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Real-Time Detection of the Dynamic Eccentricity
in Permanent-Magnet Synchronous Motors
by Monitoring Speed and Back EMF Induced
iIn an Additional Winding

Kyungjin Kang, Jeongyong Song, Chiho Kang, Sangjin Sung, and Gunhee Jang, Member, IEEE

Abstraci—We developed a real-time method to detect the
dynamic eccentricity of a rotor in a permanent-magnet (PM)
motor by monitoring a fault detection signal induced in an
additional winding, without performing any further postpro-
cessing, even under a nonstationary rotational speed. After
deriving a mathematical equation of the back electromotive
force (EMF) induced in a tooth-coil winding, we proposed
a fault detection signal, which is the back EMF in an addi-
tional winding divided by the rotational speed, when the ad-
ditional winding is wound around the teeth corresponding
to an even number of pole pitches. We used the 2-D finite-
element model of a three-phase PM motor with eight poles
and 12 slots to verify the proposed method. We also devel-
oped an experimental setup which can change the dynamic
eccentricity of a PM motor and we performed the experiment
for PM motors with dynamic eccentricities of 0%, 25%, and
50% to verify the proposed method. Through the mathe-
matical equation, numerical simulation, and experiment, we
confirmed that the fault detection signal proposed in this
paper can successfully detect the dynamic eccentricity in a
PM motor in real time.

Index Terms—Dynamic eccentricity, fault diagnosis,
permanent-magnet (PM) motors.

|. INTRODUCTION

LECTRIC motors are popular power generation devices

for various applications in vehicles, home appliances, and
industrial equipment. A motor fault decreases the motor lifespan
and adversely affects the sound operation of the motor or the
entire motor-driven system, and it may cause a shutdown. The
ability to detect a motor fault in advance has been an important
topic in maintaining the reliability of motors and motor-driven
systems, because it would allow engineers to fix the fault or to

Manuscript received November 21, 2016; revised February 8, 2017;
accepted March 10, 2017. Date of publication March 22, 2017; date
of current version August 9, 2017. This work was supported by the
National Research Foundation of Korea grant funded by the Korean
Government (MSIP) (2015R1A2A1A05001837). (Corresponding author:
Gunhee Jang.)

The authors are with the Department of Mechanical Convergence
Engineering, Hanyang University, Seoul 04763, South Korea (e-mail:
jin795@hanyang.ac.kr; othrys@hanyang.ac.kr; cho666k@naver.com;
s_symbol@hanmail.net; ghjang@hanyang.ac.kr).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIE.2017.2686376

replace the motor in advance before it shuts down the entire sys-
tem or causes serious damage. Bonnett and Yung [1] provided
the statistical information that 69% of faults of the induction
motors with the output power ranging from 1 to 200 hp origi-
nate from the breakdown of bearings. Bearing faults, which are
major motor faults, are caused by insufficient lubrication, irreg-
ular contact, heavy radial, and axial stress due to unbalanced
rotor inertia, magnetic pull of the rotor, poor mounting, or mis-
alignment [2]. Bearing faults lead to abnormal vibration and
acoustic noise due to increased wear and uneven contact. Many
studies have investigated ball bearing faults, which can be iden-
tified by detecting the defect frequencies of the ball bearings in
vibrations and acoustic noise [3]-[7]. The defect frequencies of
ball bearings are generated due to cracks or irregular curvatures
of the balls, inner and outer races, or abnormal contact between
balls and races. However, defect frequencies exist only in motors
using ball bearings and only after the ball bearing faults are well
progressed. Some signals are generated by the motors before
motor failure, including signals of a rotor’s static or dynamic
eccentricities. As shown in Fig. 1, the motion of a rotor can be
classified into concentric, static, and dynamic eccentric motions.
In an ideal case of concentric motion, the rotor concentrically
rotates with respect to the center of stator and it has uniform air
gap because the center of rotor coincides the center of stator.
In static eccentric motion, the rotor rotates around the center
of rotor and the air gap is not uniform but it never changes
(the position of the minimum air gap is fixed in the space).
Mirimani et al. [8] proposed a method to detect the static eccen-
tricity in single-stator—single-rotor axial-flux permanent-magnet
(PM) machines by comparing the amplitudes of back electromo-
tive forces (EMFs) induced in the four coils of one phase, but in
dynamic eccentric motion, the rotor rotates around the center of
rotor with a whirling motion, so the position of the minimum air
gap revolves around the center of the stator, which changes the
magnetic field concurrently. The uneven magnetic field in the
air gap generates unbalanced magnetic forces. Dynamic eccen-
tricity also increases rotating unbalance of a rotor with respect
to the center of revolution and it generates centrifugal force
concurrently. Unbalanced magnetic force and centrifugal force
excite the bearing periodically and the dynamic eccentric mo-
tion may grow when they exceed the load capacity of bearing.

0278-0046 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1. Motion of a rotor (a) without eccentricity, (b) with static eccen-

tricity, and (c) with dynamic eccentricity.

It may eventually cause bearing faults because the bearing is
the most flexible and vulnerable component of the motor. Mon-
itoring the dynamic eccentricity of a rotor may be an effective
method to predict motor faults.

Many researchers have studied various methods to detect dy-
namic eccentricity of PM motors and generators by monitoring
the supply current [9]-[17], inductance [18], [19], torque [20],
vibration [21], and noise [22], [23]. They utilized various sig-
nal processing techniques, such as fast Fourier transform [9],
[12], [17], wavelet transform [10], [11], power spectral density
[13]-[15], [21], and fuzzy logic [16]. Rosero et al. [10], [11]
studied a monitoring technique to detect the dynamic eccentric-
ity of PM motors by applying a continuous wavelet transforma-
tion method to the supply current. However, their method can
only be applied to detect dynamic eccentricity of a PM motor
with a stationary rotational speed. Rajagopalan er al. [12] also
suggested a method to detect dynamic eccentricity of PM mo-
tors by monitoring the variation of the supply current due to
the change of commutation angle. Their method was restricted
to PM motors using hall sensors to detect rotor positions for
commutation, and they utilized the change of hall sensor signals

due to dynamic eccentricity to identify the change of the com-
mutation angle. Ebrahimi et al. [13]-[16] proposed a method
to detect the dynamic eccentricity of PM motors by identifying
the sideband frequencies in the power spectral density of the
driving current. However, it is very difficult for their methods to
be applied in real applications to detect dynamic eccentricity be-
cause the amplitudes of the sideband frequencies of the supply
current are too small (—80 dB with respect to the main har-
monic component of the supply current). Also, these methods
can only be utilized to detect dynamic eccentricity of a PM mo-
tor with a stationary rotational speed. Bruzzese [17] suggested a
method to detect dynamic eccentricity in synchronous machines
by monitoring the unbalance caused in the split-phase currents.
However, this method requires a postprocessing technique of
the acquired signal, which makes it difficult to be applied in real
time to detect the dynamic eccentricity of a rotor. This method
also cannot be utilized to detect the dynamic eccentricity of
a synchronous machine with a nonstationary rotational speed.
Hong et al. [18], [19] proposed a method to detect the dynamic
eccentricity of PM motors by monitoring the d-axis inductance.
However, their research cannot be utilized in surface-mounted
PM motors because only interior PM motors have an inductance
difference between the d and g-axes. Rezig et al. [22], [23] sug-
gested a method to detect dynamic eccentricity of PM motors by
monitoring an acoustic noise. However, it is difficult to identify
the dynamic eccentricity of the PM motor with a fan or disk, be-
cause the acoustic noise due to eccentricity and the aero acoustic
noise due to the fan or disk are blended. The conventional meth-
ods need not only sensors to measure supply current, inductance,
torque, vibration, and noise but also additional postprocessing,
such as frequency analysis. They may not effectively detect the
dynamic eccentricity under nonstationary rotational speed.

In this paper, we proposed a method to detect the dynamic
eccentricity of a rotor in a PM motor by monitoring a fault
detection signal induced in an additional winding in real time,
without performing further postprocessing, even under nonsta-
tionary rotational speeds. This paper is organized as follows.
In Section II, we derived a mathematical equation for the back
EMF induced in a tooth-coil winding due to the dynamic ec-
centricity of surface-mounted PM motors. We proposed a fault
detection signal, which is the back EMF in an additional wind-
ing divided by the rotational speed, when the additional winding
is wound around the teeth corresponding to an even number of
pole pitches. In Section III, we developed a finite-element model
to verify the proposed method. In Section IV, we performed the
experiment for PM motors with dynamic eccentricities of 0%,
25%, and 50%, by using concentric and eccentric shaft housings.
Finally, Section V gives the conclusions.

Il. MATHEMATICAL FORMULATION OF BACK EMF DUE TO
DYNAMIC ECCENTRICITY

A. Back EMF Induced in a Tooth-Coil Winding Without
Eccentricity

When a rotor exhibits concentric motion without eccentricity,
the air-gap length of the motor is constant, regardless of the
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position of the rotor, as shown in Fig. 1(a)

Gideal = 90 (D

where gy is the inherent air-gap length of a motor without eccen-
tricity. The relative permeance of the air gap without eccentricity
can be represented as follows [24], [25]:

o P M

__ POFPM 2)
kegoppn + hpw (

Aideal =
where L, ke, hpn, and ppyr are the permeability of free space,
Carter’s gap coefficient, the radial thickness of the PM, and the
relative permeability of the PM, respectively. The magnetomo-
tive force (MMF) F originating from the PM can be represented
by using the Fourier series as follows:

F = Fpy - Z cos (kp — kpwt — @) 3)
k=1

where Fpyr, p, 0, w, t, and ¢ are the magnitude of the MMEF,
the number of pole pairs, angle from the x-axis, angular velocity,
time, and the phase of the MMF, respectively. The magnetic flux
density of the air gap B can be calculated as the product of the
MMF and the relative permeance of the air gap, as follows [17],
[24]-[26]:

B=F-A. 4)

The magnetic flux passing through a tooth ® can be calculated
by integrating the magnetic flux density along the air gap facing
a tooth as follows:

21

@z/BdA:mmﬂl)BwM (5)
2r (]

where Hpyr, s, [, and r are the height of the PM in the axial
direction, the total number of slots, the /th tooth, and the radius
of the air gap from the center of the stator, respectively. The back
EMF induced in the /th tooth-coil winding E; can be calculated
as the derivative of the magnetic flux passing through the Ith
tooth with respect to time as follows:
do

E, =—-N i (6)
where N is the number of turns. After substituting (2) and (3)
into (4), integrating along the air gap facing a tooth, and then
differentiating with respect to time, the back EMF induced in
the /th tooth-coil winding of the PM motor, without eccentricity,
can be represented as follows.

2N Fpy Hpw o prpnvi rw
kegoppat + hpa

Eigeals = —

k=1

)

For a PM motor without dynamic eccentricity, the back EMF
induced in a tooth-coil winding changes sinusoidally with the
pth multiple harmonics under a stationary rotational speed.

. i{sin (k;p%) sin(kpg (20 — 1) — kpwt — ¢)}

B. Back EMF Induced in a Tooth-Coil Winding With
Dynamic Eccentricity of a Rotor

Fig. 1(c) shows the motion of a rotor with dynamic eccentric-
ity, in which the centers of the rotor and the stator are different.
The rotor both rotates around its own center and revolves around
the center of the stator. The air gap can be represented as a func-
tion of space and time as follows [24]-[26]:

@} ®)

where ¢ and ¢ are the magnitude of the eccentricity and ini-
tial position of the minimum air gap, respectively. The relative
permeance of the air gap with dynamic eccentricity can be rep-
resented as follows [24], [25]:

e
9dyn = Jo {1_ *COS(@—wt—
90

Adyn = - Ho ) (9)
kego {1 - giocos (60— wt — 90)} + hen

HP M

After applying a Taylor series and neglecting higher order
terms, the relative permeance of the air gap with dynamic ec-
centricity can be represented as follows [24], [25]:

o P M

Aayn = —Hopen_
™ kegoppn + hew

pio fipni ek
(kegoppy + hpar)
After substituting (10) and (3) into (4), integrating along the
air gap facing a tooth, and then differentiating with respect to
time, the back EMF induced in the /th tooth-coil winding of

the PM motor with dynamic eccentricity can be represented as
follows:

5 cos (0 —wt — ). (10)

2N Fpn Hp pho o rw
kegoppn + hpu

. i {sin (kp%) Sin(k}pg (20— 1) — kpwt — Qb)}

k=1

Edyn,l = -

B N Fpn Hp po pon 2ekerw
(kegoppm + hPM)2
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The back EMF induced in the /th tooth-coil winding has
additional (kp £ 1) components due to the dynamic eccentricity
under a stationary rotational speed. The additional components
of the back EMF are linearly proportional to the amplitude of
eccentricity.

00
k=1

(21 -1

sin

(11)

C. Back EMF Induced in a Phase Winding

For a PM motor with series connections between tooth-coil
windings, the back EMF induced in a phase winding can be
calculated as a sum of the back EMF induced in the teeth-coil
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windings of the same phase, as follows:

Eideal,phase,U = Edyn,phase,U
2N Fpy Hpw po pipav rws
Pohase (kegoppy + hpar)

| Z sin (k:pg)

k=1

12)

where Ppy,sc 1s the number of phases. On the other hand, for
a PM motor using concentric winding with parallel connec-
tions between tooth-coil windings, the back EMF induced in
a phase winding can be calculated as an average of the back
EMFs induced in the teeth-coil windings of the same phase.
The additional components of the back EMF induced in a phase
winding originating from the dynamic eccentricity cancel each
other out during the summation or averaging process due to
the differences of phases regardless of the winding pattern. The
back EMFs induced in the phase winding of the PM motor
without and with dynamic eccentricity are the same. Therefore,
the mathematical equations show that changes of dynamic ec-
centricities cannot be identified by monitoring the back EMF
induced in a phase winding.

D. Back EMF Induced in a Tooth-Coil Winding Under
Nonstationary Rotational Speed

Under the nonstationary rotational speed of wy + dw, the
back EMF induced in the I/th tooth-coil winding of the PM
motor without eccentricity can be represented by substituting
wy + dw into (7) as follows:

2N Fpy Hp g pro o (wo + dw)
kcgoppn + hpm

. zoc: { sin (kpg) sin (kpg (20 -1)

k=1

Eigears = —

— kp (wo +dw)t—¢>} (13)
where wy and dw are the stationary rotational speed and the
instantaneous increase of rotational speed, respectively. The
amplitude of the back EMF induced in a tooth-coil winding
is linearly proportional to the instantaneous rotational speed.
The frequency of the back EMF induced in a tooth-coil
winding is kp(wy + dw)/wy with respect to the stationary
rotational frequency, and the frequency increases by the amount
kpdw/wy under a nonstationary rotational speed. In the case
of kpdw/wy = £1, the frequency of the back EMF induced
in a tooth-coil winding is (kp & 1), which is the same as the
frequency component due to the dynamic eccentricity under sta-
tionary rotational speed as shown in (11). Therefore, monitoring
the additional (kp &= 1) components of back EMF induced in a
tooth-coil winding cannot be sufficient to identify the dynamic
eccentricity of a PM motor under a nonstationary rotational
speed.

Permanent magnet

Stator core

Rotor core

Main windings
Additional windings

Permanent magnet

Stator core

Rotor core

Main windings
Additional windings

(b)

Fig.2.  Additional winding for (a) three-phase PM motor with eight poles
and 12 slots and (b) three-phase PM motor with 12 poles and nine slots.

E. Proposed Method to Detect the Dynamic Eccentricity

We propose a method to detect the dynamic eccentricity of
a rotor in a PM motor by monitoring the back EMF induced in
an additional winding wound around the teeth corresponding to
an even number of pole pitches. Fig. 2 shows how to wind the
additional winding. In the case of a PM motor with eight poles
and 12 slots, the additional winding can be wound around three
consecutive teeth because three teeth face two poles, as shown
in Fig. 2(a). In the case of a PM motor with 12 poles and nine
slots, the additional winding can be wound around three con-
secutive teeth because three teeth face four poles, as shown in
Fig. 2(b). The back EMF induced in an additional winding can
be calculated as a sum of the back EMFs induced in the tooth-
coil wound around the teeth corresponding to an even number
of pole pitches. The amplitude of the back EMF is linearly pro-
portional to the rotational speed. Therefore, we propose a fault
detection signal to detect the dynamic eccentricity as the back
EMF induced in the additional winding divided by rotational
speed as follows:

B

w
=1

Sfault = (14)

where m is the number of teeth corresponding to the even num-
ber of pole pitches. The back EMF in (14) can be determined
by measuring the voltage of the additional winding and the ro-
tational speed can be determined by the zero crossing of the
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back EMF induced in phase windings. In this way, the pro-
posed method can also be applied to the case of a nonstationary
rotational speed. The fault detection signal induced in the ad-
ditional winding of the PM motor without eccentricity can be
calculated to be zero, due to the phase differences between the
back EMFs induced in tooth-coil windings corresponding to
the even number of pole pitches

m

Eigeals
Sfault,ideal = §
=1 w

=0. (15)

The fault detection signal induced in an additional winding
of the PM motor with dynamic eccentricity can be calculated as
follows:

Sfault,dyn =

m
Z Edyn,l

w
=1

_ NFpy Hpn popien *eker
(kegoppy + hpar)”

. iz sin ((kp +1) g)
=1 k=1

(kp £ 1) g (20— 1)

—(kpEwt—9dFo

sin (16)

The fault detection signal induced in the additional winding is
generated as shown in (16) due to the dynamic eccentricity in a
PM motor because the additional components of the back EMF
induced in each tooth-coil winding in (11) do not cancel out dur-
ing the summation process. The magnitude of the fault detection
signal can be utilized to monitor the dynamic eccentricity of a
rotor in a PM motor in real time without further performing fast
Fourier transformations of the fault detection signal, because
it is generated only when the dynamic eccentricity exists. The
proposed method can also detect the dynamic eccentricity of a
PM motor even under nonstationary rotational speeds because
the fault detection signal is not dependent on speed. The pro-
posed method can be utilized only in motors with a rotationally
symmetric structure, which rotationally repeat the patterns of
two poles and three slots, or four poles and three slots, because
the additional winding, wound around three consecutive slots
corresponding to an even number of pole pitches, generates the
fault detection signal for dynamic eccentricity.

[ll. FINITE-ELEMENT ANALYSIS

The proposed mathematical equations make it possible to pre-
dict the fault detection signal induced in a tooth-coil winding,
a phase winding, and an additional winding generated by the
dynamic eccentricity. However, they cannot predict the magni-
tudes of the back EMF due to the complex geometry of the PM
motors and the nonlinear characteristics of the magnetic materi-
als. We utilized a finite-element analysis to verify the proposed
mathematical equations, as well as to determine the amplitudes

TABLE |
MAJOR SPECIFICATIONS OF THE PM MOTOR

Design variables VALUE
Input voltage [V] 380
Output power [W] 900
Rotational speed [r/min] 600
Poles/slots 8/12
Number of winding turns 185
Number of additional winding turns 1
Maximum residual flux density of PM [T] 0.42
Minimum air-gap length without eccentricity [pm] 800
Torque constant [N-m/A] 1.77
Outer diameter of rotor [mm] 108
Inner diameter of stator core [mm] 109.6
Outer diameter of motor [mm] 173

of the fault detection signal induced in an additional winding
generated by dynamic eccentricity.

Fig. 2(a) shows a three-phase PM motor with eight poles and
12 slots which includes an additional winding. Table I shows the
major specifications of the PM motor. The 2-D finite-element
model developed in this study has an additional winding of
one turn in teeth’s 1, 2, and 3 in order to determine the fault
detection signal induced in the additional winding by dynamic
eccentricity, as shown in Fig. 2(a). The finite-element model
consists of 127 800 triangle elements with three nodes, and
17 300 tetragonal elements with four nodes. The ferrite PM
has a residual flux density of 0.42 T, and is magnetized in the
radial direction. The air gap between the stator and the rotor is
800 pm, and the dynamic eccentricity is applied to the finite-
element model from 0% to 50% with increments of 10%. We
used the FLUX2D software to solve for the magnetic field by
considering the nonlinear B—H characteristics of the stator core.
The finite-element analysis was performed for each 1° rotation
of the rotor during one revolution. The finite-element model
was verified by comparing the simulated back EMF with the
measured back EMF at the operating speed of 600 r/min. The
simulated and measured back EMFs are 91.73 and 92.30 V,
respectively, with an error of 0.62%.

Fig. 3 shows the simulated fault detection signal induced in
the additional winding due to the dynamic eccentricity. In the
case of no dynamic eccentricity, the fault detection signal in-
duced in the additional winding is zero, as shown in Fig. 3(a).
Fig. 3(b) shows the simulated fault detection signal induced in
the additional winding for the PM motor for the case of 50% dy-
namic eccentricity. The dynamic eccentricity generates the fault
detection signal induced in the additional winding. Fig. 3(c)
shows the frequency spectrum of the fault detection signal in-
duced in the additional winding for the PM motor for the case
of 50% dynamic eccentricity. The sideband frequencies of the
four-pole pair motor are the third- and fifth-frequency compo-
nents, and the amplitudes of the third- and fifth-frequency com-
ponents of the fault detection signal induced in the additional
winding are 3.12 and 8.93 mV/krpm, respectively. Fig. 4 shows
the peak-to-peak amplitude of the fault detection signal induced
in the additional winding due to the amplitude of the dynamic
eccentricity of the PM motor. The peak-to-peak amplitude of the
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Fig. 3. Simulated (a) fault detection signal induced in the additional

winding without eccentricity, for a PM motor with eight poles and 12
slots, (b) fault detection signal induced in the additional winding with
50% dynamic eccentricity, and (c) frequency spectrum of fault detection
signal induced in the additional winding with 50% dynamic eccentricity.
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Fig. 4. Peak-to-peak amplitude of the fault detection signal induced in

the additional winding due to the dynamic eccentricity of the PM motor
with eight poles and 12 slots.

fault detection signal increases linearly with the increase of the
dynamic eccentricity. Therefore, the dynamic eccentricity can
be identified by monitoring the amplitude of the fault detection
signal induced in the additional winding.

We also performed a finite-element analysis under nonstation-
ary conditions in order to identify the fault detection signal with
varying rotational speed. In this analysis, the rotational speed
of the rotor increased linearly from 450 to 600 r/min over 2 s.
A dynamic eccentricity of 50% is applied to the finite-element
model. The finite-element analysis was performed during a 2-s
period with 4000 steps. Fig. 5(a) shows the rotational speed of
the rotor. Fig. 5(b) shows the simulated back EMF induced in
the additional winding. The peak-to-peak amplitude of the back
EMF induced in the additional winding increases as the rota-
tional speed of rotor increases. Fig. 5(c) shows the simulated
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Fig. 5. (a) Rotational speed of the rotor, (b) simulated back EMF
induced in the additional winding with 50% dynamic eccentricity, and

(c) simulated fault detection signal induced in the additional winding with
50% dynamic eccentricity.

fault detection signal induced in the additional winding. The
peak-to-peak amplitude of the fault detection signal induced in
the additional winding is 20.85 V/kr/min which is constant, re-
gardless of rotational speed. Therefore, the dynamic eccentricity
can be detected by monitoring the fault detection signal induced
in the additional winding, regardless of the rotational speed of
the rotor.

IV. EXPERIMENTAL DETAILS

In this study, we developed an experimental setup to mea-
sure the fault detection signal induced in the additional winding
due to dynamic eccentricity, using a three-phase PM motor with
eight poles and 12 slots, as shown in Fig. 6. In this experi-
ment, the eccentric shaft housings that support the rotating shaft
are prototyped to generate 25% and 50% dynamic eccentricity.
Fig. 7(a) and (b) shows the concentric and 50% eccentric shaft
housings, respectively. They are connected to the outer housing
through two ball bearings, and the top and bottom of the shaft
are inserted into the concentric or eccentric shaft housings, as
shown in Fig. 6. The fault detection signal induced in the addi-
tional winding is measured at the operating speed of 600 r/min,
and its operating speed is measured using an optical sensor
(Keyence FU-10). The radial displacement of the rotating shaft
is measured using a laser displacement sensor (Di-soric LAT 61
K 30/8), as shown in Fig. 6. Fig. 8 shows the additional winding
which is composed of one turn of copper coil with a 1.4 mm
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Additional winding to measure the fault detection signal.

diameter, and they are wound around the outside of the main
windings of teeth 1, 2, and 3. We measured the fault detection
signal induced in the additional winding of the PM motor us-
ing an oscilloscope (LeCroy WaveRunner 6100A) and a voltage
probe (LeCroy PPO07-WR) with a measuring range of =300 V
and a resolution of 0.001 mV.

Fig. 9(a) shows the measured radial displacement of the shaft
of the rotor supported by the concentric shaft housing. The am-
plitude of radial displacement can be regarded as the amount
of the dynamic eccentricity. Because of the manufacturing er-
ror of the concentric shaft housing and the unbalanced mass of
the rotor, the radial displacement of the shaft is about 33.0 pm,

Fig. 9. Measured (a) radial displacement of the rotor supported by the
concentric shaft winding, (b) fault detection signal induced in the addi-
tional winding without dynamic eccentricity, and (c) frequency spectrum
of the fault detection signal induced in the additional winding without
dynamic eccentricity.

which is 4.1% of the air-gap length. Fig. 9(b) shows the mea-
sured fault detection signal induced in the additional winding.
The peak-to-peak amplitude of the fault detection signal induced
in the additional winding is 9.76 mV/kr/min. Fig. 9(c) shows
the frequency spectrum of the fault detection signal induced in
the additional winding for the PM motor without eccentricity.
Fig. 10(a) shows the measured radial displacement of the rotor
supported by the eccentric shaft housing of 25% (200 pm). The
radial displacement is about 203.2 pm, which is about 25.4% of
the air-gap length. Fig. 10(b) shows the measured fault detec-
tion signal induced in the additional winding. The peak-to-peak
amplitude of the fault detection signal induced in the additional
winding is 15.81 mV/kr/min. Fig. 10(c) shows frequency spec-
trum of fault detection signal induced in the additional winding
for the PM motor in the case of 25% dynamic eccentricity. The
amplitudes of the third- and fifth-frequency components of the
fault detection signal induced in the additional winding are 0.63
and 3.98 mV/krpm, respectively. Fig. 1 1(a) shows the measured
radial displacement of the rotor supported by the eccentric shaft
housing with 50% eccentricity (400 pm). The radial displace-
ment is about 454.3 pm, which is about 56.8% of the air-gap
length. Fig. 11(b) shows the measured fault detection signal in-
duced in the additional winding. The peak-to-peak amplitude
of the fault detection signal induced in the additional winding
is 24.10 mV/kr/min. Fig. 11(c) shows the frequency spectrum
of the fault detection signal induced in the additional winding
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Fig. 10. Measured (a) radial displacement of the rotor supported by the
eccentric shaft housing of 25% dynamic eccentricity, (b) fault detection
signal induced in the additional winding with 25% dynamic eccentricity,
and (c) frequency spectrum of the fault detection signal induced in the
additional winding with 25% dynamic eccentricity.
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Fig. 11.  Measured (a) radial displacement of the rotor supported by the
eccentric shaft housing of 50% dynamic eccentricity, (b) fault detection
signal induced in the additional winding with 50% dynamic eccentricity,
and (c) frequency spectrum of the fault detection signal induced in the
additional winding with 50% dynamic eccentricity.
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Fig. 12.  Measured (a) rotational speed of the rotor, (b) radial displace-
ment of the rotor supported by the eccentric shaft housing of 50% dy-
namic eccentricity, (c) back EMF induced in the additional winding with
50% dynamic eccentricity, and (d) fault detection signal induced in the
additional winding with 50% dynamic eccentricity.

of the PM motor for the case of 50% dynamic eccentricity. The
amplitudes of the third- and fifth-frequency components of the
fault detection signal induced in the additional winding are 1.92
and 8.34 mV/krpm, respectively. This experiment shows that
the dynamic eccentricity can be identified by monitoring the
increase of the magnitude of the fault detection signal. Even
though the proposed method does not need frequency analysis,
the fault detection signal has the frequency components at the
harmonics of (kp + 1).

We also performed an experiment to measure the fault de-
tection signal under nonstationary conditions. A dynamic ec-
centricity of 50% is applied in this experiment by using the
eccentric shaft housing to support the rotating shaft. Fig. 12(a)
shows the measured rotational speed of the rotor. The rota-
tional speed increases linearly from 441 to 578 r/min over
1.832 s. Fig. 12(b) shows the measured radial displacement
of the shaft of the rotor with the 50% eccentric shaft hous-
ing. Fig. 12(c) shows the back EMF induced in the additional
winding. The peak-to-peak amplitude of the back EMF induced
in the additional winding increases according to the rotational
speed. Fig. 12(d) shows the measured fault detection signal
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induced in the additional winding. The peak-to-peak amplitude
of the fault detection signal induced in the additional winding
is constantly 23.70 mV/kr/min. This experiment shows that the
dynamic eccentricity can also be identified by monitoring the
magnitude of the fault detection signal even under nonstationary
conditions.

V. CONCLUSION

In this paper, we proposed a method to detect the dynamic
eccentricity of a rotor in a PM motor by monitoring a fault
detection signal induced in an additional winding in real time,
without performing further postprocessing, even under nonsta-
tionary rotational speeds. We derived the mathematical equa-
tions of the fault detection signal which is the back EMF in an
additional winding wound around the teeth corresponding to the
even number of pole pitches divided by the angular speed. The
proposed equations were verified by the finite-element analysis
of a three-phase PM motor with eight poles and 12 slots. We also
developed an experimental setup to measure the back EMF in-
duced in an additional winding of a three-phase PM motor with
eight poles and 12 slots with 25% and 50% dynamic eccentric-
ities. We confirmed that the dynamic eccentricity generates the
fault detection signal induced in the additional winding. The
peak-to-peak amplitude of the fault detection signal induced in
the additional winding increases linearly with dynamic eccen-
tricity. Therefore, the dynamic eccentricity can be identified by
monitoring the amplitude of the fault detection signal induced in
the additional winding, regardless of rotational speed, without
performing any further postprocessing. In real applications of
a PM motor, there are static eccentricities as well as dynamic
eccentricities. The proposed method in this paper cannot detect
the static eccentricity of a rotor in a PM motor. However, for
the mixed eccentricity in which both static and dynamic eccen-
tricities exist, the proposed method can still detect the dynamic
eccentricity of a rotor in a PM motor as the dynamic eccen-
tric motion grows because the static eccentric motion does not
change the corresponding air gap and the corresponding back
EMF induced in the additional winding. The proposed method
requires an additional winding. It may not be an easy task to
install an additional winding to some of the existing motors in
operation, but it is simple and economical method for newly
manufactured motors. This research can be utilized to detect
dynamic eccentric faults of PM motors, before failure events
shut down the entire system, or cause serious damage.
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