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ABSTRACT Unbalancedmagnetic pull (UMP) resulting from air-gap eccentricity can present a potential risk
to the lifetime and dynamic stability of high-speed electrical machines. Nevertheless, a method to identify the
effects of UMP in actual industrial machines has not yet been sufficiently developed. In this paper, methods
for analysis and experimental verification of UMP effects are studied using a high-speed two-pole induction
generator supported by active magnetic bearings (AMBs) as a case example. The UMP force is calculated
using a semi-analytical model that combines an analytical model with a correction factor obtained from finite
element analysis (FEA) results. Using this model, the characteristics of time-variant UMP that are related to
the effects of UMP on rotordynamics are investigated. Coefficients for the rotor–bearing simulation model
are identified using a detailed CAD model and experimental modal analysis data. Linearized coefficients of
AMBs are identified based on the rigid body whirling mode of the rotor. Then, UMP effects are investigated
by conducting a time-step rotordynamic simulation in the mixed eccentricity condition, and the results are
verified by comparing them with the vibration measurement results during ramp-down operation of the test
machine. Results show two main effects produced by UMP on the rotordynamics of induction machines,
namely reduction in the rotor natural frequency and additional vibration caused by twice the supply frequency
excitation, thus confirming that the proposed semi-analytical UMP model is suitable for the rotordynamics
simulation and achieves a high accuracy with efficient computation.

INDEX TERMS Active magnetic bearings, air-gap eccentricity, electromagnetic forces, induction motors,
rotordynamics, unbalanced magnetic pull, vibrations.

I. INTRODUCTION
Demand for high-speed electrical machines is continuously
increasing because of their recognized advantages, such as
high efficiency and possibility of direct connection with
workingmachines. At the same time, technological problems,
such as high mechanical stresses in the rotor material, noise,
and vibration, and challenges of high-frequency controller
design, have emerged. From the viewpoint of rotordynamics,
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high vibration is an important issue to be tackled as it can
shorten the lifetime of the machine. Unbalanced magnetic
pull (UMP) is known to increase vibration in electrical
machines, but it has not yet been sufficiently studied to accu-
rately simulate the effect and identify it with experimental
results. Specifically, in the case of an induction machine,
which is the most common electrical machine type applied in
industry, it is difficult to estimate UMP, because in a machine
of this type, the effect of rotor current has to be considered.
This paper focuses on the study of UMP in an induction
machine.
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To study the rotordynamic effect of UMP, an accurate
and computationally efficient UMP force model is needed.
The UMP calculation methods can be divided into three cate-
gories: analytical and numerical methods, and a combination
of these two [1]. A commonly used process is to obtain
the asymmetric air-gap magnetic flux density distribution
and then calculate the UMP force by using the Maxwell
stress method. For this purpose, it is important to solve the
magnetic field in the eccentric condition. Dorrell et al. [2]
obtained the air-gap magnetic flux density by calculating
both the stator MMF and the rotor MMF from the induced
rotor electromotive force (EMF) in induction machines with
a squirrel cage rotor. Chuan et al. [3] introduced the UMP
damping coefficient for considering the effect of the coun-
teracting flux produced by a parallel-connected cage rotor
and proposed an empirical method to calculate the UMP.
In this method, finite element analysis (FEA) or experimen-
tal results were used to determine the parameters in the
UMP equation. Holopainen et al. [4] developed an elec-
tromechanical rotor model including the UMP force for a
rotor moving in an arbitrary orbit without any predefined
eccentricity condition in cage induction motors. The param-
eters in the model were estimated by using an impulse
method based on FEA. Kim et al. [5], [6] developed a
rotordynamics simulation method based on a mixed rotor
eccentricity model for time-step analysis in an induction
motor. They proposed an optimal way to calculate the UMP
force by using a simple analytical model and its update
with FEA.

For the verification of the analytical UMP model, several
attempts to measure UMP force experimentally have been
reported in the literature. Dorrell et al. [7] and Zhu et al. [8]
designed specific test rigs to measure the UMP force under
variation in air-gap eccentricity in the cases of an induc-
tion machine and a permanent magnet brushless machine.
In these test rigs, arbitrary air-gap eccentricity was pro-
duced by controlling the location of the stator or rotor accu-
rately by using a three-axis movement support with a load
cell that measures the UMP force. Arkkio et al. [9] mea-
sured the UMP force in a test machine (induction motor)
equipped with active magnetic bearings (AMBs). In their
test rig, the AMB system generated eccentric rotor motion
as an exciter and measured the UMP force by a force
sensor.

Further attempts to determine the UMP effect on rotordy-
namics experimentally have been reported in the literature.
For instance, Pennacchi [10] evaluated the UMP effect by
investigating the vibrational behavior of a steam turbogen-
erator and comparing the results between no-load and load
conditions of the generator. Kim et al. [5] produced the
static eccentricity condition by installing a shim on one side
between the motor frame and the bearing housing. Then, they
measured the vibration of the motor frame in the conditions
of different static eccentricities, and the effect of UMP was
investigated. According to previous studies, it is a challenging
task to control the air-gap eccentric condition in an actual

rotating machine. As a solution to this problem, a machine
supported by AMBs is a viable option for experimental
study, because AMBs can control the rotor center, in other
words, variable static eccentricity conditions can be achieved
by AMBs.

The objective of this study is to simulate the effect of
UMP in an actual industrial induction machine accurately
and efficiently by using a previously studied semi-analytical
UMP model [6], and then verify the results experimentally.
Specifically, the study focuses on a method to verify the
UMP effect on rotordynamics rather than theUMP force itself
because the vibrational effect of the UMP is directly related
to the rotordynamics of the machine. As the literature survey
of previous experimental studies shows, it is, however, a chal-
lenging task to demonstrate the air-gap eccentricity condition
without building a specific test rig. Therefore, it is valuable
and motivated to develop a solution to measure the UMP
effect using only existing equipment in the system without
any modifications. The solution is feasible in an applica-
tion supported by AMBs because of their integrated system
for rotor control and displacement measurement. Therefore,
in this study, an industrial-scale prototype of a steam turbo-
generator supported by AMBs is selected as the test machine,
and an experimental verification process that can be applied
to actual industrial machines is proposed to determine UMP
effects on rotordynamics. Finally, the UMP effect is deter-
mined by comparing simulation and experimental results.
Moreover, the cause of the UMP effects is interpreted using
the characteristics of the UMP force and stiffness analyzed in
this paper.

II. UMP MODEL FOR ROTORDYNAMICS SIMULATION
In this section, the UMP model for rotordynamics simulation
is introduced in brief; more details of the model can be found
in a previous study [6]. First, mixed eccentricity is modeled
based on dynamic motion of the rotor and the concept of
time-step simulation. Then, the UMP force and stiffness are
modeled with a semi-analytical method by using a simple
analytical equation and FEA calculation results to improve
the accuracy of the analytical model.

A. MIXED ROTOR ECCENTRICITY MODEL
To simulate the actual condition of the rotor eccentricity,
the eccentricity model must consider both the static and
dynamic eccentricities simultaneously (mixed eccentricity).
Fig. 1 shows the concept of the developed mixed eccen-
tricity model. In this model, the instantaneous position of
the rotor center is determined from the time-variant rotor
whirling motion, which is defined in the x2-y2 coordinate
system parallelly translated from the stator reference coordi-
nate system (x1-y1) with the amplitude and direction angle
of the static eccentricity. Here, the whirling motion of the
rotor can be expressed by using time-dependent dynamic
eccentricity terms. Then, mixed eccentricity is defined in the
stator reference coordinate frame by using static eccentricity
and dynamic eccentricity terms. The amplitude and direction
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angle of the mixed eccentricity are expressed as

emix(t) =

√√√√(
est cos θst + edy(t) cos

(
θdy(t)

))2
+
(
est sin θst + edy(t) sin

(
θdy(t)

))2 (1)

εmix(t) =
emix(t)
δ0

(2)

θmix(t) = tan−1
(
est sin θst + edy(t) sin

(
θdy(t)

)
est cos θst + edy(t) cos

(
θdy(t)

)) (3)

where εmix is the relative mixed eccentricity, and est and edy
are the amplitudes of the static and dynamic eccentricity,
respectively. Their direction angles are presented as θst and
θdy, respectively.

FIGURE 1. Concept of the mixed rotor eccentricity model based on
time-step simulation.

B. UMP FORCE AND STIFFNESS MODEL
The UMP force is calculated by integrating the Maxwell
stress tensor in the air-gap between the stator and the rotor.
The Maxwell stress tensor is calculated from the air-gap
magnetic flux density distribution. Therefore, the main task
is to obtain accurate magnetic flux density distribution in the

eccentric air-gap condition. However, its calculation is more
complicated in an induction machine than in other machine
types, such as permanent magnet machines. The reason for
this is that the induction machine has a secondary magnetic
circuit, where the rotor magnetic flux must be calculated,
and its effect on the stator magnetic flux must be considered.
However, in a situation where the slip is constant, the magne-
tizing current is nearly constant under variation in eccentricity
and rotational speed [11], and therefore, a simple analytical
model with magnetizing current instead of both the stator
and rotor currents can be used to obtain the air-gap magnetic
flux density distribution [12]. Thus, the magnetic flux density
distribution in the eccentric air-gap condition is obtained
by multiplication of MMF and air-gap permeance as in (4).
Here, the MMF includes magnetizing current, and the air-gap
permeance is based on the mixed eccentricity model.

Bδ(α, t)

=
3
√
2µ0NIm

πpδ0
√
1− εmix(t)2

×

[
1+2

∞∑
m=0

(
1−

√
1−εmix(t)2

εmix(t)

)m
cos {m (α−θmix(t))}

]

×

wf 1 sin(ωt − pα)+ wf 5
5

sin(ωt + 5pα)

+
wf 7
7

sin(ωt − 7pα)+ · · ·

 (4)

where α is a variable to define the angular position of the
air-gap, µ0 is the permeability of vacuum, N is the number
of turns in a winding, Im is the magnetizing current, p is the
pole pair number, ω is the stator supply angular velocity, and
wfv (ν = 1,−5, 7, . . .) is the winding factor. Thus, the UMP
force is calculated by integrating the Maxwell stress tensor in
the air- gap around the rotor surface as

Fump,x =

∫ 2π

0

(Bδ(α, t))2

2µ0
rlst cosαdα

Fump,y =

∫ 2π

0

(Bδ(α, t))2

2µ0
rlst sinαdα (5)

where r is the air-gap radius and lst is the stator stack length.
With the established UMP force equation, the UMP stiff-

nesses in the horizontal and vertical directions are linearized
around the static eccentricity point (xst, yst) as

kump,x ≈ −
dFump,x

dx

∣∣∣∣
x=xst

, kump,y ≈ −
dFump,y

dy

∣∣∣∣
y=yst

. (6)

This analytical model has, however, a limitation related to
the accuracy of the result. The model does not include the
effects caused by variation in slip, slot opening, magnetic
saturation, and flux leakages. Therefore, to overcome this
limitation, these effects are incorporated into the model with
the newly defined correction factor using the FEA results.
The process to obtain the correction factor is as follows. First,
a time-stepping FEA is conducted to calculate the UMP force
in the static condition of the rotor eccentricity. Here, the FEA
cases are selected based on variations of slip and eccentricity
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in dynamic operation of the machine. Then, the correction
factor is defined using the concept compensating the ana-
lytically calculated UMP force by increasing the mean air-
gap in the analytical formula, in other words, decreasing
the relative eccentricity. This factor is calculated inversely
from the analytical formula using the UMP results calculated
by the FEA. As the FEA results are obtained for the cases
of variation in slip and eccentricity, the correction factor
is a function of slip s and eccentricity, which is obtained
using the curve fitting method for the digitized FEA results.
Consequently, the mean air-gap is updated by multiplying the
correction factor c as

δ′0 = c (s, ε) · δ0 (7)

and then, the original analytical formula is updated using
the updated mean air-gap. In this process, the change in the
analytically calculated UMP caused by variation in slip and
eccentricity is matched with the change in the FEA results in
the same condition of variation in slip and eccentricity. There-
fore, the accuracy of the updated analytical model depends on
the accuracy of the FEA results and the cases calculated by
the FEA.

III. ELECTRIC MACHINE OF THE CASE STUDY
For the case study, a two-pole high-speed induction generator
was selected as a test machine. The generator was designed as
a steam turbogenerator for a waste heat recovery system [13].
The main parameters of the machine are presented in Table 1,
and its concept is shown in Fig. 2. The test machine has tur-
bine and electric generator parts, and it is installed vertically
on a support frame with vibration isolators. The machine has
a vertical rotor supported by AMBs; the rotor has a squirrel
cage electrical part between two radial bearings. The concept
of the rotor–bearing system is shown in Fig. 3. Specifically,
as the rotor is supported by AMBs, it is possible to adjust
the target location of the rotor control within the gap of

TABLE 1. Parameters of the induction generator under study.

FIGURE 2. Test machine (steam turbogenerator).

FIGURE 3. Concept of the rotor system supported by AMBs.

the touchdown bearing. It means that the static eccentricity
condition can be controlled experimentally. Therefore, this
test machine can be suitable for determining the UMP effects
caused by variation in static eccentricity.

IV. IDENTIFICATION OF ROTOR–BEARING MODEL
To include the UMP effects in the rotordynamics simulation,
the UMP model is incorporated into the equation of motion
for the rotor–bearing system as an external nonlinear force as

Mq̈+ (C+ΩG)q̇+Kq =Fub + Fump (8)

where q is the displacement vector, and M, C, G, and K
are the mass, damping, gyroscopic, and stiffness matrices,
respectively. The term Ω is the rotor angular velocity, and
Fub, and Fump denote the unbalance force, and the UMP force
vectors, respectively.

The rotor–bearing system model of the test machine is
established using the beamfinite-element-based flexible rotor
model and the simplified AMB model. First, the beam ele-
ment model of the rotor is built as shown in Fig. 4. In this
model, to simplify the calculation, the end ring, the turbine
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FIGURE 4. Beam finite element model of the rotor including UMP force.

impeller, and the disk of the axial AMB are modeled as rigid
bodies. The model has four degrees of freedom per node,
and it is assumed that there is no displacement in the axial
direction and no rotation around the rotor axis as this study
focuses only on the lateral vibration analysis. The rotor model
is updated and validated by matching the mass, center of
mass, and inertia properties with the reference parameters
taken from a detailed CAD model.

Second, the simplified AMB model consisting of lin-
earized constant coefficient spring and damper elements is
connected between the rotor node and the ground. Accord-
ing to the initial estimation of the UMP effect, the effect
is significant close to the rotor rigid body whirling mode,
and therefore, the rigid rotor modes are selected to be used
for AMB coefficient identification. It has a clear benefit
in the bearing coefficient identification because the rotor
itself does not contribute to the overall rotor–bearing sys-
tem stiffness or dissipative damping. The AMB coefficient
identification is accomplished in two steps. First, the bear-
ing stiffness is tuned to match the simulated and measured
cylindrical forward whirling mode frequencies of the sup-
ported rotor. Then, in the second part, the bearing damping
coefficient is identified. In this process, instead of calculating
the modal damping ratio based on measured data, the damp-
ing coefficient is adjusted to make the simulated vibration
responses as similar as possible to the measured vibration
responses in all the cases with and without UMP. Specifically,
the process focuses on the combined trend of UMP effects
rather than only the vibration amplitudes because there are
still several uncertainties in the experimental results, such
as the error in the static eccentricity setup and unidentified
vibration caused by the AMB control. For the simulation of
vibration responses, the exact residual unbalance identified
during the rotor balancing process is incorporated into the
numerical model. The residual unbalance is measured in
two planes.

After the rigid rotor properties have been validated,
the flexible mode frequencies of the unsupported rotor (i.e.,
free-free modes) are verified based on the experimental
modal analysis.

The flexible frame model is excluded from the rotordy-
namics model for two reasons: first, there are no frame res-
onance modes within the operational speed range or right
after the nominal operational speed, and second, the frame
is supported on a stiff support by vibration isolators. The
experimental modal measurement results obtained for the

complete machine with the support equipped with vibration
isolators verify that the dynamic stiffness of the frame is high
enough to be excluded from the rotordynamics model.

Finally, the UMP force is applied to four nodes of the
electric active part of the rotor model. Here, the UMP force at
each node is calculated depending on the eccentricity at the
node.

V. ANALYSIS OF UMP IN TEST MACHINE
To simulate the UMP effects on rotordynamics of the test
machine, the air-gap magnetic flux density distribution and
UMP are calculated using the developed method. Specif-
ically, the time-variant characteristics of the UMP force
and stiffness are investigated as they are strongly related
to the UMP effect on rotordynamics. In the analysis of the
time-variant UMP, the eccentricity condition is not changed
in the time variation, that is, only static eccentricity is consid-
ered, because in the developed UMP model, dynamic eccen-
tricity can be considered only through the rotordynamics
simulation process, which obtains the rotor position at every
time-step.

A. EFFECT OF CORRECTION FACTOR IN THE AIR-GAP
FLUX DENSITY
To obtain the magnetic flux density distribution, the magne-
tizing current is calculated. In this analysis, however, instead
of the well-known analytical approach [14], the magnetizing
current is obtained from the phase current data (257 A)
measured during the experiment, because this study focuses
on the identification and experimental verification of UMP
effects. Then, the flux density distribution is calculated
using (4). To obtain an accurate UMP force equation, UMP
forces calculated by the FEA and correction factors in six dif-
ferent eccentric conditions are obtained as shown in Table 2.
Here, the correction factor c is inversely calculated to match
the analytically calculated UMP force with the UMP force
calculated by the FEA. To verify the effect of the correction
factor, its effect on the MMF and the air-gap permeance
are shown in Fig. 5, respectively. Because the correction
factor changes the mean air-gap, the average and peak-to-
peak amplitudes of the air-gap permeance decrease. However,
the MMF is not changed. Consequently, the resulting air-gap
flux density distributions are obtained as shown in Fig. 6.
It can be seen that the distribution using the analytical model
is close to the distribution calculated by the FEA when using
the correction factor. In conclusion, it is found that when a
correction factor is not included in the model, the amplitude
of the magnetic flux density is much higher than the result
from the FEA. The reason for this is that the effects of the slot
opening, magnetic saturation, and leakage decrease the mag-
netic flux, but these effects are not included in the pure analyt-
ical model. The correction factor improves the UMP force by
changing the air-gap permeance. When the correction factor
increases, the static and dynamic terms of the air-gap perme-
ance decrease simultaneously. This, in turn, has an impact
on the flux density waveform. Finally, Table 2 shows the
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TABLE 2. FEA-calculated UMP and correction factor.

FIGURE 5. Effect of the correction factor (1.82) on the MMF and air-gap
permeance in the 20% eccentricity condition.

FIGURE 6. Effect of the correction factor (1.82) on the air-gap magnetic
flux density distribution in the 20% eccentricity condition.

variation of the calculated correction factor when the static
eccentricity varies from 0% to 20%. Its variation is below
0.3%. Thus, in this test machine, if the eccentricity is smaller
than 20%, it is reasonable to use a constant correction factor
(1.82) for efficient calculation.

B. TIME-VARIANT UMP
To investigate the time-variant characteristics of the UMP, the
UMP force and stiffness in variation of static eccentricity and
time are calculated as in Fig. 7. Here, time variation can be
considered a variation in phase difference between the MMF
and the air-gap permeance in Fig. 5, because this difference
is the only time-dependent term to change the UMP in the
static eccentricity condition. In this analysis, the stator supply
frequency is set at 2 Hz, and the static eccentricity varies from
0% to 20%. The results show that the periodic fluctuation of
the UMP occurs when time varies, and this periodic wave
has a frequency of 4 Hz, which is twice the stator supply
frequency. When the static eccentricity increases, the peak-
to-peak amplitude of the UMPwave increases nearly linearly.
Consequently, the UMP can excite the rotor with twice the

stator supply frequency when static eccentricity is present,
and this excitation force is amplified when the static eccen-
tricity increases. However, the effect of static eccentricity on
the linearized UMP stiffness is not significant. It means that
the effect of static eccentricity on the negative stiffness of the
UMP that changes the rotor natural frequency will be not
significant. These characteristics of the UMP will be intro-
duced again to interpret the UMP effects in the rotordynamics
results.

FIGURE 7. Time-variant characteristic of the UMP force and stiffness in
six different eccentricities.

VI. UMP EFFECTS ON ROTORDYNAMICS
A. SIMULATION PLAN
Because the UMP force is nonlinear, a rotordynamics simula-
tion based on time-step analysis is designed. Initially, natural
frequencies and their modes are studied in the non-UMP con-
dition using an eigenvalue analysis for determining the rotor-
dynamic characteristics of the test machine. Then, an analysis
to study the response caused by the mass unbalance and the
UMP force is designed. To investigate the UMP effect in
detail, theUMP force is divided into theUMP caused by static
eccentricity and the UMP caused by dynamic eccentricity.
The UMP caused by dynamic eccentricity results from the
whirling motion of the rotor, and therefore, its effect can be
determined by comparing the response result in the condition
including UMP at the 0% static eccentricity with the result in
the condition without UMP. The effect of the UMP caused
by static eccentricity can be determined by comparing the
response results in the conditions including UMP with differ-
ent static eccentricities. Therefore, the response simulation
is conducted for four cases: without UMP and with UMP
for three different static eccentricity conditions (0%, 1.5%,
and 2.25%).

B. EXPERIMENT PLAN FOR VERIFICATION
To determine the UMP effects experimentally and verify the
simulation results, the experiment must demonstrate two con-
ditions. First, the dynamic behavior of the rotor, not including
UMP, must be measured. The test generator is designed to
be operated by a steam turbine. However, it would require a
mobile steam generator, which is not considered practical for
the test. Hence, the machine is operated in the motor mode,
and thus, the rotating condition excluding the UMP could be
demonstrated only by turning off the motor at a higher speed
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FIGURE 8. Comparison between simulation and experiment results of the forced vibration response in the radial direction of the drive-side bearing
location.

and measuring the rotor vibration during the speed-down
of the rotor. In the motor-off condition, deceleration of the
rotor speed cannot be controlled, and it is lower when the
speed decreases. Therefore, it was not possible to obtain
measurement results in the same deceleration speed condition
in two different UMP conditions: without and with UMP.

Secondly, different static eccentricity conditions must be
demonstrated experimentally. The static eccentricity results
from a deviation between the bearing center and the stator
center. Therefore, in the test machine, the static eccentric-
ity condition is simulated by changing the bearing center,
which can be defined as the target location of the rotor
center controlled by the AMBs. In this machine, accurate
control of the bearing center can be achieved by using an
AMB control, and therefore, three different static eccentricity
conditions are demonstrated: 0%, 1.5% (75 µm), and 2.25%
(125 µm) eccentricity. Here, the maximum possible eccen-
tricity is limited by the air-gap (350 µm) of the touchdown
bearing. On the other hand, there is one limitation on the setup
of static eccentricity. In the test machine, initial misalignment
between the stator and the bearing center is unavoidable, but
it was not checked and assumed zero. Therefore, the actual
static eccentricity has a difference with the value setup in the
experiment, and it is not possible to perfectly demonstrate the
0% static eccentricity condition.

In order to determine the UMP effect on the rotor natural
frequencies and vibrational amplitude versus rotor speed,
the test machine runs down from 195 Hz to 0 Hz. In the
process of the AMB control, unbalance force rejection
control (UFRC) is carried out to minimize the unbalance
response, but in the low speed range below 40 Hz, this

control starts to destabilize the rotor because of the specific
characteristics of the controller algorithm, and therefore, the
UFRC is not used below the 40 Hz speed. Moreover, to iden-
tify the rotor natural frequency clearly in the measurement
results, a random noise force is generated by the AMB to
excite the rotor. The same process of experiments is repeated
for four different cases: without UMP (Motor-Off) and with
UMP (Motor-On) in static eccentricity conditions of 0%,
1.5%, and 2.25%.

C. ROTORDYNAMICS RESULTS INCLUDING UMP EFFECTS
Fig. 8 shows the spectral maps during ramp-down operation
from the 195 Hz rotor speed in the simulation and the experi-
ment. Changes in the rotor natural frequencies and additional
vibration components are mainly investigated to determine
the UMP effects. First, from these maps, the natural frequen-
cies of the forward (FW) and backward whirling (BW)modes
of the flexible rotor can be identified. When comparing the
results without and with UMP, the results show that the
natural frequencies of the flexible body whirling modes are
practically not changed at all by the UMP. However, the rigid
mode natural frequencies are not identified, and therefore,
their change cannot be investigated by using these maps. Sec-
ond, not only the synchronous vibration components but also
additional harmonics are shown in the maps except for the
simulation case not including the UMP. The 3rd- and 5th-order
harmonics occur in both experiment cases: without and with
UMP. These harmonics probably result from the AMBs [15].
When including the UMP, the 2nd harmonic occurs again,
confirming that it is caused by the UMP. This effect is shown
clearly when investigating the close-up map in the low speed
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FIGURE 9. Comparison between simulation and experiment results of forced vibration response in the radial direction of the drive-side bearing
location focused on the low speed range.

range. The magnitude of the 2nd-order harmonic is amplified
when it coincides with the rigid mode natural frequency. This
effect is shown in both the simulation and the experiment.

To investigate the UMP effect accurately in the change
in the rigid mode frequency and the corresponding ampli-
tude, the vibration responses below the 20 Hz rotor speed
are shown in Fig. 9 with the overall amplitude. Moreover,
the 1st-order and 2nd-order components are separated from
the overall component to investigate the excitation cause of
overall vibration. Figs. 9 (a) and (d) show the overall ampli-
tudes measured at the drive-side bearing for four different
cases. Here, two vibration resonances occur. One resonance
comes from the synchronous excitation at the rigid mode
natural frequency. The frequency of this resonance decreases
when including the UMP effect. The other resonance occurs
only in the case including the UMP caused by static eccen-
tricity. This resonance, in turn, comes from the 2nd-order
excitation amplified when coinciding with the rigid mode
frequency. This interpretation is verified by the results of the
1st- and 2nd-order amplitude in Fig. 9. Thus, the first effect of
the UMP is that the rigid mode natural frequency decreases
from 8 Hz to 4 Hz in the experiment and from 9 Hz to 5 Hz
in the simulation, and moreover, the corresponding vibra-
tion amplitude increases significantly. On the other hand,
the effect of the static eccentricity in the natural frequency
is not significant, and according to the simulation result,
the static eccentricity decreases the vibration amplitude at
the rigid mode natural frequency. This is probably due to the
fact that when the static eccentricity is zero, the direction
of the UMP force always coincides with the direction of

the unbalance force, and therefore, the UMP force is used
to amplify the synchronous vibration. However, when the
amplitude of the static eccentricity becomes higher than that
of the dynamic eccentricity, the direction of the UMP force
is always toward the direction of the static eccentricity, and
therefore, its effect on synchronous vibration is attenuated.

The second effect of the UMP is that the additional vibra-
tion caused by the 2nd-order excitation is generated. It is
related to the characteristics of the time-variant UMP pre-
sented in section V. B. In the test machine, the 2nd-order
excitation has the same frequency with twice the supply
frequency excitation because the pole pair number of the
test machine is one. According to the simulation results,
the 2nd-order component occurs only when static eccentric-
ity is present, and it is amplified when its frequency coin-
cides with natural frequencies. Moreover, the peak amplitude
increases when the static eccentricity increases. The UMP
effect caused by static eccentricity is shown in the experiment
with the same trend, but the effect caused by the increase
in static eccentricity is shown differently in the experiment.
When the static eccentricity increases, the experiment shows
that the peak vibration amplitude caused by synchronous
excitation increases. On the other hand, the peak vibration
amplitude caused by the 2nd-order excitation decreases. Inter-
estingly, this trend is exactly the opposite to the simulation
results. It is most likely caused by the uncertainty related to
the eccentricity in the experimental setup.Moreover, a perfect
condition for the 0% static eccentricity cannot be demon-
strated in the experimental setup. However, if the actual static
eccentricities are assumed to have opposite values to the setup
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values, these opposite results can be a strong evidence of
the UMP effects in vibration excited by the synchronous and
2nd-order (twice the stator supply frequency) components
caused by static eccentricity.

VII. CONCLUSION
In this paper, an analysis and experimental verification
method for determining the UMP effects on the rotordy-
namics of induction machines were presented. Using the
developed UMPmodel, the time-variant characteristics of the
UMP were analyzed. Finally, the UMP effects on rotordy-
namics were investigated using both simulation and exper-
imental methods. The main results of this study can be
summarized as follows:

1) The analysis results of the UMP force and stiff-
ness show that the UMP force has periodic excitation
characteristics with twice the stator supply frequency
when static eccentricity is present. Correspondingly,
the amplitude of the excitation increases when the static
eccentricity increases. The UMP stiffness, however,
is not changed significantly by static eccentricity.

2) The results on rotordynamics show that the UMP
reduces the rigid mode natural frequency of the rotor
system. This reduction is mainly caused by dynamic
eccentricity. The effect of static eccentricity is not
significant. This is probably due to the fact that the
effect of static eccentricity on the UMP stiffness is not
significant.

3) The results on rotordynamics show that the UMP gen-
erates twice the stator supply frequency vibration. This
vibration results mainly from static eccentricity. Most
likely, the reason for this is that when static eccentricity
is present, the time-variant UMP force excites the rotor
with twice the stator supply frequency.

4) A trend of the UMP effects on rotordynamics is shown
clearly in both simulation and experiment. It confirms
that the process developed for rotordynamics simula-
tion considering the UMP effect has a good accuracy
and computation efficiency.

5) The experimental setup has a limitation with respect to
the inaccuracy in determining the actual static eccen-
tricity. In the future experiment work, these limitations
can be overcome by finding a method to measure the
original static eccentricity in the assembly process of
the machine.
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