conductors in the pole 
pitch, i.e., 4. Executing the integration, 

Nolb 
12 =---x 2 

4n 
As the transformer in Fig.6 is ideal, the mmf of the 
priinary side is equal to that of secondary side as, 

3 N2h 2NIII cose x -- = --- x 2 (3) 
2 4n 

lb is derived from (3) as, 

h = NJIJ case x 6n (4) 
N2 

As shown in Fig.8, lb seems to be distributed 
in three rotors, but the current path of secondary 
conductor is different. Thus, the copper loss W in 
secondary conductors should be calculated in each 
rotor. 

(a)Squirrel cage rotor 
The current of squirrel cage rotor flows as 

shown in Fig.8(a). The peak current of end-ring filr 

is a half of sum of current of pole pitch T as 

r- Ii I 1T/2 N r;; n I ,,2Ir = -- __ 2 ,,2h sine -x)dx 
1/20 P 1: 

(5) 

Executing an integration, Ir is, 

Ir = N2Ib (6) 
pn 

Resistance is proportional to length of conductor and 
inversely proportional to cross section area of 
conductor. The conductivity of copper is 0.021 
[mQ·mm2/mm] at 75°C. Suppose the length and 
cross section area of rotor-bars and end-rings are Lb, 
fu, Le, and Ae, respectively. These values in test 
machines are summarized in Table. L Then, a rotor
bar resistance Rb and an end-ring resistance Re are, 

Lb Le (8\ Rb ==0.021x- (7) R, =O.021x- ~ 
Ab Ae 

Secondary conductors. in squirrel cage rotor consist of 
16 rotor-bars and 2 end-ring conductors. Thus, the 
copper loss W in secondary conductor is shown as, 

W = 16RbI~ + 2ReI; (9) 

Substituting (6) yields, 

2 ReN~ 
W = 21b (SR b +-2-2-) (10) 

p n 
On the contrary, W can be expressed from Fig.6(b), 
neglecting Rim, fm and Rmm as, 

W == 3 X R2m (II cose)2 (11) 

Substituting (4) into (10), and equating (10) and (11), 
R2m is derived as, 

R - 24n 2Nf 8R RcNl (12) 
2m - 2 ( b + J 2) 

N z p-n 

Substituting NI=48, N2=16, p=4 and resistances in 
Table. 1, R2m is, 

R2m == 150 + 0.12 

=1620 
Note that R2 is composed of rotor-bar resistance 
1500 and end-ring resistance 0.120. The rotor-bar 
resistances is predominant. 

(b)Rotorl 
The current of rotor! flows as shown in 

Fig.8(b). The current of coil-end conductors is about 
two times as much as lb. Conductor dimensions and 
resistances are summarized in Table. L Secondary 
conductors in rotor! consist of 16 rotor-bars and 8 
coil-end conductors. Thus,W is, 

W = 16RbI~ +8Re(2h)2 
(13) 

= 16RbI~ +32ReI~ 
Substituting (4) into (13), and equating it with (11), 
then R2m is derived as, 

192n2N[ 
Rzm = . Z (Rb + 2Re) 

Nz 
R2m is derived from (14) as, 

R Zm = 2.01+031 

=2320 

(14) 

The resistances ill rotor-bars and coil-end 
conductor are 2.0m and OJ 10 respectively. A 
slight increase in R2m is seen compared with 
squirrel cage rotDr. The rotor-bar resistance 2.010 
is mainly caused by increased length Lb of rotor
bars. 

(c)Rotor2 
The current of rotor2 flows as shown in 

Fig.S(c). The length of rotor-bar Lb and coil-end Le as 
well as cross section area of conductors are 
summarized in Table. L Secondary conductors in 
rotor2 consist of 16 rotor·bars and 16 end-ring 



conductors. Thus, W is written as, 
W = 16RbI~ + 16ReI~ (15) 

Substituting (4) into (15) and equating it with (13), 
then R2m is derived as, 

1921C2N~ 
R 2m = 2 (Rb+Re) (16) 

N2 
R2m is derived from (16) as, 

R 2m = 2.39 + 0.24 

=2.630 
The resistances in rotor-bars and coil-ends are 
2.390 and 0.240 respectively. Again, a slight 
increase in R2m is seen. It is also noted that rotor
bar resistance is predominant. Thus, an increase 
in rotor-bar length b results in an increase in R2m. 
An increase in rotor-bar length is unavoidable in 
rotor1 and rotor2. However, if thickness of coil-end 
conductors is decreased, the rotor-bar length can 
be decreased. Thus, it is true that an optimization 
of coil-end conductor thickness realizes a decrease 
in R2m. It is also effective to reduce R2m by 
increasing a diameter of rotor-bars. 

Stator Ideal 
Transformer 

(a)Ideal transformer 

Rotor 

Rzm 

(b)Without transformer 
Fig.6 Equivalent circuit of induction motor 

Table. 1 Dimensions of Secondary conductor 
Squirrel Rotori Rotor2 

Cage 2-phase 4-phase 

4Cmm) 42 .8 57.5 . 68.0 

AbCmm2) 10:2 10.2 10.2 

RbCmQ) 0.088 0.118 0.140 

L.Cmm) 79.3 23.6 23.6 

~Cmm2) 133.2 54.0 35.4 
Re(mQ) 0:035 0:009 0.014 

R2mCQ) 1.62 2.31 2.63 
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Table. 2 Parameter of equivq.lent circuit 
R1m(Q) RmCmH) LmmCmH) Rmm(Q) 

4-pole 2.64 3.56 27. 16 121.28 

R1bCQ) RbCmH) Lmb(mH) RmbCQ) 

2-pole 3.26 2 .61 53.62 176.76 

x 
o 

Fig.7 Current distribution in rotor-bars 

/' 
Ir lb 

I ' 

t- -I I-~ ~ ,- -.. 1- -... 

] 0 [f:OiOO Oi[ffO 0 OfO!O 0 Oi~[ 
,-_J ,-_I '-_) ~ 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

! 
slot number (a) Squirrel cage rotor 

(b)Rotorl 

,~~ Iii Iii 
(c) Rotor 2 

Fig.8 Current distribution in secondary conductor 

5. ~easureDlents 

5. 1 Secondary resistances 

In the previous section, the secondary 
resistances R2m are theoretically derived. These R2m 
are measured in this section to confirm the above 
calculation. In addition, the resistances R2b are also 
measured. Higher is better in resistances R2b. Thus, 
it is not possible to measure reEiistances R2m by 
conventional locked rotor tests.. Thus, primary 
winding resistances RIm, RIb and leakage inductances 
em, eb are measured, without rotor iron. Then, a rotor 
iron without windings is ,inserted in a stator. 
Magnetizing inductances Lrriin,Lmb and iron loss 
resistances Rmm, Rmb are measured. Table.2 shows 
these measured parameters of equivalent circuits. It 
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is noted that magnetizing inductances Lnm and Lmb 
are significantly depending on exciting current level. 
About ±10% variations in these inductances are seen 
at line current of 0-2A This fact makes it difficult to 
determine fub. 

In order to consider the variations in Lmb and 
Lmm, theoretical values in power and voltage in 
locked rotor tests were calculated as functions of fum 
and R2b. Fig.9 shows power and voltage variations of 
4-pole motor windings terminals at unity current in 
locked rotor test. Fig. 10 shows these variations of 2-
pole radial force winding terminals. The ±10% 
variations are considered by the dotted lines. Table.3 
shows the results of locked rotor tests. Based on the 
results of these locked tests, R2m and R2b are 
estimated using Fig.9 and Fig. 10. For example, 
voltage and power are 16.24V and 8.33W in rotor1 at 
2-pole winding terminals, respectively. These lines 
are drawn as shown in Fig. 10. Considering the 
maximum variation of ±10% in Lmb, the fub is 
estimated to be 50 Q. 

Table.4 summarizes the measured values of 
secondary resistances. The secondary resistance R2b 
of 2-pole motor windings of rotor2 is very high, so 
that h does not flow into secondary circuit. Rotor2 is 
ideal in radial force generation. The secondary 
resistance R2b of rotor1 is lower than that of rotor2. 
Thus, a few current of 2-pole radial force winding 
current flows into secondary resistance. In the case of 
squirrel cage winding, R2b is as small as R2m. Thus, 
serious problems occur in radial position control 
loops. 

As for R2m, the least resistance is realized in a 
squirrel cage rotor, however, slight increases can be 
seen in rotor 1 and rotor2. The calculated values are 
not exactly corresponding to measured values 
because simplified calculation. However, the 
following correspondence is seen. The R2m increases 
in squirrel cage rotor, rotor1 and rotor2. The values 
of rotor1 and rotor2 are increased 140-150% and 
160-190% of that in squirrel cage rotor. 

Table.3 Locked rotor tests 

Excited Rotor Current Voltage Power 

Windings Type (A) (V) (W) 

4-pole (a) Squirrel Cage 1.000 4.70 4.13 

4-pole (b)Rotor1 1.001 5.50 4.71 

4-pole (c)Rotor2 1.003 5.93 5.06 

4-pole No Windings 1.003 10.18 3.26 

2-pole (a) Squirrel Cage 1.000 4.89 4.61 

2-pole (b)Rotor1 1.001 16.24 8.33 

2-pole (c)Rotor2 1.000 17.95 4.80 

2-pole No Windings 1.002 18.23 4.87 
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" 
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0.1 I/, t '10 100 

Squirrel cage Rotorl Rotor2 
R2m( 0 ) 

Fig.9 Power and voltage variations of 4-pole motor 
windings terminals at one ampere 
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Fig. 10 Power and voltage variations of 2-pole radial 
force winding terminals at one ampere 

Table.4 Secondary resistance 
Rotor Type R2m(n) R2b(n) 

(a) Squirrel Cage 1.95 1.50 

(b)Rotorl 2.95 50 

(c)Rotor2 3.60 2000 



5.2 Radial force 
Fig.ll shows the calculated curves and the 

measured values in transfer characteristics between 
radial force and radial force winding current. The 
phase-lag angle can be calculated for static force from 
Fig.2, assuming that OJ is rotor rotational speed, as, 

1 

1mb j2roLmb 
=--------~---=~--~----
III 1 2s ___ + __ + _-----,-______ _ 

j2roLmb Rmb R2b ISb + j2ro£ b 
The slip Sb is almost equal to 0.5 for static force for 
example, gravity force. The parameters are measured 
as summarized in Table.2 and Table.4. The 
measurements of phase-delay angle are done as 
explained in Fig. 3. The rPm is measured in controller 
while applying static radial force to a shaft of a test 
machine. As shown in Fig. 11, the phase-lag angle of 
squirrel cage rotor is 48 degrees at 5rps. Thus, the 
phase margin of radial position control loop becomes 
zero, then, it is not possible to levitate more than 
5.46rps. If the rotor is forced to rotate, the shaft 
touches down with an emergency bearing. The 
phase-lag of rotor 1 is 19 degrees at 60rps. The phase
lag of rotor 1 is smaller than that of squirrel cage rotor. 
The phase-lag of rotor2 is only 3 degrees at 60rps. 
The phase-lags are found to be decreased with 
proposed rotors. Thus, it is found that these rotors 
can operate more than 5rps, i.e., a limited speed of 
squirrel cage rotor. The maximum rotational speed of 
60rps(3600rpm) is mainly determined by safety 
reasons. It is seen that the measured values have 
discrepancy with the calculated curves over 25rps. 
The reason is that parameters of equivalent circuits 
have changed as the frequency is increased. 

-.-20 
Ol 
Q) 

::g. 
~ -40 
~ 
c.. -60 

c 

:: ::::: a: ...... , . 
~O~~--------~~~~~~~~~~ 

10 10° 101 102 

Rotational Speed (rps) 

a ,* : Squirrel cage rotor 
b, + : Rotorl 
c ,0: Rotor2 

Fig. 11 Phase-lag angle 
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6. Conclusion 

Two proposed rotors and a conventional 
squirrel cage rotor have been constructed. Secondary 
resistances R2m of 4-pole motor winding terminals 
have been theoretically calculated and compared 
with measured values. The resistance is slightly 
increased with proposed winding configuration 
because of increased length of rotor-bars. However, 
radial force is effectively produced with few phase
delay angles. Stable levitation is realized with 
proposed rotor configuration. 
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