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Calculation of Circulating Bearing Currents in
Machines of Inverter-Based Drive Systems

Annette Muetze, Member, IEEE, and Andreas Binder, Senior Member, IEEE

Abstract—The high-frequency circulating bearing current that
may occur in machines of inverter-based drive systems can be
described by an eddy-current model. The parameters of an equiv-
alent circuit are derived from the model. The ratio between bear-
ing current and common-mode current amplitudes for different
machines is calculated. The theoretical maximum ratio is about
0.35. Copper loops applied for bearing current measurement may
decrease the circulating bearing currents up to almost 40%.

Index Terms—Common-mode voltage, inverter-induced circu-
lating bearing currents, variable-speed drives.

I. INTRODUCTION

FAST-SWITCHING insulated gate bipolar transistor invert-
ers may cause additional bearing currents in inverter-based

drive systems. The high-frequency circulating bearing current
is one of the different principal contributing phenomena. It
occurs in addition to the “classical” bearing current due to
magnetic asymmetries of large line-fed motors. The inverter-
induced circulating bearing currents follow the same path as
the “classical” ones; yet, their origin is very different [1]–[8].

If no additional measures such as the use of filters or chokes
that are designed for use in the inverter output are taken,
the inverter is a common-mode voltage source that exposes
the motor terminals to high dv/dt. This causes an additional
high-frequency common-mode current Icom, mainly because of
the interaction of the high dv/dt at the motor terminals and
the capacitance between motor winding and frame Cwf . The
frequencies of these high-frequency common-mode currents
range from 100 kHz up to several megahertz [9].

In conventional machines, if no mitigation methods such
as additional conductive shielding in the stator slots [10] are
applied, the common-mode current excites a circumferential
magnetic flux (“ring flux” or “common-mode flux”) around
the motor shaft. This flux induces a shaft voltage vsh along
the shaft of the motor. If vsh is large enough to puncture
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Fig. 1. Mechanism of inverter-induced circulating bearing currents.

Fig. 2. Path of high-frequency circulating bearing current.

Fig. 3. Circulating bearing currents, induction motor, 400-mm frame size,
500-kW rated power, motor speed n = 3000 r/min, and bearing temperature
ϑb ≈ 70 ◦C.

the lubricating film of the bearing and destroy its insulating
properties, it causes a circulating bearing current ib along the
loop “stator frame–nondrive end–shaft–drive end.” Because
this type of bearing current is due to inductive coupling, it
mirrors the common-mode current. It is of opposite direction
in both bearings (Figs. 1–3). Peak bearing current amplitudes
ı̂b vary—depending on the motor size—i.e., ı̂b ≈ 0.5 – 20 A
(power rating up to Pr = 500 kW).
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Fig. 4. Sketch of one turn of stator winding and distribution of dv/dt along
the stack length.

II. CALCULATION OF COMMON-MODE RING FLUX

If no mitigation methods such as additional conductive
shielding in the stator slots [10] are applied, the common-mode
current icom excites the high-frequency common-mode flux Φ0,
which can induce high-frequency circulating bearing currents.
Without the use of additional special measures, the current en-
ters the machine via the stator windings and leaves through the
grounding connection(s) of the motor, thereby passing the stator
stack lamination. Understanding of the resultant generation of
the common-mode flux is essential for the comprehension of
the circulating bearing current phenomenon. Important work in
this field is reported in [11] and [12], which is used here as a
starting point.

The current distribution in the stator lamination can be
described by an eddy-current model with sinusoidal varia-
tion of the parameters with respect to the time. The sta-
tor lamination stack is represented by a 2-D model with
cylindrical symmetry, using the cylindrical coordinate system
(r, ϕ, z). The common-mode flux is supposed to flow in
the azimuthal direction, i.e., �H = (0,Hϕ(r, z), 0). The current
density has only an r-component and a z-component, i.e.,
�J = (J r(r, z), 0, Jz(r, z)). The laminations of the stator stack
are insulated from each other by a coating. It is assumed that
the contact impedance between the laminations and the stator
frame is very small and that the conductivity of the lamination
sheets is significantly larger than the conductivity of the frame.
Furthermore, it is supposed that the circumferential flux flows
mainly in the cylindrical part of the stator lamination stack,
which is the so-called stator iron back. Therefore, stator teeth
and coil ends are excluded from the model. Furthermore, for
further calculation, the density of the common-mode current
as it enters the stator lamination stack from the stator winding
is assumed to be homogeneous along the length of the stack
length lFe. In fact, dv/dt decreases along the phase winding.
Therefore, the flow of common-mode current across the stator
winding insulation onto the lamination is not constant along
the winding. However, averaging over one phase at a given
distance from the end of the lamination stack into axial (z-)
direction results in an approximately constant distribution of
the common-mode current along the stack length (Fig. 4).

For frequencies of several 100 kHz, the skin depth δs is
less than 50 µm and is much smaller than the thickness of
a lamination sheet bFe of typically 0.5 mm. In this case, the
lamination can be described by an analytical model for 1) one
conducting half-plane, if the current enters from the stator slot

Fig. 5. Common-mode currents of individual sheets flowing from the stator
winding [case (i)] and from the neighboring sheet [case (ii)].

and leaves through the stator housing, and 2) two conducting
half-planes, if the current enters the sheet on one side of the
stator housing and leaves at the other side through the stator
housing. The field solution in one sheet with current flowing
both from the winding and the neighboring sheet is given by
superposition of the two models [11], [12] (Fig. 5).

With these assumptions, given the number of sheets of the
stator core stackNFe, the inner and outer diameters of the stator
lamination dsi and dse, and the height of the stator slot hs, the
analytical solution of the common-mode flux is

Φ0 = µ
NFeicom

2π
ln

(
dse/2

dsi/2 + hs

)
δs√
2
. (1)

As the common-mode flux varies with time, it induces a
voltage in the loop “stator frame–nondrive end–shaft–drive
end” (Fig. 2), as expressed by

vmax = 2πfΦ0

= µ0µrNFeîcomf ln
(

dse/2
dsi/2 + hs

)
δs√
2
. (2)

The number of sheets of the stator core stack NFe is pro-
portional to the length of the stator core lFe, which is pro-
portional to the frame size of a machine h. Furthermore, the
stator winding-to-frame capacitance Cwf is proportional to h2,
i.e., the square of h, and the common-mode current icom is
approximately proportional to Cwf [13]. As the skin depths
δs ∝ 1/

√
fµr, the common-mode flux decreases with 1/

√
fµr,

resulting in the following equations:

Φ0 ∝ icomlFe ∝ h3 (3)

Φ0 ∝ 1/
√
f (4)

Φ0 ∝√
µr (5)

vmax ∝ icomlFe ∝ h3 (6)

vmax ∝
√
f (7)

vmax ∝√
µr. (8)

Both common-mode flux Φ0 and induced voltage v increase
with the cube of the frame size h. The frequency f has an
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TABLE I
INVESTIGATED SQUIRREL-CAGE INDUCTION MOTORS (400 V, 50 Hz)

TABLE II
CALCULATED VALUES OF Φ0/ı̂com, vmax/ı̂com, AND

vmax(1/κFe = 25 · 10−8 Ω · m)

inverse effect on the two parameters: The common-mode flux
decreases, and the induced voltage increases with the root
of f . Both parameters increase with the root of the relative
permeability µr. It should be noted again that these statements
refer to “conventional” machines where the understanding of
the generation of the common-mode flux as described in [11]
and [12] can be applied, as the common-mode current passes
the stator stack lamination when leaving the machine.

Calculations were performed for six selected test motors
from 11- to 500-kW rated power (Table I). Table II shows the
calculated values of:

1) the ratio of common-mode flux Φ0 versus amplitude of
common-mode current ı̂com (Φ0/ı̂com);

2) the ratio of induced voltage vmax versus amplitude of
common-mode current ı̂com (vmax/ı̂com);

3) the amplitude of the induced voltage vmax for a typical
measured amplitude of the common-mode current ı̂com.

Three pairs of frequency f and relative permeability µr were
chosen:

(a) f = 100 kHz, µr = 100;
(b) f = 100 kHz, µr = 1000;
(c) f = 1 MHz, µr = 1000.

The results are shown in Table II.

1) Φ0/ı̂com: The value of Φ0/ı̂com increases by a factor
of

√
10 ≈ 3.2 from case (a) to case (b), according to

(5), and decreases by the same factor from case (b) to
case (c). Furthermore, the increase with motor size is
noticeable. The two motors of the 11- and 110-kW power
levels have the same number of poles; therefore, they
have similar geometrical dimensions and approximately
the same value ofΦ0/ı̂com. This is not the case for the two
motors of the 500-kW power level: motor M500a has six
poles, and motor M500b has two poles. Thus, the ratio of
stator lamination outer and inner diameters dse and dsi is
larger for motor M500b than for motor M500a, resulting
in a larger value of Φ0/ı̂com.

2) vmax/ı̂com: The ratio vmax/ı̂com increases by a factor of√
10 ≈ 3.2 from case (a) to case (b), and case (b) to case

(c), respectively, according to (7). The influence of motor
size and number of poles of the motors is the same as for
the value Φ0/ı̂com, as discussed previously in the text.

3) vmax: As larger machines have larger common-mode
currents [13], the induced voltage increases with about
the cube of the motor size. It has to be noticed that the
induced voltages vmax of the two motors of the 500-kW
power level are in the same range, even if the values of
Φ0/ı̂com and vmax/ı̂com differ. As the ground current of
M500a with the lower value of vmax/ı̂com is larger, the
induced voltage is about the same as at motor M500b.
Therefore, the significant influence of the number of poles
on the magnitude of the induced voltage is found.

The model explains the occurrence of circulating bearing
currents at larger motors [13]–[15]: At smaller motors, the
calculated values of the induced voltage are only in the order of
the threshold voltage of the bearing’s lubrication film, where the
bearings loose their insulating property. This value is exceeded
at larger motors, and the circulating bearing currents can flow
in the described loop.

III. CALCULATION OF CIRCULATING BEARING CURRENTS

A. Mutual Inductance of Ground and Bearing Current Path

With the high-frequency common-mode current icom caus-
ing the common-mode flux Φ0 that varies with time, thereby
inducing a voltage v as described in Section II, and with
the circulating bearing current flowing as a result of this
voltage, the machine can be considered as a current trans-
former. The ratio ı̂b/ı̂com is given by the compensation of
the magnetomotive force of the two circuits. Therefore, in
a first step, the mutual inductance Lg of the two circuits is
calculated.

The expression for Lg for a given frequency f = ω/(2π) is
derived from (1), using (9). Therefore, Lg is given by

V max = jωΦ0 = {Rg + jωLg} · Îcom (9)

Lg =
NFe

2
µ

π
ln

(
dse/2

dsi/2 + hs

)
δs
2
. (10)
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Fig. 6. Inductances of the path of the circulating bearing currents. For clarity,
only half of the machine is shown.

Fig. 7. Parts of the internal inductance Lb,i of the path of the circulating
bearing currents. For clarity, only half of the machine is shown.

B. Impedance of Bearing Current Path

First, the inductances along the bearing current paths are
considered. Three different parts are distinguished (Fig. 6).

1) The first part is the internal inductance of the path through
the stator lamination stack (Lb,Fe).

2) The second part is the self-inductance of the area enclosed
by the circulating bearing current that is given by the air
gap and the end-winding cavity (Lb,air).

3) The third part is the internal inductance of the bearing cur-
rent path outside the stator lamination (Lb,i). Five parts
contribute to the internal inductance of the path of the
circulating bearing current outside the stator lamination
stack (Fig. 7): a) frame outside stack (Lb,ia), b) end shield
on drive end and nondrive end (Lb,ib), c) shaft outside the
rotor lamination stack (Lb,ic), d) end sheet on drive end
and nondrive end of the rotor lamination stack (Lb,id),
and e) resurfaced rotor lamination stack (Lb,ie).

The three inductances Lb,Fe, Lb,air, and Lb,i are given by
(11)–(13), where dre and dri are the outer and inner diameters
of the rotor core, lb is the distance between the two bearing
seats, and δ∗s is the skin depth of the materials of frame, end
shields, and rotor shaft that are assumed to have the same
permeability and electric conductivity. Hence, the inductance
of the bearing current paths Lb is given by (14). The aforemen-
tioned equations are as follows:

Lb,Fe =µ
NFe

π
ln

(
dse/2

dsi/2 + hs

)
δs
2

= 2Lg (11)

Lb,air =
µ0

2π

{
ln

(
dsi
dre

)
lFe +

(
dse
dri

)
(lb − lFe)

}
(12)

TABLE III
CALCULATED INDUCTANCES Lg, Lb,Fe, Lb,air, Lb,i, AND Lb

IN MICROHENRYS (1/κFe = 25 · 10−8 Ω · m)

Lb,i =
µδ∗s
4π

{
lb − lFe

dse/2
+ 2 ln

(
dse/2
dri/2

)
+
lb − lFe

dri/2

+ 2 ln
(
dre/2
dri/2

)}
+
µδs
4π

lFe

dre/2
(13)

Lb =Lb,Fe + Lb,air + Lb,i. (14)

Table III shows the calculated values of the five inductances
Lg, Lb,Fe, Lb,air, Lb,i, and Lb of the circulating bearing path
for the three pairs of frequency f and relative permeability
µr already considered in Section II. For simplification, frame,
end shields, and shaft are assumed to have the same relative
permeability µ∗r . The value of µ∗r is about 100. It is an order
of magnitude smaller than µr of the lamination, which reaches
values up to several 1000. For simplification, the frame, end
shields, and shaft are assumed to have the same relative perme-
ability µ∗r . Therefore, the internal inductance Lb,i is calculated
to be too large. However, the contribution of the inductance Lb,i

is negligible when compared with the other two inductances
Lb,Fe and Lb,air.

Next, the resistances along the path are considered. Three
resistances are distinguished:

1) resistance of the path through the stator laminationRb,Fe;
2) bearing resistance Rb;
3) resistance of the path outside the stator lamination except

for the bearing resistance Rb,i.

The resistance along the path through the stator lamination
Rb,Fe is derived from (1) and (9) and is given by

Rb,Fe = NFe
ωµ

π
ln

(
dse/2

dsi/2 + hs

)
δs
2

= ωLb,Fe. (15)

Table IV shows the calculated values of Rb,Fe for the
aforementioned three pairs of frequency f and relative perme-
ability µr.
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TABLE IV
CALCULATED RESISTANCES Rb,Fe IN MILLIOHMS

(1/κFe = 25 · 10−8 Ω · m)

Fig. 8. Equivalent circuit for calculation of circulating bearing currents.

The bearing resistance Rb is estimated according to [16].
As the circulating bearing currents have peak amplitudes of
several amperes, numerous conduction bridges are built up, and
the bearing resistance is assumed to value less than 10 mΩ.
Therefore, it is negligible when compared with the resistance
Rb,Fe.

In the same way as the inductance Lb,i, the resistanceRb,i of
the path through the stator lamination comprises five parts, i.e.,
Rb,ia to Rb,ie, corresponding to the parts that give the internal
inductances Lb,ia to Lb,ie. In a similar way as Lb,i, Rb,i is also
negligible when compared with Rb,Fe. Therefore, Rb

∼= Rb,Fe.

C. Ratio of Circulating Bearing Current
and Common-Mode Current

The circulating bearing current and the common-mode cur-
rent path are coupled via the common-mode flux. The transfor-
mation ratio is given by the ratio of the respective impedances
(Fig. 8), i.e.,∣∣∣∣∣ ÎbÎcom

∣∣∣∣∣ =
∣∣∣∣ jωLg

Rg,Fe + jωLb,Fe + jωLb,air

∣∣∣∣
= 0.5

√
1

(1 +Xb,air/Xb,Fe)2 + 1
. (16)

IV. RESULTS

A. Ratio Without Measurement of
Bearing Currents

|Îb/Îcom|

The ratio |Îb/Îcom| is calculated for three pairs of frequency
f and relative permeability µr and the six test motors described
in Section II. The results are shown in Table V.

As Lg and Lb,Fe depend on f and µr, whereas Lb,air is
independent of these parameters, the ratio |Îb/Îcom| increases

TABLE V
CALCULATED RATIOS |Îb/Îcom| (WITHOUT COPPER LOOP)

AND |ÎbL/Îcom| (WITH COPPER LOOP)

with increasing relative permeability µr and decreases with
increasing frequency f .

B. Ratio With Measurement of Bearing Currents|ÎbL/Îcom|
For measurement purposes, an insulating layer is inserted

into the end shields of the test motors close to the bearing
seat. This insulating layer is bridged by a small copper loop
for measurement of the bearing currents with high-frequency
current probes. The measured value of the inductance of the
copper loop is Lcu = 0.1 µH. The capacitance of the insulating
layer is in the order of 1–5 nF. For frequencies of several
100 kHz, the parallel capacitive impedance given by the in-
sulating layer is much larger than the inductive impedance
of the copper loop. Therefore, it is neglected, and the ratio
|ÎbL/Îcom|, where ÎbL is the bearing current amplitude with
consideration of the copper loop for measurement of bearing
currents, is given by∣∣∣∣∣ ÎbL

Îcom

∣∣∣∣∣ = 0.5

√
1

(1 +Xb,air/Xb,Fe + 2Xcu/Xb,Fe)2 + 1
.

(17)

The ratio |ÎbL/Îcom| is calculated for three pairs of frequency
f and relative permeability µr described in Section II. The
results are also given in Table V. Depending on the values
of f and µr, the copper loop for measurement of the bearing
currents reduces the circulating bearing currents at the 110-kW
power level by 13% to 38% and at the 500-kW power level by
7% to 27%. For the motors of the 11-kW power level, these
calculations are not of importance, as no circulating bearing
current flow occurs.

The theoretical results are compared with measurement re-
sults that have been obtained in the frame of a research program
for systematic investigation of the influence of system para-
meters on parasitic bearing currents during inverter operation
[13], [14]. The experimental results for inverter-fed squirrel-
cage motors with 110- and 500-kW rated powers are shown
in Figs. 9 and 10, respectively. These measurements were per-
formed during no-load operation. The shaft-mounted fans were
removed to achieve bearing temperatures that are typical for
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Fig. 9. Power level of 110 kW. Measured common-mode currents and
bearing currents with filters, motor speed n = 15/min, bearing tem-
perature ϑb ≈ 70 ◦C, 10-m shielded motor cable, DV = dv/dt-reactor,
SF = sinusoidal filter, and CMC = common-mode choke [14].

Fig. 10. Power level of 500 kW. Measured common-mode currents and
bearing currents with filters, motor speed n = 15/min, bearing tem-
perature ϑb ≈ 70 ◦C, 10-m motor shielded cable, DV = dv/dt-reactor,
SF = sinusoidal filter, and CMC = common-mode choke [14].

loaded operation (ϑb = 70 – 80 ◦C). For each operating point,
large numbers of measurement samples (> 30) were recorded
with a time window of 8 ms per sample. Average peak-to-
peak values were calculated using the maximum values in each
stored waveform in order to get statistically reliable results. The
low motor speed of n = 15/min in Figs. 9 and 10 has been
selected because the bearing has minimum resistance in the
low-speed region. Thus, the largest values of the circulating
bearing currents occur in the low-speed region. It should be
noted that this is considered by the model via the very small
value of Rb, as discussed in Section IV-B. In Figs. 9 and 10,
the ratio of common-mode current and bearing current can be
derived from the measurement results. Both the results for drive
operation with and without the use of different inverter output
filters are shown. With the use of filters, the common-mode
current is reduced (e.g., [14] and [17]). This translates into a
reduction of the circulating bearing currents to a similar degree,
as the ratio between common-mode current and circulating
bearing current is the same for both types of drive operation.

The ratios of common-mode current versus circulating bear-
ing current obtained from the measurements are summarized
as follows:

|ÎbL/Îcom|measured = 0.2 − 0.3. (18)

The theoretical and measurement results are well in line.

C. Maximum Ratio |Îb/Îcom|
As a result of the presented approach, the theoretical max-

imum ratio of circulating bearing current and common-mode
current is 0.354, as shown in the following:

max

{∣∣∣∣∣ ÎbÎcom
∣∣∣∣∣
}

= lim
Xb,air→0

{
0.5

√
1

(1 +Xb,air/Xb,Fe)2 + 1

}

= 0.5

√
1
2

= 0.354. (19)

V. SUMMARY

The induction of high-frequency circulating bearing currents
in inverter-based machines can be described by an eddy-current
model and by parameters of an equivalent circuit derived from
the model. The model explains the occurrence of circulating
bearing currents at larger motors. The theoretical maximum
ratio of circulating bearing current and common-mode current
is about 0.35. Copper loops, which can be used for measure-
ment of the bearing currents, decrease the circulating bearing
currents at motors of 110- and 500-kW rated powers by about
10% to 40%, depending on the frequency of the current and the
relative permeability of the stator lamination stack.
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