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Modeling of Motor Bearing
Currents in PWM Inverter Drives

Abstract— Pulsewidth modulated (PWM). inverters have re-
cently been found to be a major cause of motor bearing failures in
inverter-motor drive systems. Specifically, all inverters generate
commnion mode voltages relative to the earth ground. The voltages
provide coupling or bearing currents through motor parasitic
capacitances to the rotor iron which flow via the bearings to the
grounded stator case.

In this paper, a model of bearing currents caused by PWM
inver‘ter is proposed. The model is based on transmission line
theory which uses an equivalent lumped parameter 7-network to
describe the parasitic coupling phenomenon. The model parame-
ters are then identified by matching the calculated model outputs
with those of experimental measurement. The validation of the
method is demonstrated by the fact that the model can reproduce
a variety of experimental results obtained on a test motor.

An application of this method also gives a motor grounding
current model. As the conducted electromagnetic interference
(EMI) in drive systems is related to the grounding currents,
the grounding current model can be used for the analysis of
conducted EMI in motor-drive systems.

Index Terms—Bearing current, bearing damage, bearing fail-
ures, induction motor, parasitic capacitive coupling, PWM in-
verter, shaft voltage, common mode voltage

I. INTRODUCTION

'ECENTLY, pulsewidth modulated (PWM) inverters have

lbeen found to be a major cause of motor bearing fail-
ures in inverter-motor drive systems [1]-[3]. In principle,
all iriveﬂers generate common mode voltages relative to the
earth’ ground which provide coupling currents through the
motor parasitic capacitances to the rotor iron. As the coupling
currefpts find their way via the motor bearings back to the
grouﬁlded stator case, they form the so-called bearing currents
(21, [3].

The principle of bearing current generation can be illustrated
using Fig. 1. By taking the inverter negative dc bus, O, as
a reference for .common mode voltages, the common mode
voltage at motor phase A input terminal is V40. The parasitic
coupling capacitances from the motor windings to the stator
and rotor irons are represented by Cyws and Cl,., respectively.
There is also a capacitance C, present across the bearings
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Fig. 1. Principle of bearing current generation in inverter-motor system.

which mainly consists of the motor air gap capacitance. The
bearings are approximated by a switch B which turns on
and off randomly based on observation of electric behavior
of motor rotating bearings [1], [2]. A closed-loop parasitic
coupling circuit is formed if the coupling capacitance from
the negative dc bus to the earth is also recognized. This
capacitance is represented by an impedance Z;;, which will be
treated as the internal impedance of the common mode voltage
source V4. Based on the above circuit, a bearing current I,
is easily identified as the total current flowing into all C,,,’s
and then via bearing model B back to the grounded stator.
Similarly, for phases B and C, common mode voltages Vpo
and Vo also contribute to the bearing current.

The distributed parameter circuit in Fig. 1 is, however,
not suitable for a simplified analysis of the bearing currents.
Equivalent lumped parameter circuit models are developed
in this paper to describe the parasitic coupling phenomenon.
In principle, the parasitic coupling circuits are the same as
transmission line circuits. Based on transmission line theory,
a distributed parameter circuit can be modeled by an equivalent
lumped parameter 7w-network which gives the same input and
output relationship. The method is applied to give a model
of coupling from motor windings to stator irons—the motor
grounding current model, and a model of coupling from motor
windings to the rotor irons—the bearing current model. The
model parameters are then identified by matching the calcu-
lated model outputs with those of experimental measurement.
The validation of the modeling is demonstrated by the fact
that the models can reproduce a variety of experimental results
obtained on the test motor. Therefore, the proposed models can
be used to analyze the effect of bearing currents and facilitate
the determination of solutions to suppress these currents. As
the motor grounding current is a major source of conducted
electromagnetic interference (EMI) in inverter-motor systems,
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Fig. 2. Three-phase inverter-load common mode

impedance Z,,.

system including

the motor grounding current model can thus be applied to the
analysis of conducted EMI in motor-drive systems.

II. CoMMON MODE EXCITATION AND RESPONSE

For a balanced three-phase inverter-load system shown in
Fig. 2, the three-phase load is represented by Z. Assume that
the zero sequence impedance of the load is Zp and that
there exists a common mode impedance Zy from the neutral
point N to the ground. Due to existence of common mode
excitations, such a system must contain both differential mode
and common mode responses. While the differential mode
response has been well known as the three-phase input and
output relationship, the common mode response has not yet
been formally established. The purpose of Section II is to
derive a common mode. circuit model which describes only
the common mode response of the system.

In general, for any three-phase load Z, the zero sequence
voltage and current are defined by

_ Van +Ven + Von _ Va+Ve+Ve

V. =
© 3 3

Vv (D)

and
) iatis+ic ,
lo=—""%5 2)
respectively. The felationship between zero sequence voltage
and current is governed by
Vo =i0Zo. 3)

Based on (1)-(3), the common mode current, iy, and the
common mode voltage at neutral point, Vv, can be derived as

3 Va+ Ve + Ve

iN =ta Fip +ic=3ip=

Zo + 3ZN 3
4)
and ;
32y Va4 Ve+Ve
Vi = Zo+3Zyn 3 ‘ )

It is interesting to notice that the three-phase balanced
impedance Z does not appear in (4) and (5). This implies
that the common mode circuit can be decoupled from the
differential mode circuit in a balanced three-phase system.
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Fig. 3. Model of common mode excitation.

Since only the zero sequence impedance of the three-phase
load Z is common to all three phases, it is reasonable that
Zo, instead of Z, will appear in the common mode equations
(4) and (5). .

As the common mode voltage Vy and common mode
current ¢y are the only physically meaningful common mode
outputs in the system, a model of common mode excitation
can be readily obtained based on (4) and (5). By defining an
equivalent common mode voltage input ’

Va+Ve+ Vo

Vg = AP TC ©)

the common mode model can be simply repreéented by Fig. 3.

IIf. MODELING OF COUPLING FROM WINDINGS
TO STATOR—MOTOR GROUNDING -CURRENTS

The coupling between the motor windings and the rotor is
much less than the coupling between the same windings and
the stator. The modeling will use this fact and only consider
the coupling between the windings and the stator. A distributed
circuit model of coupling between the stator windings and
the stator can be represented by Fig. 4. In Fig. 4, Z denotes
the impedance per unit length of motor phase windings, and
Zws the per unit length windings to stator parasitic coupling
impedance which is' mainly capacitive. Due to ‘symmeiric
design of motor structures, a uniform distribution of parasitic
coupling impedances is assumed. This assumption will apply
to parasitic couplings from the windings to both the stator and
the rotor.

Theoretically, the circuit represents a three-phase trans-
mission line with one of its terminations- shorted as the
winding neutral V. As is treated in transmission line theory,
if only the input and output characteristics are of interest,
an equivalent w-network can be used to describe the input
and output relationship. In other words, for each phase, the
distributed parameter circuit can be replaced by an equivalent
m-network. By adding all three parallel connected neutral to
ground impedances, an equivalent lumped ‘parameter circuit
model is obtained as shown in Fig. 5. In this model, Vyis the
voltage of motor neutral point and I is the total coupling
current from the windings to the stator. All parameters in the
model are to be determined which are functions of Z and Zs.:

Based on the derivation in Section II, a simplified model of
common mode excitation .can be drawn-as shown in Fig. 6
where L,, C,, and R, are the zero sequence components
contained in Ly, C,, and R, of Fig. 5. As the voltage of the
motor neutral point and the total coupling current from the



CHEN et al.: MODELING OF MOTOR BEARING CURRENTS IN PWM INVERTER DRIVES

Fig. 4. Distributed circuit representation of coupling from motor windings
to statpr laminations.
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Fig. 5./ An equivalent lumped parameter circuit showing coupling from

motor windings to stator iron laminations.

windings to the stator are of interest, their relationship to the
common mode input voltage Vi, can be determined as ‘

Vv _ _ 3Zwsn @
Vi Zo + 3ZwsN
and
iWS 3 3
— = + ®)
Vin  Zws1  Zo+3Zwsn
wherd Zp, Zws1 and Zwsn represent (Lo, Co, Ro),

(Lwsi, Cwsi, Rwsi), and (Lwsn, Cwsn, Rwsn), respec-
tively! :
It is obvious that the Vi is not related to impedance Zwsi.
For coupling currents, simulation based on the model shows
that Iws; is much larger than Iwsyn. Therefore, the grounding
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Fig. 6. Model of common mode coupling from windings to stator lamina-
tions.
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Fig. 7. Lumped parameter equivalent circuit of coupling from stator wind-
ings to rotor iron laminations.

current Iyyg i8 primarily determined by Zvws;, while the motor
winding neutral point voltage is governed by Zwsn-

IV. MODELING OF COUPLING FROM WINDINGS
TO ROTOR—BEARING CURRENT MODEL

Bearing currents are only related to the common mode
coupling between the windings and the rotor and are not
represented in the circuit of Fig. 6. However, as both coupling
currents to rotor and stator share the same path of the stator
windings and the stator coupling currents are significant, the
influence of stator coupling currents to the bearing current
model should be taken into account.

In spite of the above statement, let us first ignore for the
moment the flow of stator coupling currents in the windings.
Similar to Section III, the same distributed parameter circuit
model of motor windings as shown in Fig. 4 can also be used
to describe the coupling from the same windings to the rotor
except that Zs has to be replaced by Z,. Also, in terms of
input and output relationship, the rotor coupling circuit can
be represented by an equivalent lumped m-network. A rotor
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Simplified rotor coupling model ignoring influence of stator coupling
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Fig. 9. Combination of bearing model to rotor coupling circuit.
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Fig. 10. Simplified bearing current model.

coupling model together with an illustrated bearing block is
then depicted in Fig. 7.

Now, it is useful to consider the effect of stator-coupling
currents in the same windings. The equivalence of stator
coupling currents is an impedance Z{yg; connected from the
input of each phase winding to the stator and an impedance
Zyon connected from the neutral point to the stator as shown
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Fig. 11. Comparison of measured and simulated motor neutral voltage and
grounding currents. (a) Measured response of Vi and Iws to a step Vin. (b)
Calculated response of Viy and lyg to a step Vig.

in Fig. 5. It is apparent that Z{,q, will have no influence on
bearing currents and voltages, while Z{y«y represents those
stator coupling currents which have an effect on the rotor
coupling circuit. Therefore, the influence of stator coupling
currents to the rotor coupling path can always be considered
by adding an impedance Liygqy, Ciygn and Ryygy to the
circuit model as is indicated by the dashed line portion in
Fig. 7. Notice that Z{, gy and Zwsn may not be the same.

The uncertainty of the value Z{yqy will definitely cause
a small error in the calculation of the bearing current hrg
and the shaft voltage Vi,z as was observed in our simulation
study. However, to simplify the analysis, we will neglect the
influence of Z{yqy. However, In case precise modeling of
bearing currents is required, Z{ygy can be readily added into
the rotor coupling model as shown in Fig. 7.
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Fig. 12| Comparison of measured and simulated bearing voltages. (a) Mea-

sured neutral point and shaft voltage waveforms. (b) Simulated shaft voltages
under same excitation condition.

TABLE 1
IDENTIFIED PARAMETERS OF STATOR COUPLING MODEL
Lo = 300 uH o = 500 nF Ry = 100 ohms
L, =10 nH Chp= 5 nF Ry = 100 ohms
Ly =11uH C; = 800 pF R; = 15 ohms
TABLE 11
IDENTIFIED PARAMETERS OF BEARING CURRENT MODEL
L' = 300uH C' =20 pF R’ = 200 ohms
Lp= 150 nH Cy; = 800 pF Rp = 6.5 ohms

By lignoring Z{,qy., the circuit model shown in Fig. 7 can
be simplified by replacing the x-network with a single L'C’ R’
component as shown in Fig. 8. The bearing model can then be
combined with the coupling circuit which results in the circuit
shown in Fig. 9. The bearings are modeled as a switch B with
certain internal inductance Lp and resistance Rp.

Finally, as the common mode outputs always depend on the
equivalent common mode excitation Vi, instead of Vy4, Vg,
and Vo separately, the model shown in the Fig. 9 can be
further simplified to the bearing current model shown in
Fig. 10.

V. SIMULATION AND EXPERIMENTAL
VERIFICATION OF THE MODELS

With the above models, system identification procedures can
now be initiated to determine all of the parameters of each
model. Given an initial guess of parameters, the models shown
in Figs. 6 and 10 are used to calculate the output variables.
The results are then compared with experimental measurement
until a set of optimal parameters is found. To avoid the
uncertainty of dealing with the ground path impedance of
the common mode, the motor case has been connected to
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Fig. 13. Bearing current spike caused by discharge of airgap capacitor. (a)
Measured bearing current spike and shaft voltage, (b) Calculated bearing
current spike and shaft voltage.

the negative dc bus (as voltage reference) which forces the
equivalent common mode voltage internal impedance to equal
zero. In this configuration, an experimental measurement of the
neutral point voltage and grounding cable current (neglecting
the contribution of bearing currents) waveforms are shown in
Fig. 11(a). With the parameters listed in Table I, the calculation
results based on the stator coupling model of Fig. 6 are plotted
in Fig. 11(b). By comparing Fig. 11(a) and (b), it is seen that
the waveforms are almost identical. Therefore, it is apparent
that the parameters can be identified satisfactorily in this
manner.

Similar system identification procedures have been per-
formed to determine the parameters of the bearing current
model. The identification is based on the experimental mea-
surement of responses of bearing voltages Vi,;; and currents
I, to the common mode excitation. For a step input of com-
mon mode voltage Vi,, a plot of the experimental measured
bearing voltage Vi is shown in Fig. 12(a). As the bearing
voltage is seen to charge up during each inverter switching, it
is apparent that switch B in the bearing model must be open.
Therefore, based on the waveforms and the corresponding
circuit model, parameters L', C’, R’, and C, can be identified.
Fig. 12(b) shows a simulated response based on the model
of Fig. 9 and the identified parameters listed in Table II. The
identification of Lp and Rp is based on Fig. 13(a) which
shows a current spike produced by the discharge of the airgap
capacitor C, after switch B is closed.
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Fig. 14. Process of bearing current and shaft voltage generation: (a) Exper-
imental observation of bearing current generation. (b) Simulation of bearing
current generation.

Based on the identified parameters in Tables I and II,
simulations have been performed to compare with numerous
other experimental results. Fig. 14 shows one of the important
results. In Fig. 14, the motor neutral point voltage is seen
to increase step by step which corresponds to similar step-
up in common mode voltage excitation Vj, caused by PWM
switching in the inverter. The bearing or shaft voltage Vi,
follows the pattern of the motor neutral point voltage. This
behavior is due to the capacitor divider effect of C; and
C,’s. The measured bearing current during the shaft voltage
charge-up is seen to be almost zero due to high impedance
inside the bearings. However, an abrupt voltage drop in
bearing voltage accompanied by a large bearing current spike
is observed which is actually caused by the sudden short
circuit behavior inside the bearings. After bearings become
short-circuited, some dv/dt related bearing currents begin to
appear. By comparing the experimental measurement with the
simulation traces in Fig. 14, it is seen that the results are almost
identical except the difference in bearing voltage ringing
during the transient which is believed to be caused mainly
by instrumentation error. Therefore, the bearing current and
motor grounding current models are clearly able to properly
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describe the bearing current and groundmg current phenomena
in inverter drives.

VI. CONCLUSION

This paper briefly discusses the mechanism of bearing
current generated by PWM inverters which is related to the
common mode voltages and parasitic capacitive couplings.
Equivalent lumped parameter circuit models have been derived
to describe the coupling from the windings to the stator
and the rotor, respectively. Simulation is then performed to
identify the model parameters by matching the simulated
results with those of experimental measurement. The bearing
current model and stator coupling model are shown to be
able to predict the motor bearing currents and the grounding
currents;, respectively. Comparison of the predicted results with
experimental measurements on a specially equipped motor
shows good agreement. The bearing current model should
prove useful for understanding of the phenomenon and for
assisting in the determination -of a feasible solution to the
problem. The motor grounding current model can also be
applied to the analysis of conducted EMI generation in motor-
inverter systems.
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