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Abstract—The circulating bearing current depends on the
common mode stator ground current and the stator laminated
core impedance, but also on the bearing impedances and on the
rotor impedance of the circulating bearing current path. In the
literature, the rotor impedance was neglected, or it was
considered as a small air gap and end-winding cavity
inductance. It is shown here by calculation and measurement
that the rotor impedance is not negligible, and it is much larger
than the air gap and end-winding cavity inductance. Moreover,
it is shown that the circulating bearing currents can be
mitigated, if the rotor impedance is increased by at least ten
times the stator impedance. For increasing the rotor impedance,
nanocrystalline magnetic materials are added on the machine
shaft. The circulating bearing currents are measured for a
standard 110 kW machine and for the same machine with the
increased rotor impedance.

I.

INTRODUCTION

The high-frequency circulating bearing currents, apart
from the rotor ground currents via the bearings, are
considered to be the most destructive currents for the
bearings of the large inverter-fed AC machines [1]-[4]. The
source of the circulating bearing current is the common
mode current icom, which flows through the stator lamination
yoke and excites the common mode flux com in the stator
yoke (Fig. 1a). The flux com induces the voltage vSH along
the shaft that may surpass the insulating properties of the
bearing lubricants and causes the circulating bearing current
ib in the loop “stator yoke – drive-end (DE) bearing & end
shield – rotor shaft – non-drive-end (NDE) bearing & end
shield - stator yoke” (Fig. 1b). Due to the skin effect, the
circulating bearing current flows in the stator yoke at the
surface of each sheet of lamination. In the rotor it flows at
the outer surface, where a conductive path at the adjacent
lamination sheets exists because of the resurfacing process of
the cage rotor for adjusting the small air gap [4]. The stator
and rotor laminated cores introduce their impedances on the
circulating bearing current path, which depend on the
machine size and the manufacturing process. The circulating
bearing current varies not only with the stator and rotor
impedances, but also with the bearing load, bearing
temperature and speed, and therefore, with the bearing
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impedance. When the circulating bearing current flows
inside the machine, the bearings may be electrically
represented as small resistances, in general less than a few
ohms, which depend on the bearing lubricant properties at
the contact surfaces between the roller elements and the
bearing race [2].
The rotor impedance was neglected in the literature or it
was considered as a small air gap and end-winding cavity
inductance [4] – [6]. In this paper, it is shown that for the
standard cage induction machines, the rotor impedance is not
negligible and may be equal to the stator impedance.
Moreover, it is shown that the circulating bearing currents
can be mitigated, if the rotor impedance is increased. For
that, a magnetic nanocrystalline ring with high impedance at
high frequency is mounted around the machine shaft at the
NDE side. The effectiveness of the magnetic shaft ring is
proved by measuring the circulating bearing current for a
standard four-pole 110 kW induction cage machine and for
the same machine with the increased rotor impedance.
According to our knowledge, results of this kind of bearing
current mitigation method have not been presented yet in the
literature.

a)

b)
Figure 1. a) – The common mode current icom, the common mode flux
com and the shaft voltage vSH, b) – The path of the circulating bearing
current ib in inverter-fed AC machines.

II. MEASUREMENTS OF CIRCULATING BEARING
CURRENTS AND COMMON MODE CURRENTS
The common mode currents and the circulating bearing
currents are measured for three inverter-fed four-pole cage
induction machines of 110 kW and 240 kW with the data of
Table I. The measurement setup is presented in Fig. 2. The
common mode stator ground current was measured with a
current probe, which was directly connected on the
protective earth conductor. Additional paths of the common
mode currents to the ground were prevented by insulating
the machine frame from the ground. For measuring the
circulating bearing current, an insulating layer and a bypass
conductor loop were prepared at the machine end-shields
(Fig. 3). For assessing the outer bearing temperature, a
temperature sensor was mounted at the inner end-shield
surface. The circulating bearing current was measured on
the bypass conductor with a current probe with the
maximum admissible frequency of 50 MHz. The 110 kW
machines M1 (single layer winding) and M2 (double layer
winding) are equipped with standard bearings type 6316 C3.

The 240 kW machine M3 (double layer winding) is
equipped with insulated oxide layer bearings, type NU228C3 at DE and 6316-C4 at NDE. For this machine bypass
conductors were mounted between the stator frame and the
outer bearing races to bridge the oxide layer insulation.
Fig. 4, 5 and 6 show the measured common mode and
circulating bearing current for the three machines of Table I.
Generally, the circulating bearing current ib follows the
common mode current icom waveform. In the worst case
(Fig. 4), the ratio between the circulating bearing current
amplitude iˆb and the common mode current amplitude iˆcom
is iˆb iˆcom  0.9 . This is almost twice larger than the typical
values of the bearing current ratio of the induction cage
machines: iˆ iˆ  0.5, as they were measured in [4].
b

com

TABLE I. DATA OF THE TESTED 4-POLE CAGE INDUCTION MACHINES

Fe

Machines

PN
kW

Nlam
-

dse
m

dsi
m

hs
mm

MS/m

M1

110

620

0.460

0.295

35.0

2.8

M2

110

690

0.465

0.295

39.75

3.3

M3

240

522

0.490

0.310

28.6

2.6

(Nlam is the number of lamination sheets, dse is the stator outer diameter, dsi
is the stator inner diameter, hs is the stator slot height and Fe is the iron
conductivity)

Figure 4. Measured common mode current icom and circulating bearing
current at the NDE bearing ibNDE and the DE bearing ibDE for the 110 kW
machine M1, fed by a PWM voltage inverter (5 m cable, 560 V DC link
voltage, 5 kHz switching frequency), operating at 45 rpm and 60°C bearing
temperature.

Figure 2. Measurement setup for the common mode and circulating
bearing currents.
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Figure 3. Preparing the motor end-shields for measuring the circulating
bearing currents.

Figure 5. As Fig. 4, but 110 kW machine M2, showing only the common
mode current icom and the circulating bearing current ibNDE at the NDE
bearing.

Figure 7. An equivalent transformer model for calculating the circulating
bearing current, using the common mode voltage as an input source.
Figure 6. Measured common mode current icom and circulating bearing
current ibDE at the DE bearing for the 240 kW machine M3 fed by a PWM
voltage inverter (2 m cable, 560 V DC link voltage, 4 kHz switching
frequency), operating at 300 rpm and 40°C bearing temperature.

At the same bearing temperature and speed, the tested
machines M1 and M2 of Table I of different manufacturers
with similar iron core volumes, show similar common mode
current amplitudes, but very different bearing current
amplitudes. The largest bearing current amplitude was
measured for the 110 kW machine M1, which as a
difference to the other two tested machines, shows the
shorter decay time and the largest oscillation frequency of
the common mode current fosc  1.7 MHz. The smallest
bearing current amplitude was measured for the 240 kW
machine, which has the longest decay time and the smallest
oscillation frequency of the common mode current
fosc  200 kHz. The decay time and the oscillation frequency
of the common mode current, and of the bearing current as
well, depend on the travelling wave effects in the machine
winding, thus on the winding configuration. The single layer
winding 110 kW machine M1 shows the largest oscillation
frequency of the common mode current and therefore the
largest induced shaft voltage and the largest bearing current
amplitude.
III.

EQUIVALENT CIRCUIT REPRESENTATION

A. Voltage and Current Transformer Models
In order to calculate the circulating bearing current,
equivalent eddy-current models, considering the common
mode voltage Ucom or the common mode current Icom as
sinusoidal input sources were used in [4] - [6]. At
frequencies of 10 kHz … 100 kHz, the impedances of the
insulating capacitances between the stator winding and each
lamination sheet CWS N lam are dominating on the common
mode current path (Fig. 7). It can be therefore assumed that
the common mode current Icom is distributed linear along the
iron core axis and flows in “zigzag” to the ground, through
the stator “ground” impedance Z Fe,g . In [4], [5] the stator
ground impedance Z Fe,g was considered as half part
(kd = 0.5) of the stator laminated core impedance Z Fe,b :

Z Fe,g  RFe,g  j    LFe,g  kd  Z Fe,b
Z Fe,b  RFe,b  j  LFe,b

.

(1)

Figure 8. An equivalent transformer model for calculating the circulating
bearing current, using the common mode current as an input source. The
measurement setup is taken into account by the wire conductor loop
resistance and inductance Rc and Lc and the insulating layer capacitances at
the DE and NDE bearings Cins NDE and Cins DE.

Figure 9. Measured wire conductor loop inductance Lc and resistance Rc.

If the stator resistance RFe,b and the inductance LFe,b are
rewritten as:
RFe, b  RFe, g  1  kd   RFe, b  RFe, g kd ,
LFe, b  LFe, g  1  kd   LFe, b  LFe, g kd ,

(2)

the simple current transformer model of Fig. 8 is obtained.
Via the inductive coupling, the common mode current Icom
causes the circulating bearing current Ib that flows through
the stator impedance Z Fe,b , the rotor impedance

Z r, b  Rr, b  j  Lr, b

(3)

and the bearing impedances Z b . In Fig. 7 and 8, the bearing
impedances are represented at the DE and NDE by the
resistances RbDE and RbNDE. In [5], the rotor impedance Z r,b
was considered together with the bearing impedance
Z b  Z r,b  Z b , and in [4] it was considered as a small
inductance of the air gap and end-winding cavity
Z r,b  j  Lair .

Ib 

Z Fe, g Z Fe, b
Z Fe, b  Z r, b
Z Fe, b

Z
R  RbNDE
 bDE
 m
Z Fe, b
Z Fe, b

 I com. (5)

The internal impedances of the end-shields and of the stator
frame are much smaller than the stator core impedance
Z Fe, b , and therefore, they are neglected in (5).

Figure 10. The modulus and the phase of the measurement setup
impedance Zm and the copper loop impedance Zc.

a)

b)

Figure 11. a) - Equipotential magnetic flux lines of the magnetic field at an
excitation of 25 kHz, corresponding to an equivalent circulating bearing
current distribution, b) – circulating bearing current Ib flow and the
resulting flux b, according to the circulating bearing current theory [4]-[6].

The circulating bearing current is measured via the
copper wire conductor loop (Fig. 3). It is represented in
Fig. 8 by the resistance Rc and the inductance Lc. Due to the
preparing process of the insulating layer, the insulating
capacitances at the DE and NDE bearing end-shields may be
slightly different. As an example, they are measured for the
110 kW machine M2 of Table I: CinsDE = 5.6 nF and
CinsNDE = 4.8 nF. The measurement setup impedance of the
circulating bearing current path is given as:
Zm 

Zc
Zc

1  j  CinsDE  Z c 1  j  CinsNDE  Z c

B. Equivalent Circuit Parameters
1) Stator impedance: Due to the skin effect at higher
frequencies (> 10 kHz), the circulating bearing current
flows in the stator laminated core at the surface of each
lamination sheet. The approach is proven here by solving
the field problem for three laminations of the 240 kW
machine M3, with the thickness of each lamination of
bsh = 0.65 mm, ideally connected to the frame. At an
excitation of 25 kHz, the equipotential flux lines of Fig. 11a
are calculated by FEM (finite element methods,
FEMM program). They correspond to an equivalent
sinusoidal circulating bearing current of 25 kHz, which
flows in the stator yoke at the lamination surfaces and
prduces a flux b (Fig. 11b), that opposes to the common
mode flux. For the field calculation of Fig. 11a, the
conductivity of the lamination sheets was taken from the
manufacturer data Fe = 2.6 MS/m, and the permeability
was
chosen
Fe = r · 0 = 1000 0. The relative
permeability r = 1000 is an “incremental” average relative
permeability, that validated the circulating bearing current
theory [4] - [8]. At frequencies of 10 kHz … 1 MHz, the
stator lamination impedance of the circulating bearing
current path Z Fe, b is calculated analytically for the Nlam
laminations of the stator yoke [9]:
RFe, b 
LFe, b 

(4)

Z c  Rc  j  Lc

The insulating layer capacitances and the bypass conductor
inductances cause a resonance frequency of fres  7.5 MHz
and cause the increasing impedance Z m  Z m around the
resonance frequency (Fig. 10). When the frequency of the
circulating bearing current waveform, nearly the same with
the frequency of the common mode current waveform fosc, is
much smaller than the resonance frequency of the
measurement setup, the insulating layer capacitances may
be neglected in the equivalent model. Otherwise they affect
the measurements, and the insulating layer must be
redesigned. Considering the measurement setup impedance
Zm, the circulating bearing current is calculated from the
current transformer model of Fig. 8:

Ptot
Ib

2

RFe, b





 d se

N lam 1
,

 ln
   Fe  Fe  d si  2  hs 





Fe
d se
 , (7)
  Fe  N lam  ln

2
 d si  2  hs 

(6)

where the resistance RFe,b represents the total resistive
losses Ptot , caused by a sinusoidal circulating bearing
current that flows in the stator lamination core,  Fe is the
penetration depth in the iron sheet,  Fe is the iron
conductivity,  Fe is the iron permeability, hs is the height
of a stator slot, and dse and dsi are the stator outer and inner
diameters. At frequencies lower than 10 kHz, the inductance
LFe, b has to be calculated using the complex permeability:
tanh 1  j   bsh 2 Fe 
,
1  j  bsh 2 Fe
 d se


 ,
 0  Re  r  lFe  k Fe  ln

2
 d si  2  hs 

 r  r 

LFe, b

 

(8)

 

where kFe is the fill factor of the laminated iron core. At
frequencies larger than 10 kHz, due to Re   r   Fe bsh ,
r

(7) and (8) give the same results. In order to consider the
influence of the axial ventilation ducts, the complex
permeability of (8) can be used in the 2D finite element
models [10].
The stator inductance LFe,b and the resistance RFe,b can be
measured with an RLC-meter (Fig. 12a). The cable
impedance needs to be separately measured and extracted
from the total measured impedance of the stator laminated
stack and cable. Then, the calculated and measured stator
impedances can be compared. For a 1.5 kW 4-pole machine
stator core (dse = 147 mm, dsi = 90 mm, hs = 15.2 mm,
lFe = 70 mm and bsh = 0.6 mm), at a conductivity of
Fe = 3.3 MS/m, taken from the manufacturer data of the
lamination sheets, the measured and calculated stator
inductances are fitting well for a relative permeability of
r = 270 (Fig. 13a, curve 3). The calculated stator
resistances RFe,b  LFe,b are also fitting well with the
measured resistances (Fig. 13b).
2) Rotor impedance: The rotor impedance of the
circulating bearing current path appears as a difference of
the measured impedances in the conditions of Fig. 12a and
Fig. 12b. Fig. 12a allows measurements of the stator
impedance, and Fig. 12b allows measurements of the stator and
rotor impedance. For the measurements of Fig. 12b, the rotor
was introduced inside the stator bore and separated by two
small separators at the two stator-ends. Fig. 13a and b
(curve 4) show the measured inductances and resistances of
the stator and rotor, according to Fig. 12b. They are almost
twice larger than the measured stator inductances and
resistances of Fig. 12a. In this case, the rotor impedance
equals the stator impedance, and we get:

Lr,b
LFe,b



Rr,b
RFe,b



Z r,b
Z Fe,b

the air gap zone, framed by the rotor outer diameter dre and
the stator inner diameter dsi, and b) – the end-winding cavity
zone, framed by the rotor inner diameter dri and the stator
outer diameter dse (Fig. 14):

Lair  Lair,a  Lair,b 

d 
 d 
0 
 lFe  ln si   lb  lFe   ln se  , (10)
d 
d
2 
 ri 
 re 

where lFe is the iron core length, and lb is the distance
between the two machine bearings. Since dsi  dre, the
inductance of the air gap Lair,a is nearly zero and can be
neglected, thus Lair  Lair,b. The calculated air gap inductance
for the 1.5 kW machine is Lair = 0.03 µH and for the 240 kW
machine M3 is Lair = 0.1 µH. The end-shields have only a
small influence on the rotor impedance, and therefore they
can be also neglected.

a)

b)

Figure 12. Measurements of a) – stator inductance and b) - stator and rotor
inductance.

a)

1

(9)

Due to the skin effect in the iron core lamination, the stator
inductance and the rotor inductance of the circulating
bearing current paths are not mutually coupled, and
therefore, they are separately represented in Fig. 8. The
manufacturing process of the stator and rotor, the rotor
surface tooling to adjust the air gap width, the punching of
the lamination sheets with a partial conductive bridging of
adjacent iron sheets and the cooling ducts determine a
complicated path of the high frequency circulating current
and of the high frequency magnetic field in the machine.
Thus, the rotor and stator impedances can be only roughly
estimated. Furthermore, the shape of the stator slots may
have a considerable influence on the rotor impedance. Some
improvements in the calculation of the rotor impedance at
frequencies larger than 1 MHz are obtained, if the air gap
and end-winding cavity inductances are included. The
inductance of the air gap and end-winding cavity Lair was
calculated in [4] from the formula of two series inductances
Lair,a and Lair,b of two coaxial conductors, representing: a) –

b)
Figure 13. Inductances (a) and resistances (b): 1) – measured according to
Fig. 12a, 2) - calculated with eq. (6) and (7), respectively, 3) - calculated
with eq. (8), and 4) - measured according to Fig. 12b.

Figure 14. Inductance of the air gap and end-winding cavity.

The rotor and stator inductances increase with an
increasing machine size (Fig. 15). In Fig. 15 the measured
inductances are given for the 1.5 kW machine of Fig. 13
and for the 240 kW machine M3 of Table III. For each
machine, the rotor was separated from the stator by
insulated bearings, and the measurements of the rotor and
stator impedances were performed by connecting an RLCmeter at the two rotor shaft-ends up to a frequency of
50 kHz for the 1.5 kW machine, and a frequency of 100 kHz
for the 240 kW machine. Frequencies of 50 kHz and
100 kHz were chosen as maximum limits to avoid the
influence of the resonance effects, caused by the insulating
layer capacitances.
3) Bearing impedance: At very low speed (< 50 rpm),
due to a small thickness of the lubricant film, conductive
channels may exist between the bearing lubricated surfaces.
The insulating layer of the lubricant film is not complete,
and the bearings behave like small resistances in the order
of tens of mΩ [1], [4]. With the increasing speed, the
lubricant thickness increases and insulates the ball bearings
from the bearing raceway. The bearing impedance gets a
capacitive behaviour, which reduces the circulating bearing
currents. When the transition between the conductive state
and the insulating state is done, the EDM (electric discharge
machining) currents are likely to occur [1]. However, at
speeds around 300 rpm, an intermediate state exists, and
circulating bearing currents may pass the machine bearings.
Fig. 16 shows the measured average values of 50 peak-topeak common mode ground currents icom,pp, and the average
values of 50 peak-to-peak circulating bearing currents ib,pp at
speeds between 45 rpm and 1500 rpm of the inverter-fed
110 kW machines M1 and M2 of Table I. The common
mode current is nearly constant, whereas the circulating
bearing current decreases with the increasing speed. For the
110 kW machine M1 (Fig. 16a), the circulating bearing
current may reach a peak-to-peak value of 1 A (25% of the
common mode current amplitude) even at larger speeds
(1500 rpm).

assume a bearing current ratio of BCR  1, thereby equal
amplitudes of the common mode and circulating bearing
currents iˆb  iˆcom .
IV.

INCREASING THE ROTOR IMPEDANCE

The standard cage induction machines have low rotor and
stator impedances on the circulating bearing current path. At
frequencies of 100 kHz … 1 MHz, even the larger
machines, as an example the 240 kW machine of Fig. 15,
may reach maximum inductances of only 1 µH. Therefore
they are exposed to harmful circulating bearing currents.
From (5) possibilities for minimizing the circulating bearing
currents result directly. If any impedance is added on the
rotor shaft, as an example, by mounting a magnetic ring
with a high permeability around the shaft (Fig. 17), the
circulating bearing current is significantly reduced. Due to
I b I com ~ Z Fe, b Z Fe, b  Z r, b the method is effective, if





the rotor impedance is at least 10 times larger than the stator
impedance.

Figure 15. Measured inductances of the 1.5 kW and 240 kW machine. The
dashed line is representing the measured inductance of Fig. 13a (4).

C. Bearing Current Ratio
A bearing current ratio of BCR  iˆb iˆcom  ib, pp icom,pp 

 0.5...0.9 was measured at a speed of 45 rpm for the
110 kW machines M1 and M2 (Fig. 16). It shows that the
factor kd  Z Fe,g Z Fe,b  0.5 cannot be assumed in (5) to
predict the circulating bearing current from the common
mode current for the 1110 kW machines M1 and M2. The
110 kW machine M1 shows an oscillation frequency of the
circulating bearing current of fosc = 1.7 MHz, and the
110 kW machine M2 shows an oscillation frequency of
fosc = 0.7 MHz. At these frequencies, the distributed stator
winding to stator laminated yoke capacitances CWS N lam
are not dominating on the common mode current path, and
the common mode current is not distributed linear along the
iron core length. At these conditions, a more complicated
model is required to calculate the circulating bearing
current. However, in the worst case, a rough estimation may

a)

b)
Figure 16. Measured peak-to-peak common mode currents icom,pp and
bearing currents ib,pp for a) - the 110 kW machine M1 and b) – for the
110 kW machine M2 (Table I), at different speeds and a constant bearing
temperature 60°C. The dashed line is the interpolation curve of the
measured values.

From the best fitting of the measured stator inductances
(Fig. 12a) with the calculated ones by (8), a relative
permeability of µr  300 was determined for the laminated
core of the 1.5 kW induction machine. The measurements of
Fig. 15 were done at a very low magnetic field caused by a
very low test current of the RLC-meter. In the normal
operating state, the relative permeability of the laminated
core is determined by the amplitude of the fundamental
magnetic field, which varies in time and space. An average
“incremental” permeability µr = 1000 is assumed here to
calculate the stator inductances LFe,b. Fig. 18 shows the
calculated inductances LFe,b for the 110 kW machines M1
and M2 and for the 240 kW machine M3 at a relative
permeability of µr = 1000. The machines have similar iron
core volumes and therefore similar stator inductances. At a
frequency of fosc = 1.7 MHz (circulating bearing current
frequency of machine M1), the calculated stator inductance
is nearly 0.3 µH. For reducing the circulating bearing
currents by up to 10 times, the rotor inductance of the
110 kW machine M1 must be increased up to at least 3 µH,
at 1.7 MHz. Here, the 110 kW machine M1 is used as
example, because it shows the largest circulating bearing
current amplitude from the three tested machines (Fig. 1 ÷ 3).

Magnetic
Ring

Support of
solid steel
Figure 17. Mounting of the magnetic ring on the 110 kW machine shaft. A
support of solid steel is used to fix the magnetic ring on the shaft.

Two identical magnetic nanocrystalline cores, type M190 (160 mm x 110 mm x 25 mm) with the inductance Lring
and the resistance Rring of Fig. 19, which are usually used to
reduce the EMI voltage spikes in inverter drive systems
[11], [12], are mounted on the machine shaft at the NDE.
The rotor inductance is increased up to Lr,b  2·Lring = 6 µH,
and the machine is operated at 150 rpm. For the standard
110 kW machine M1, the peak-to-peak bearing current of
iˆb  3.1 A was measured at 150 rpm (Fig. 16). With the
increased rotor impedance, at the NDE bearing the peak-topeak bearing current is reduced to iˆb  0.25 A (Fig. 20), i.e.
with more than 90% of the measured bearing current
amplitude of the standard machine. At the non-protected DE
bearing, a parasitic bearing current of 0.5 A is still flowing.
Since
the
apparent
bearing
current
density
ˆi
0.5 A
Jb  b 
 0.05 A/mm2
(AHz denotes the
AHz 10 mm2
Hertz’ian area between the balls and race) is less than the
limit for safe operation 0.1 A/mm2 [3], the machine bearings
will not be damaged by the bearing currents. No EDM
currents were measured, at any speed, at the NDE bearing
where the magnetic ring was mounted. For preventing the
occurrence of EDM currents, magnetic shaft rings must be
mounted at both the DE side and the NDE side. If a
magnetic material is added on the bearing surfaces or/and on
the machine end-shield surfaces (near the rotor shaft), not
only it reduces the circulating bearing and EDM currents,
but it also reduces the rotor-to-ground currents. A future
work will present the effectiveness of the nanocrystalline
magnetic materials for reducing the EDM and the rotor-toground currents.

Figure 18. Calculated stator inductances LFe,b of the machines M1, M2 and
M3 of Table I for a relative permeabiltiy of µr = 1000.

Figure 19. The measured inductance Lring and the resistance Rring of a
nanocrystalline magnetic ring type M-190, used for increasing the rotor
impedance.

Figure 20. Measured common mode current icom and circulating bearing
current at the DE bearing ibDE and the NDE bearings ibNDE for the 110 kW
machine M1, operating at 150 rpm, fed by a PWM voltage inverter (5 m
cable, 560 V DC link voltage, 5 kHz switching frequency), when a
magnetic ring is mounted on the machine shaft at the NDE.

[2]

[3]

[4]
Figure 21. Inductance of nanocrystalline materials with increasing
saturation by increased excitation current.

For an effective protection of the machine bearings
against the bearing currents, the magnetic shaft ring should
operate below the saturation limit, which depends not only
on the frequency, but also on the bearing current amplitude.
The inductance and resistance characteristics of Fig. 19 are
only valid for bearing currents with amplitudes smaller than
10 A. This current limit is given in the material
specifications of the core type M-190. At larger currents, the
magnetic core saturates, and the impedance of the magnetic
ring decreases (Fig. 21). For a proper selection of the
magnetic ring, both the amplitude of the circulating bearing
current and the stator impedance of the laminated core need
to be calculated, estimated or measured. A safe estimation
of the circulating bearing current amplitude may assume the
worst case of machine operation: iˆb  iˆcom . The common
mode current amplitude can be measured or calculated
beforehand, for example, following the methods of [13] [18]. An increased temperature of the rotor and of the shaft
may change the properties of the magnetic materials. The
nanocrystalline materials have operating limits at
180°C … 240°C, which are twice larger than the typical
temperatures of the induction cage machine rotor shaft at
normal operation.

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

V. CONCLUSIONS
The rotor impedance, due to the circulating bearing
current that flows in the stator and rotor laminated cores of
the cage induction machines, fed by PWM voltage inverters,
is not negligible at high frequency and may be equal to the
stator impedance. Generally, the stator and rotor impedances
increase with increasing machine size, but even for the
larger machines, at frequencies of 100 kHz … 1 MHz, they
are in the order of a few ohms only. An increased rotor
impedance can mitigate the circulating bearing current, if it
is increased by at least ten times the stator impedance. In the
case of a 110 kW cage induction machine, a nanocrystalline
magnetic material, which was mounted on the machine shaft
to increase the rotor impedance, has reduced the amplitude
of the circulating bearing current by more than 90% of the
measured value of the standard machine.

[13]
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