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Abstract—Motor current signature analysis (MCSA) has
recently become widespread in industry for on-line detection of
rotor cage faults in induction motors for preventing forced
outages. Although it can provide low cost, remote monitoring of
rotor faults, cases of false indications have been reported, where
the causes of some false indications are still unknown. It is
shown for the first time in this work that high-amplitude blade
pass frequency (BPF) vibrations produced in pumps, fans, or
compressors can cause false rotor fault indications, if the number
of motor poles is an integer multiple of the number of blades.
The influence of BPF vibration on MCSA based rotor fault
detection is analyzed, and it is shown that the interaction between
BPF vibration and rotor faults can produce false positive and
negative fault indications. Alternative test methods capable of
separating the influence of the BPF vibration and rotor faults are
suggested for avoiding false MCSA alarms. The claims made in
the paper are verified experimentally on a custom-built 380 V
induction motor-centrifugal pump system setup.

1. INTRODUCTION

Predictive maintenance of induction motors based on on-
line monitoring is the preferred maintenance strategy used in
industrial facilities, as it allows efficient fault monitoring for
preventing potential forced outages due to motor failures.
Recently, motor current signature analysis (MCSA) is being
increasingly employed in the field for detecting and preventing
rotor cage failures since it can provide low cost, remote
monitoring with a well-established fault threshold. Although
MCSA has been proven to be successful in the field for
detecting rotor faults, numerous cases and root causes of false
indications have also been reported [1]-[7]. When MCSA
based rotor fault detection is performed on medium-high
voltage motors, there are cases where the rotor fault component
is present for motors that do not show rotor damage during
visual inspection. There are also cases where MCSA is unable
to detect defects or faults that can be found during inspection.

The root cause of false indications has been identified to be
related to the influence of the rotor structure or the load
/coupling. Asymmetry in the rotor due to axial air ducts, core
magnetic anisotropy/ovality, or porosity can produce a false
positive indication where a fault alarm is produced in the
absence of the fault [7]-[11]. Outer cage faults in double cage
motors or non-adjacent broken bars can result in false negative
indications where the fault is unobservable in the presence of
the fault [7], [12]-[16]. Low frequency oscillations in the load
due to speed reduction couplings or load variation can also
produce false positive or negative indications [7], [17]-[20].
False positive indications result in unnecessary motor
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inspection, which can cost up to hundreds of thousands of USD
for medium-high voltage motors, and false negative indications
can result in forced outage of the motor and process, for which
the cost can be orders of magnitude higher. False MCSA fault
indications are a major concern in the field considering the
consequences; however, there still are many cases where the
root cause of false indications cannot be explained.

The first step towards identifying false rotor fault
indications for preventing unnecessary inspection or a potential
forced outage is to understand what causes it. In this work, it is
shown that blade pass frequency (BPF) vibrations produced in
pumps, fans, or compressor loads shown in Fig. 1 can cause
false indications when applying MCSA for rotor fault detection.
Considering that over 60% of industrial motors are used for
driving pump, fan, or compressor loads [21], it is important to
understand how BPF influences MCSA. Interference due to
BPF vibration is completely different from the torque
oscillations produced by rotor or load rotational speed
frequencies studied in [1]-[4], [16]-[20], and has not been
investigated in the existing literature. The influence of BPF
vibration on MCSA based rotor fault detection is analyzed in
this paper, and it is shown that high-amplitude BPF vibration
can produce both false positive and negative fault indications.
Alternative options for reliable detection of rotor faults
immune to BPF interference are devised and presented based
on the analysis. The conclusions drawn from the analysis on
the BPF influence and test methods are verified experimentally
on a custom-built motor-centrifugal pump system.

II. INFLUENCE OF BPF VIBRATION ON MCSA

A. Blade Pass Frequency (BPF) Vibration
A significant percentage of medium-high voltage motors
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Fig. 1 (a) Centrifugal pump with a 4 blade impeller (Nv=4), and (b)
vibration spectrum for pump/fan/compressor with 4 blades/cylinders



are used for driving fans (blowers), pumps, or compressors for
creating flow for moving liquids, gases, or slurries. The
rotating or reciprocating blades (vanes) or pistons employed in
such equipment convert the mechanical rotating energy of the
motor to increase the velocity and pressure of the fluid/gas for
creating the flow [22]. The blades produce periodic vibration
at frequencies that are determined depending on the speed of
rotation, number of blades, and mechanical structure of the
system. The structure of a centrifugal water pump with a 4
blade impeller is shown in Fig. 1(a), where the direction of the
water inflow is in the axial direction into the page, and the
direction of outflow is vertically upwards. As the impeller
rotates, pressure impulses are produced whenever the blade (or
cylinder) is hydro-dynamically loaded within the pump, fan, or
compressor when it passes a discontinuity, as can be seen in
Fig. 1. As a result, vibration defined as the “blade pass
frequency (BPF)” vibration proportional to the product of the
number of blades (or cylinders), Ny, and rotating speed of the
rotor, fr, is produced [22]-[24]. The rotor rotational speed
frequency (or 1X frequency), fr, and BPF, f,ipger are given by

fr =201 -5)f/P, (D
fvib,BPF = ki Npfs 2

where s, fs, P, and ki are the slip, supply frequency, number of
poles, and a positive integer, respectively.

The BPF component is inherent in pumps, fans and
compressors, and observable in the frequency spectrum of
acceleration, velocity, or displacement when vibration analysis
is performed. BPF vibration is usually present, and does not
indicate a problem unless its amplitude becomes excessive or
causes an acoustic problem. The BPF vibration can increase in
amplitude if defects or faults are present in the system or if
structural resonance is excited. Large fiingpr components can
be observed due to problems in pumps, fans, or compressors
such as non-uniform gap/clearance, disruption of flow,
component wear, or resonance [21]-[22]. If the BPF vibration
is excessive, it can cause accelerated wear or damage of the
system components, and also induce noticeable fapr
components in the stator current spectrum.

It is shown in a number of resources that radial vibrations
produced by motor mechanical faults result in periodic
oscillations in the induced torque that modulate the stator
current at the fault characteristic frequencies [25]-[26]. If the
amplitude of the fupeer is large, it can also produce
fundamental frequency sidebands observable in the stator
current spectrum. The influence of BPF vibration observable
in the stator current with MCSA is given by

fepr = fs T kiNpfy = fo £ 2k Ny (1 — 5)fs/P. (3)
B. Interaction between BPF Vibration and Rotor Faults

If the number of poles is an integer multiple of the number
of blades, i.e. if kiNy/P of (3) is equal to 1 and the BPF
vibration is high, the influence of BPF vibration is observable
with MCSA at

fopr = —(1 = 25)fs, (3 —25)f;. “4)

Considering that rotor faults (RF) in the rotor cage produce left
sideband components in the current spectrum given by

frr = (1 = 2k,s)f;, (%)

the fgpr and frr frequencies are identical with opposite signs at
the frequency shown in (6), if kiNyp/P is equal to 1 (for k=1).

frr = —fepr = (1 = 28)f; (ky; =1) (6)

If the number of blades is not an integer multiple of the number
of poles, more specifically if kiNy/P is not equal to 1, the BPF
influence in MCSA is not in the vicinity of -(1-25)fs or (1-25)fs,
as can be seen in (3). Therefore, it does not interfere with
MCSA based rotor fault detection. The rotor fault sideband
frequency components are also produced on the right side of fs;
however, this component alone is not considered a reliable
indicator of rotor faults since it depends heavily on the
rotational inertia of the motor and load [27]. The right
sideband component is not influenced by BPF vibrations, but
cannot provide a consistent and reliable indication of rotor
faults for medium-high voltage machines with large inertia.

From (6), it can be seen that a rotor fault produces a stator
current vector, ispp, that rotates in the direction of rotor
rotation (positive (+) sequence) at fre=(1-25)f, and BPF
vibration induces a vector, U5 gpr, that rotates in the opposite
direction (negative (-) sequence) at the same frequency. The
relative direction of rotation between the Ufpr and 7jppp
vectors are illustrated in Fig. 2(a). The stator current phasors
of the (1-25)fs component produced by a rotor fault (positive
sequence) for each phase can be represented as,

i;s,RF = Igrcos((1 — 25)wst), @)
Ifs re = Igpcos((1 — 2s)wgt — 21/3), 3
i(:".—S,RF = IRFCOS((l - ZS)wSt + 2”/3), (9)

where Ige is the peak amplitude of the fre component. The (1-
2s)fs component produced by BPF vibration (negative sequence)
can be expressed as,

i;s,BPF = Igppcos((1 — 25)wst + a), (10)
Iy gpr = Igprcos((1 — 28)wgt + 2m/3 + ),  (11)
I ppr = Igprcos((1 — 28)wst — 2m/3 + @),  (12)

where « is the relative phase angle between I pr and I gpr,
and lgpr is the peak amplitude of the fgpr component. The
individual rotor fault and BPF phasors and the relative phase
angle « are illustrated in Fig. 2(b) for the case where Irr=Igpr.
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Fig. 2 (a) Space vector and (b) phasor representation of (1-25)fs components
induced in the stator current by rotor fault (RF) and blade pass
frequency (BPF) vibration (example for Irr = lepr)



—

as 1298

120°—&

—

les,(1-25)fs

Ibs,(1-25)8
Fig. 3 Measurements of (1-25)fs components induced in individual phases a,
b, ¢ of the stator current when rotor fault (RF) and blade pass
frequency (BPF) vibration co-exist (example for case shown in Fig. 2)

If a rotor fault is present in the motor with high BPF
vibration due to the load, frr and fspr components co-exist in
the stator current. The (1-2S)f; component of the stator current
vector is the sum of the Tpr and 75 ppr vectors under this
condition, and therefore, measurements of the individual phase
currents are the sum of the individual phase currents of the
rotor fault and BPF components shown in (7)-(9) and (10)-(12),
respectively.  An example of the stator phase current
measurements of the (1-25)fs components produced by a rotor
fault and BPF vibration are illustrated in Fig. 3 for the case of
Fig. 2. The two components, Irr and lgpr, have different
amplitudes in general, and the relative angle, o, between them
is random since it depends on 1) the relative angular position
between the rotor fault and blade and 2) the load-dependent
dynamics of the fluid flow in the pump, fan, or compressor. It
can be shown that the peak amplitudes of phasors ias,(l—Zs) I
Ips 1-25),» Ies,1-2s5)f, can be derived from (7)-(12), by adding
the analytical equations of the components produced by rotor
faults and BPF vibration for each individual phase as

[Tas,1-2595,| = V12 + 2Ire Igpr cos o+ I2pp (13)

|ibs,(1—25)f5| = \/11%17 + 2Igp Igpp cos(o — 120°) + IéPF , (14)
es1-25)f,] = VIZg + 2Ige Igpp cos(a+ 120°) + [2pp . (15)

The equations derived in (13)-(15) show that the measurements
of the phase a, b, and c stator currents are a function of Irr, lgpr,
and a. The potential false rotor fault indications that can be
produced with MCSA is presented in the following section
based on (7)-(15) and Figs. 2-3.

III. FALSE MCSA ROTOR FAULT INDICATIONS PRODUCED BY
BPF VIBRATION

A. False Positive Rotor Fault Indication due to BPF

Vibration in Healthy Motor

If the BPF vibration is large enough to induce a -(1-2)fs
component in the stator current as shown in (3)-(4) for any
reason listed in I.A., a false positive rotor fault alarm can be
produced when applying MCSA to a motor with a healthy rotor
cage. There are a number of MCSA products that rely on the
measurement and analysis of the spectrum of one of the three
phases of the stator current [1]-[2]. If measurement of only
one phase is available, positive and negative sequence current
vectors, Iy pr and U; gpp, cannot be distinguished. In this case,
the fgpr = —(1-25)fs component is observed at +(1-25)fs and
overlaps with fge in the current spectrum producing a false

positive rotor fault alarm. The commercially available MCSA
products that measure all three phases monitor the fre
component of each individual phase current, or monitor the
average of the frr components obtained from the three phases
[28]-[29]; therefore, false rotor fault alarms cannot be avoided.
Since unnecessary inspection of the rotor due to a false alarm
can be very costly, the maintenance engineer must be aware of
the BPF induced false MCSA rotor fault alarms.

B. False Rotor Fault Indications due to Co-existence of Rotor
Fault and BPF Vibration

If large BPF vibrations induce the -(1-25)fs component in a
motor with a faulty rotor cage, and one phase of the current is
analyzed, the two components, frr and fapr, overlap at the same
frequency. As a result of the interaction, the magnitude of the
(1-2s)fs components for phases a, b, and ¢ are different, since
they are sum of phasors consisting of a-b-c and a-c-b
sequences, shown in Fig. 2(b) (the direction of the rotating
vectors, I pr and U; gpp. is opposite.). This can be observed in
(13)-(15) and has been illustrated in Fig. 3 for clarity. The
magnitude of ias,(l—z s)f. @s a function of the ratio between lgpr
and Irr (Ispr/ Irr) for different values of ¢ are calculated from
(13), and plotted in Fig. 4 for Ige=1. It can be observed from
this figure that the value of I —24)f| (and thus [Tps 1_25),];
\ics,(1—2s) 7. depends heavily on Ir, leer, and a. The values of
Has,(1-25) 1> Hbs,(1-25)f5» and |, (1-25) 1| as a function of & are

calculated from (13)-(15), and plotted in Fig. 5 for the case of
Irr=lgpe=1. It is shown in Fig. 5 that the magnitude of the (1-
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2s)f; components for each phase are completely different
depending on ¢, if rotor faults and BPF vibration co-exist.
Some observations on how rotor faults and BPF vibration
interact to produce false rotor fault indications with MCSA can
be made from the analysis in II-IIl and Figs. 4-5, as
summarized below.

e A false rotor fault alarm can be produced by fgpr for the
case where fge is small, if the frr and fgpe components add
in the phase in which MCSA is performed. A small fre
component due to the inherent asymmetry in the rotor
cage that would not be regarded as a rotor fault could be
amplified by the BPF vibration (false positive).

e MCSA can fail to detect the rotor fault, if the frr and fapr
components cancel in the phase in which MCSA is
performed. A fre component large enough to trigger a
rotor fault alarm could decrease to a small value below the
fault threshold due to the faer component (false negative).

e The values of the (1-25)fs components for phases a, b, and
¢ are completely different, if fre and fspr components
coexist, and Ige and lgpr cannot be separated. A false
positive or negative indication can be produced depending
on which phase(s) are being monitored.

The analysis provided in II-III clearly show that the
influence of BPF vibration can produce false positive or
negative rotor faults with the conventional MCSA based on
measurement of one phase current. It can be seen that the
influence of rotor fault and BPF vibration cannot be separated
to avoid false alarms since the values of Irr, lgpr, a are
unknown and random. Alternative methods for reliable
detection of rotor faults under the BPF influence are presented

in the following section based on the analysis provided in II-I1I.

IV. RELIABLE DETECTION OF ROTOR FAULTS UNDER BPF
INFLUENCE

The best way to avoid false MCSA indications due to BPF
interference is to select a fan, pump, or compressor for which
the number of motor poles is not an integer multiple of the
number of blades. However, this cannot be done for the
installed units since this is not a design or selection criterion in
motor-pump systems. An alternative option for testing the
rotor condition immune to BPF vibrations is to perform any
type of assembled or disassembled off-line test. Off-line tests
can provide reliable detection of rotor faults since they are not
influenced by the load (and BPF vibration) because the motor
is at standstill. There are many off-line tests available for rotor
cage condition assessment that have been developed and
verified over a long period of time [30]-[31]. One of the
limitations of off-line testing is the requirement of motor
disassembly for direct inspection/testing on the rotor surface.
One option for testing the rotor without rotor disassembly is to
perform the off-line single phase rotation test, where the
current is monitored as the rotor is manually rotated with an ac
voltage source connected between two phases [30]-[31]. This
test is capable of reliable rotor testing independent of BPF
since it is independent of load; however, the motor has to be
stopped for testing, and manual rotation of the rotor shaft in
discrete intervals is required, which is not feasible for many
industrial applications.

A. On-line Monitoring of Rotor Faults

It was clearly shown in II-IIT that MCSA based on single
phase current measurement can fail when the rotor fault and
BPF induced components overlap since the positive (fre) and
negative (fgpr) sequence components of (1-2s)fs cannot be
separated. The easiest way of separating the positive and
negative sequence components on-line is to observe the
frequency spectrum of the current space vector, ;. The space
vector I can be constructed if at least two phases of the current
measurements are available from

?s = g (las +ips @+ i aZ)’ (16)
where a is e/'?™/3. The frequency spectrum of the complex
number sequence I, provides the full frequency spectrum
between —fsan/2 and +fsam/2, for sampling frequency, fsam. This
allows separation of the positive and negative sequence
components, which was not possible with the frequency
spectrum of a single phase current (ias, ibs, OF ics) that provides
the spectrum between 0 and fsam with the positive and negative
sequence components overlapped, as illustrated in Fig. 6. If
the T spectrum is available, rotor faults can be detected by on-
line monitoring of the frr component, which can be obtained
from the (1-25)fs component of the 7, spectrum, as shown in
Fig. 6 (upper). This provides a reliable indication of rotor
faults immune to BPF influence, since the fspr component
appears in the —(1-28)fs component of the 7, spectrum. It is
also possible to monitor the presence of mechanical problems
in the pump, fan, or compressor loads that result in excessive
BPF vibrations by trending the fgpr component. This method
can be easily implemented in any existing MCSA equipment if
a minimum of two phase currents are measured.

B. Monitoring of Rotor Faults under the Startup Transient

Although spectrum analysis of the current space vector can
provide a simple and effective solution, it can only be applied
if steady state measurement of at least two phases of current is
available. If only one of the three phase currents is measured,
an option for detecting rotor faults independent of BPF
vibrations is to analyze the startup current with time-frequency
transformation techniques. Analysis of the stator current
during startup is expected to provide reliable detection of rotor
faults since BPF vibration is low when the rotor is accelerating

Frequency spectrum of r: 1 p
g
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Fig. 6 Positive (fs, fre) and negative (-fs, fapr) sequence components in the
frequency spectrum of the current space vector (upper), Iy, and
individual phase currents (lower), ias, ibs, OF ics.



at low speed. There recently has been active research on time-
frequency analysis of the startup current for rotor fault
detection due to its performance and reliability benefits. The
improved sensitivity of fault detection due to the large rotor
current under startup, and its immunity to false indications
have been reported in [6], [13], [20], [32]-[33].

When an induction motor is started directly from the line,
the rotor slip decreases from 1 to the operating slip, which is
close to 0. As the slip decreases from 1 to 0, it can be seen
from (3) that the fspr component induced in the stator current
decreases from 60 Hz to a value close to -60 Hz (if kiNwy/P=1),
and the frr component shown in (5) increases from -60 to a
value close to 60 Hz (kz=1), as illustrated in Fig. 7. Since
positive and negative frequency cannot be distinguished with
measurement of one phase of the current, the evolution of fgpr
and fre is recognized as the absolute values, [fgpr| and |fre|.
Therefore, they both decrease from 60 Hz to 0 Hz and increase
to a value close to 60 Hz during the startup transient, as slip
decreases from 1 to the operating slip (=0), as shown in Fig. 7.
Although the frr and fgpr components have identical evolution
under startup, the BPF component is negligible at low speed
since the pressure applied to the impeller blade is low, whereas
the rotor fault component is large due to the large rotor current.

There is a wide variety of time-frequency analysis methods
that can be applied [32]-[33], but they would yield similar
results since main idea is identical in that the evolution of the
fre component is observed over time during startup. In this
work, the short time Fourier transform (STFT) is used since it
provides a continuous ‘picture’ of the analyzed signal that
shows its full time-frequency content, as shown in Fig. 8. The
V-shaped evolution shown in Fig. 7 can be observed for a 6.6
kV, 3.8 MW motor with a rotor fault (Fig. 8(a)), and the
pattern disappears after rotor repair, as shown in Fig. 8(b). In
this time-frequency map, the y-axis represents the frequency,
and the x-axis represents the time interval of the signal. The
color at any point of the map at coordinates [Xo, Yo] is related to
the amplitude of the frequency component Yo at the specific
time Xo. An intense (bright) color in the map indicates that the
frequency component has a strong presence in the analyzed
signal at that specific instant of time. The main limitation of
startup transient analysis is the requirement of motor startup
with at least 1 sec. startup time, which could be difficult for
applications that require continuous operation of the motor or
motor applications with very low inertia.

V. EXPERIMENTAL RESULTS

A. Experimental Test Setup

An experimental study was performed on a custom-built
centrifugal pump system to verify 1) the analysis on the

influence of BPF vibrations on MCSA presented in II-1II, and 2)

the alternative test methods presented in IV for reliable rotor
fault detection. A commercial 380 V, 2.2 kW, 2 pole induction
motor driving a centrifugal pump system, shown in Fig. 9(a),
was configured to circulate the water through the tank. A
pressure gauge was installed, and valves were used to adjust
the load of the motor by controlling the water flow. To

produce BPF vibrations that satisfy the kiNy/P=1 condition for
interference with rotor fault detection, 2 of the 4 impeller
blades were removed, as shown in Fig. 9(b). Healthy and
faulty rotor cages were tested, where the faulty rotor cage was
produced by drilling holes at the joint between the bar end ring.

A commercial data acquisition system, accelerometer (500
mV/g), and current transformers were used for vertical
vibration, and stator current measurements. The steady state
and startup current and vibration data were sampled at 6.4 kHz
(30 second interval for MCSA and vibration analysis). When
obtaining the startup transient data, a high-inertia steel disc was

"5'____.__“:;__g_t_ﬁ@gt_purrent, I

[3
A .
'slip, s

A 60 Hz

Y

"".‘ |f|.\.,| & |f.':.r'r'|
"‘q.‘ ,.-"ﬂ‘\

. A

0Hz~ el t
™ frr “eeu TBPF
LB60Hz Tt
Fig. 7 Stator current, ls, rotor speed, ar, and slip, S, waveforms under

induction motor startup transient (upper); evolution of rotor fault, frr,
and BPF vibration, fspr, components under startup transient

- 60
Edﬂ 1 ﬁiﬁrﬂ}l ' '%I” gdﬂ
> ' ¢ . \ .
ﬁ 30) . t,/;'p M v ": £
g y P =
: I AT
i L8 1 ] a2

L] II i
10 ¥ ‘l' "“ » 10
RV NR
L) | 2NN

Time (s)

@ (b)
STFT based startup transient analysis of 6.6 kV, 3.8 MW pump
motor with a rotor fault (a) before and (b) after rotor fault repair

Fig. 8

(@ (b)
Fig. 9 (a) Motor-centrifugal pump test setup with water circulation through
tank; (b) pump impeller with 2 blades



installed on the shaft to increase the startup time to 1~1.5 secs.,
which is typical for medium voltage motor pump applications.

B. Experimental Results

The valves were carefully adjusted while observing the
amplitude of the BPF vibration to produce a large fapr
component in the stator current to verify the claims made in II-
II. Slow fluctuations in the amplitude of the BPF vibration
and motor load were observed with the valve position fixed
due to the dynamics of the water flow. A typical vibration
measurement obtained with an accelerometer is shown in Fig.
10 for the system with a 2 blade impeller. It can be seen that
integer multiples of the 2 times f, frequencies are noticeable
due to Np=2 blades, as predicted in (2). The 2f, (2X)
component is approximately 3 times larger than the rotor
rotational frequency, fr (1X), component shown in (1) due to
the BPF influence. In most cases, the f, component is usually
the largest due to the influence of misalignment, unbalance,
eccentricity or other mechanical problems [23]-[24]. The
integer multiples of f; in vibration are reflected in the stator
current spectrum as sidebands of fs due to torque oscillations.

The results of MCSA performed on phases a, b and ¢ are
shown in Fig. 11(a)-(b) for a motor with healthy and faulty
rotors, when BPF vibrations are present at 49% and 73.5%
rated load, respectively. It can be seen that the amplitude of
the (1-2s)f; components are different for phases a, b, and ¢ due
to the interaction between the positive and negative sequence
components, frr and fgpr., as predicted in II-III. This confirms
that BPF and rotor fault components produced at identical
frequencies of (1-2s)fs can add or cancel in phases a, b, and ¢
depending on ¢, if MCSA is performed on individual phases.
Considering that the fault threshold for rotor faults is usually
set between -50 and -40 dB in the field, BPF vibration can
produce a false positive alarm for a healthy rotor. The (1-25)fs
component is -48.8 dB for phase c in Fig. 11(a), which can be
misinterpreted as a rotor fault although the rotor is in good
condition. It can also be seen in the in Fig. 11(b) that a false
negative indication can be produced for a faulty rotor if MCSA
is performed on phase a (-54.2 dB), since the fre and faer
components cancel out in this phase. The amplitude of the
right sideband, (1+2s)fs, components are the same for phases a,
b, and ¢ for both cases shown in Fig. 11. This is because the
right sideband is not influenced by BPF vibration, as they do
not overlap. However, this component cannot be used as a
reliable fault indicator for medium-high voltage motors since
its magnitude depends heavily on the inertia of the motor and
load [27].

The off-line single phase rotation test was performed on the
motors with healthy and faulty rotors to verify the condition of
the rotor. The stator current was measured in 10 degree
intervals while a 47.5 V was applied across the terminals of
phases a and b. The results of the normalized stator current
shown in Fig. 12 for healthy and faulty motors clearly indicate
that the fault has been inserted properly. The results clearly
show that the single phase rotation test can provide reliable
detection of rotor fault independent of the BPF vibration, since
it is a standstill test independent of load influence.

The positive and negative sequence spectra of the £(1£25)fs
components obtained from the current space vector is shown

for the healthy and faulty rotors in Figs. 13-14, respectively.
The results show that the influence of BPF vibration and rotor
fault can be separated since the BPF influence can be observed
in the negative sequence, —(1-25)fs, and the rotor fault in the
positive sequence, +(1-28)fs. For the motor with a healthy rotor,
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the amplitude of the fre component is -57.9 dB in Fig. 13(b),
which indicates a healthy rotor, although the phase c
measurement (-48.8 dB) shown in Fig. 11(a) indicated of a
faulty rotor. The interaction between the fre component (-57.9
dB) and large fgpr component (-52.2 dB) shown in Fig. 13(a)
caused the increase of the phase ¢ component to -48.8 dB. For
the faulty motor shown in Fig. 14, the fre component at -43.1
dB in Fig. 14(b) indicates a rotor fault although the phase a
current (-54.2 dB) in Fig. 11(b) indicates a healthy rotor. The
fapr component shown in Fig. 14(a) caused the decrease in the
phase a current since the two components were out of phase.
The influence of the rotor fault and BPF vibration can be
clearly distinguished since the fre component in the positive
sequence spectrum (Figs 13(b), 14(b)) provides a reliable
indication of a rotor fault. The fapr component in the negative
sequence spectrum (Figs. 13(a), 14(a)) can be used to monitor

potential mechanical faults that cause excessive BPF vibrations.

This is the easiest solution for reliable on-line detection of rotor
faults independent of BPF vibration, if current measurements
of two phases are available.
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The startup current measured from the three phases of the
healthy and faulty motors with BPF vibration were analyzed
with STFT. The results for phase c of the healthy motor that
produced a false positive alarm (-48.8 dB), and phase a of the
faulty motor that produced a false negative indication (-54.2
dB) are shown in Fig. 15-16, respectively. It can be seen that
the evolution of the frr pattern shown in Figs. 7-8 can only be
observed for the faulty motor in Fig. 16 although the (1-25)f;
component is smaller than that of the healthy motor in steady
state (Fig. 11). The startup test results are identical in the other
phases since BPF vibration is negligible at low speed during
startup, and only the influence of the rotor fault is reflected.
The results of Figs. 13-16 clearly show that MCSA of the
current space vector and startup analysis provide reliable
detection of rotor faults independent of BPF vibration for cases
where MCSA based on one phase current fails.

VI. CONCLUSION
The influence of BPF vibration in pumps, fans, and

compressors on MCSA based rotor fault detection of induction

35— . - . . .
BPF component

Faulty ?3 5% Inad
-40| Negative sequence (faer)

raP; -45.8 dB\“.

&

Current (dB)
& & i
o o o =]
L

&y
o

i i i !
€ 64 63 62 H1 60 59 58 57 56 55
Frequency (Hz)

@

I
&

Rotor fault component
Posmve sequence (!R;)

Faulty T R

Current (dB)
£ & & &

&
=3

&
@

&y
-]

55 56 57 58 59 60 61 62 63 64 65
Frequency (Hz)
()
Fig. 14 MCSA results of current space vector for faulty rotor with BPF
interference; (a) negative (farr) and (b) positive (frr) sequence

60

(fr: -54.2 dB)

R

Rotor fault
pattern

B
o

40

60

[
o

80

Frequency (Hz)
8

-100

; :\b B

0 05 1 15
Time (sec)
Fig. 16 STFT analysis of phase a startup current for faulty motor with BPF
vibration (MCSA produced false negative alarm at -54.2 dB)

-120



machines was evaluated in this paper. A theoretical analysis
shows that the influence of BPF vibrations can interfere with
the rotor fault frequency components, if the number of motor
poles is an integer multiple of the number of blades. It is
shown for the first time in this work that BPF vibrations can
produce false positive or negative rotor fault indications
causing conventional MCSA based on one phase current to fail.
It is shown that analysis of the positive sequence component of
the current space vector spectrum can provide a simple solution
for reliable on-line detection of rotor faults immune to BPF
interference. It is also shown that all off-line tests and startup
transient analysis can provide reliable detection of rotor faults
independent of BPF influence. The potential of monitoring
mechanical defects that give rise to BPF vibration has also
been shown. All claims made in the paper are verified
experimentally on an induction motor-centrifugal pump system
setup. Considering that a significant percentage of medium-
high voltage induction motors are used for driving loads with
BPF vibration, the findings of this paper are expected to help
prevent false MCSA indications in the field.
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