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Produced by Axial Air Ducts based on the Space
Harmonic-Induced Current Components
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Sang Bin Lee, Senior Member, IEEE, and Ji-Yoon Yoo
Alberto Bellini, Member, IEEE, Luca Zarri, Senior Member, IEEE, Fiorenzo Filippetti, Member, IEEE

Abstract—Motor Current Signature Analysis based on the
50/60 Hz sidebands has become a common test in industry for
monitoring the condition of the induction motor rotor cage.
However, many cases of unnecessary motor inspection or outage
due to false alarms produced by rotor axial duct interference have
been reported. If the number of axial ducts and poles are identical,
this can produce 50/60 Hz sideband frequency components in
Motor Current Signature Analysis that overlap with that of rotor
faults, resulting in false alarms. However, there currently is no
practical test method available for distinguishing rotor faults and
false indications other than testing the rotor off-line or under the
startup transient. In this paper, the feasibility of using the rotor
fault frequency component produced by the space harmonic
waves is evaluated as a solution for the first time. Since the 5th or
7th space harmonics have a spatial distribution of flux that do not
penetrate in the rotor yoke to reach the axial ducts, they do not
produce false alarms. The proposed method is verified on 6.6 kV
motors misdiagnosed with broken bars via the 50/60 Hz sidebands
of Motor Current Signature Analysis. It is shown that it provides
reliable on-line indication of rotor faults independent of axial duct
influence, and can be used for screening out false alarms.

Index Terms—Condition
Frequency Domain Analysis,
Maintenance.

Monitoring, Fault
Induction Motor,

Diagnosis,
Predictive

NOMENCLATURE
Np, Ng Number of poles and rotor axial air ducts.
Ns, N Number of stator and rotor slots.
1A Supply electrical frequency in hertz.
h h™" space harmonic order.
S Rotor slip.

fauet, Toron MCSA frequency sidebands produced by axial duct
and broken bar due to h™ space harmonic in hertz.

k, m Positive integers.
i, im, Iy~ Stator, magnetizing, and rotor currents.
Oe Electrical angle of broken bar location measured with
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respect to the axial duct in the direction of rotor
rotation.

fos frr Frequency (speed) of h™ order space harmonic wave
with respect to stator and rotor in hertz.
Kp.h Stator pitch factor for h™ space harmonic component.

I. INTRODUCTION

OTOR current signature analysis (MCSA) is one of the

most popular tools for monitoring the condition of the
rotor cage of medium/high voltage (MV/HV) induction motors.
The on-line and remote monitoring capability of MCSA makes
it an attractive and convenient technology in an industrial
environment [1]-[6]. However, false rotor fault alarms for
healthy motors can be caused by rotor axial ducts, rotor ovality,
low frequency load oscillations, or porosity (aluminum die cast
rotors) when the 50/60 Hz sidebands are used, as reported in
[4]-[11]. A false alarm can result in an unnecessary and costly
inspection or outage of the motor and driven process. The cost
of inspection for MV/ HV motors with a false alarm is typically
tens of thousands of dollars excluding the cost of repair and loss
of production (if stand-by or spare motors are available)
[9]-[11].

One of the most common root causes of false rotor fault
alarms is the interference caused by rotor axial air ducts. Rotor
air ducts, shown in Fig. 1, are employed in motors rated above
100 kW for effective cooling of the rotor, and reduction in
inertia and material costs [9]-[10]. Axial ducts can cause the
magnetic reluctance of the flux path to be asymmetric since the
flux can penetrate inside of the axial ducts depending on the
relative position between the flux and rotor, as illustrated in
Fig.1. The difference in the flux path can be seen in the results

% %~§ff x peneti

FE analysis of flux distribution in 4 pole motor with 4 axial air ducts
(Ng=Ny=4) when magnetic poles and duct arms are electrically (a)
90° apart and (b) aligned (0°) under steady state operation. The
asymmetry in magnetic flux path produces false rotor fault alarm.
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Fig. 2. Rotor (upper) and stator current, I, spectrum (lower) of 6.6 kV motors with identical number of rotor air ducts, Ng, and poles, N, with false rotor fault
alarms produced with MCSA, (a) Sample A (A1, A2): 2400 kW, 8 pole induced draft fan motor (N¢=N,=8); (b) Sample B (B1, B2, B3): 280 kW, 4 pole,
condensate pump motor (N.=N,=4); (c) Sample C (C1, C2, C3): 350 kW, 4 pole condensate pump motor (Ne=N,=4)

of the 2 dimensional finite element (FE) analysis in Fig. 1(a)-(b)

for a 4 pole motor with 4 axial ducts (high reluctance path in
Fig. 1(a) and low reluctance path in Fig. 1(b)). The variation in
the magnetic reluctance results in modulation of the
magnetizing current, i, whereas variation in rotor resistance
due to broken bars produce modulation in the rotor current, i,.
Modulation of i, can produce components at fq, in the current
spectrum that are identical to the rotor fault frequency, fyr 1, if
the number of air ducts, Ng, and poles, N,, are the equal as,

fowet = fows = QL 2ks) f, Q)

where f; is the supply frequency, s is the rotor slip, and k is a
positive integer. This can be misinterpreted as broken rotor
bars when the 50/60 Hz sideband-based MCSA (hereinafter
referred to as MCSA) is applied, as reported in [5]-[11].

Three recent cases of false MCSA rotor fault alarms
produced by the axial duct influence are shown in Fig. 2 for 6.6
kV induction motors [9]-[11]. The results of MCSA performed
on the three motor samples (samples A, B, and C) indicated
broken bars in some of the rotor samples. However, inspection
of the rotors showed that the bars are in healthy condition for all
motor samples. This resulted in unnecessary expenditures for
the inspection, where the cost of inspection alone exceeded
100,000 dollars for the 2.4 MW motor of Fig. 1(a). False
MCSA alarms due to axial ducts is a common on-going
problem in the field, considering that a large portion of MV/HV
motors are of Ny=N, design, according to the investigation in
[9]. In most cases, it is unknown whether a motor is of Ng=N,
design unless the motor is disassembled. If a motor is of Ny=N,
design, it does not necessarily produce the f,p,; component
since this depends on the rotor design and construction,
material characteristics, and operating conditions [9].

A number of researchers have worked on separating the
influence of the rotor fault and air duct in [5]-[10] for screening
out false alarms to prevent unnecessary and costly motor
inspection. In [5]-[7], it is suggested that the fy,;,; component
be compared under two different load conditions. Since it is
the modulation of the magnetizing current that produces the
false indication, the f,, ; components decrease with increase in
load, if produced by axial ducts. Although this could screen out
false alarms for healthy motors, it cannot provide reliable
assessment for faulty motors, as will be shown in Il. In [8], a
method for separating the two effects on-line based on a
mathematical model was proposed. However, the requirement
of data under multiple load conditions is not feasible for many
industrial applications, and is a limitation of the methods
presented in [5]-[8]. In [9]-[11], it is shown that broken bars
can be detected reliably independent of axial ducts if tested
under high slip (off-line standstill [9], startup transient [10])
conditions since there is no flux penetration in the rotor (cage
eddy current rejection), as shown in Fig. 3(a). The limitation of
off-line tests is the requirement of motor disassembly or manual
shaft rotation for testing, which makes frequent, automated, and
remote motor testing difficult [12]. It is also difficult to
perform a startup test for applications that are run continuously.

It is clearly shown in the analysis presented in [9] and the
arguments above that a false alarm due to axial ducts is
common and the consequence can be serious. It is also shown
in [9]-[11] that there currently is no practical method available
for screening out false alarms when the motor is operating.
Based on the fact that the space harmonic flux cannot penetrate
into the air ducts to produce asymmetry, the objective of this
paper is to investigate the feasibility of using the space
harmonics-induced rotor fault components. An experimental
study on custom built 380 V and 6.6 kV motors with false
alarms show that the proposed method provides reliable
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detection of rotor faults independent of the axial duct influence.

I1. INFLUENCE OF ROTOR AXIAL AIR DUCTS ON MCSA

A. False Rotor Fault Alarms — Case Studies

The MCSA results of the stator current, I, spectrum for the
healthy 6.6 kV motors (N4=N,) with false broken bar alarms are
shown in Fig. 2. The three 6.6 kV motors in Fig. 2(a)-(c),
denoted as samples A, B, and C, are fan or pump motors
operating in power generation plants. For the critical HV
motors in power plants, multiple motors are operated in parallel
to share the load, and stand-by motors of identical design are
often installed to minimize the impact of motor failure. MCSA
measurements for samples A, B, and C were obtained from all
the identical motor units available. The ratings, application,
and the figure where test results are shown, are summarized in
Table 1. For the 2400 kW induced draft fan motor, both
samples Al and A2 showed strong fyr, 1 Sidebands between -37
and -33 dB, respectively, in the current spectrum (Fig. 2(a)).
This exceeds the -45 dB fault threshold level commonly used in
the field. Vibration analysis also indicated rotor faults;
however, motor inspection did not reveal any signs of rotor bar
or end ring damage.

For the 280 kW and 350 kW condensate pump motor
samples B and C, the MCSA measurements of the fyu1
components for three identical units were not consistent, as can
be seen in Fig. 2(b)-(c). The fy, 1 cOmponents were -52.5 dB
for sample B1, and below -69 dB for samples B2 and B3. For
samples C1, C2, and C3, the fy, 1 components were spread out
between -45 dB and -60 dB, as shown in Fig. 2(c). Rotor faults
were strongly suspected for samples B1 and C1 considering
that the f,p 1 COmponents were significantly higher than that of
the motors of identical design. Since the sample B1~B3 and
C1~C3 motors were manufactured and commissioned at the
same time and operated under similar load, it was natural to
conclude that it is very unlikely for the motors to have larger
forb,, COMponents unless a rotor fault is present. However, the
results of off-line inspection and testing showed that both rotors
for samples B1 and C1 were in good condition.

The single phase rotation test was performed on samples B1,
B2, and C1 with 380 V applied between two terminals for
pulsating field excitation [12]. The results of the current
measurements as a function of the rotor position shown in Fig.
3(b) imply that there is no asymmetry in the rotor cage. If a
broken bar is present, the current fluctuates N, times, as the
rotor is rotated one revolution due to the variation in the rotor
impedance. The reason why the single phase test is not
influenced by the axial ducts is the limited flux penetration into
the rotor yoke under standstill conditions, as shown in Fig. 3(a).
The inconsistency in the f,,; components for samples B and C
is suspected to be caused by part-to-part variation introduced
due to component- or manufacturing- tolerances such as the
variance in the Si-Fe lamination magnetic characteristics [9]. It
was concluded based on the inspection and test results that the
false positive indication for samples A, B, and C was due to the
axial air ducts for the Ng=N, motors.

B. Screening of False Alarms due to Axial Air Duct Influence

It is difficult to screen out false MCSA rotor fault alarms
because the axial ducts and broken bars produce the same
frequency component in the stator current when performing
MCSA. The two components interact, since the fyp
components measured in the stator current, i 1, is the sum of
the two current components shown in (2).

s b1 = Imprb1 T I prb 2

The fyrp1 cOmponents produced by the axial ducts, inprm 1, and
by the broken bars, i 1, have a different phase angle
depending on the location of the fault with respect to the axial
duct. The electrical angle measured with respect to the center
of the axial duct in the direction of rotor rotation is denoted as
@, 1S shown in Fig. 3(a). It was shown in [9] that the magnitude
of ispr1 i @ function of the magnitudes of impem 1, irprh1, FOtOr
slip, and angle ¢., as shown in (3).

2 : 2 2
Lipms = \/Im,brb,l + 211l b 1SSIN2A, ) + 1 F iy 1S 3

A simulation was performed to illustrate how the values of
Ispro, Varies with fault location ¢, as shown in Fig. 4. The
values of Iy 1 as a function of slip were calculated from (3) for
a number of different values of ¢. In Fig. 4, it was assumed
that I pr,1 =21 o1 based on the ratio observed for samples D
and E (shown in 1V) when 1 of 44 bars are broken. It can be
clearly seen in Fig. 4 and (3) that f,, ; cOmponents in the stator
current are influenced significantly by the location of the rotor
fault, ¢, in addition to the slip (load) and magnitudes of i pry 1
and irpr1. The lspm1 COMponent shows maximum increase, if

Table I. Ratings, application, and test results for field and lab motor samples

p v Ng Rotor MCSA MCSA
Sample (kW) ) / Application Photo forb.1 forb,s
Ny (Fig.) (Fig.) (Fig.)
A Induced
(A1-A2) 2400 | 6600 | 8 draft fan 2(a) 2(a)
B Condensate
(B1-83) 280 | 6600 | 4 pump 2(b) 2(b), 15 15(a)
C Condensate
(C1~C3) 350 | 6600 | 4 pump 2(c) 2(c), 15 15(b)
D 55 380 4 Laboratory 7(a) 8 9,10
E 55 380 Laboratory | 7(b)-(c) 11 12-13
F(F1,F2) 55 380 | 0/4 | Laboratory - 14 14
13
12 : i...Sample C1
211
\ E 10
E
8 9 v
Sample B2
8 = -
Sample B1
IO 30 60 90 120 150 180
Rotor position (degrees)
(b)

Fig. 3.

(a) FE analysis of flux distribution under 60 Hz excitation at motor
standstill; (b) single phase rotation test results (current vs. rotor
position) on sample B1, B2, and C1 under 380 V pulsating field
excitation at motor standstill
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the bar is broken at the ¢=45° location, whereas it shows
maximum decrease when ¢,=135°, as shown in Fig. 4. This is
observed because the iy 1 and irprn1 COMponents are in phase
(add) when ¢,=45° and out of phase (cancel) when ¢,=135°[9].
If the fault is located at ¢=135° lsu1 initially decreases, but
starts to increase if the magnitude of the i, 51 COmponent
exceeds that of inpmi. AS a result, the fy,, component
measured in the current can be anywhere in the highlighted
region of Fig. 4 depending on the slip (load) and ¢, for a given
Imprb.1 @nd lypr1. Therefore, the fy, 1 COMponent can increase,
decrease, or remain unchanged, if a broken bar is present in a
Np=Ng motor with axial duct influence.

If a rotor fault alarm is given by MCSA, one must check if it
is caused by a broken bar or axial ducts (false alarm). The
easiest solution is to check Ny, if possible, to rule out the axial
duct induced false alarm. Otherwise, the best option is to run an
off-line or startup test, but there are many limitations to
performing these tests. The remaining options are to observe
the trend of how the MCSA measurements change with load,
time, or other motors of identical design. However, Fig. 4 and
(3) clearly show that comparing the iy 1 magnitudes at two
different loads suggested in [5]-[7] is invalid, since I Can
decrease with increase in load, if the bar is broken in the
vicinity of ¢=135°. Trending the values of Is1 Over time to
observe an increase for broken bar indications is also invalid
since Ispm 1 can decrease with a broken near ¢,=135°. It can be
seen from the MCSA results of samples B1~B3, and C1~C3 of
Fig. 2(b)-(c) that comparison between motors of identical
design cannot be used for screening out false alarms. The false
rotor fault indication in samples B1, C1 is not present for
samples B2, B3, and C2 due to the variance in the
characteristics of individual motors [9]. The case studies and
analysis presented in this section clearly shows that the fy 1
component does not provide sufficient information necessary
for screening out false alarms due to axial ducts.

I1l. RELIABLE DETECTION OF ROTOR FAULTS BASED ON THE
5™ ORDER SPACE HARMONICS-BASED MCSA COMPONENTS

It is clear from the arguments in Il that MCSA cannot
provide reliable detection of broken bars for N, = Nq motors.
For such motors, rotor faults can only be detected reliably with
off-line standstill or startup transient tests, where the motor is
excited under high slip conditions [9]-[10]. With high slip
excitation, flux penetration in the rotor is limited due to cage
eddy current rejection as shown in Fig. 3(a); therefore, the flux
cannot reach the axial ducts. However, these tests cannot be
performed on-line when the motor is running. Considering that
the slip between the rotor and space harmonic flux is high,
monitoring of the space harmonics induced rotor fault
components is considered in this paper under the expectation
that it is immune to false alarms due to axial ducts.

A. Rotor Fault Components Induced by Space Harmonics

It is shown in a number of resources that stator winding
space harmonic waves produce rotor fault components, forpn,
shown in (4) in the stator current spectrum when performing

MCSA. The fy, sidebands can be observed for k, =
5,7,11,13,..., if broken bars are present [4].

foron = (Ky(L—8) £5) f (4)

The non-ideal (i.e. non-sinusoidal) distribution of the stator
winding produces the fundamental component and a series of
odd space harmonic, h, magneto-motive forces (MMF) in the
machine, even for an ideal balanced 3 phase sinusoidal input.
The MMF contains space harmonics of order h=6mz+1
(m=1,2,...), where MMFs rotate in the same (positive) direction
as the fundamental wave for h=6m+1 (h= 7,13,...), and in the
opposite (negative) direction for h=6m-1 (h=5,11,...) as,

6m+1 (positive direction, h=713,...)

h= o (m=12,...). (5)
6m-—1 (negative direction, h=511,...)

The h™ space harmonic MMF wave is equivalent to a machine
with h-N, poles considering the spatial distribution of flux.
This can be seen in the FE analysis of the 5™ order harmonic
flux distribution in a 4 pole motor generated by splitting up the
stator winding into that of a 20 pole stator in Fig. 5. The h™"
space harmonic wave rotates at a speed (frequency), f,, of 1/h of
the fundamental wave as, shown in (6) [13], where the sign of
h-6m represents the direction of rotation.

<
]m,brb, 1 ; :
”"'Hé'aﬁhy'”
motor |
0 10 20

Load (%)
Fig. 4. Example of the values of |1 as a function of slip (load) for different
¢. calculated from (3) for faulty rotor (assuming Impro.1 = 2lr 1)

\
N
Fig. 5. 2 dimensional FE analyﬁ?ithe 5" order space harmonic flux

distribution for 4 pole motor under rated slip operation



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

f, =(h—6m)f,/h. 6)

The speed (frequency) of the space harmonic waves with
respect to the rotor, f,,, can be expressed as the difference
between the speed of the h™ space harmonic wave and rotor as

frr=fi—(A-9)f,. ()

It can be seen from (7) that the speed of the fundamental, 5",
and 7" order space harmonic waves with respect to the rotor are
sfs, -6/5fs+sf;, and -6/7fs+sf;, respectively. This shows that the
difference in the speed of the 5™ and 7™ space harmonic waves
and the rotor is large compared to that of the fundamental wave.
This results in high slip excitation of the rotor with h>5, and
makes penetration of the space harmonic flux into the rotor
yoke difficult due to eddy current rejection of the rotor cage. It
can be observed in the FE analysis of Fig. 5 that the 5" order
harmonic flux simulated to rotate at -6/5f+sf; does not reach the
axial ducts, and therefore, does not produce false alarms as in
the case of the fundamental wave shown in Fig. 1. This is
similar to the reliable test methods such as the single phase
rotation test or startup transient test where the fundamental flux
does not penetrate into the rotor yoke, as shown in Fig. 3(a).
The space harmonics sideband based MCSA has a significant
advantage over existing methods in that it can provide reliable
monitoring of the fault when the motor is operating.

If a fault is present in the rotor cage, the rotating fundamental
and space harmonic fields create anomalies in the magnetic
field that produce a pulsating field with respect to the rotor at
frequencies of f,; [4]. The pulsating field can be decomposed
into two rotating fields in opposite direction (zf; ;) according to
the double revolving field theory. The h" space harmonic fields
created by the fault induce fy, frequency components in the
stator winding in a manner similar to the fundamental wave as

fopn =@=8)f £ f, -h

(1-6m)- f,+(h-1)-sf,, (8)
(L+6m)- f, —(h+1)-sf,

where the equation is derived from (5)-(7). The principle
behind the induction of the fy4n components in the stator
current derived in (5)-(8) is illustrated in Fig. 6 for the
fundamental and 5", 7" space harmonics. The frequency of the
h™ space harmonic wave with respect to the stator and rotor, f,
and fy,, and the sideband components induced in the stator
winding as a result of broken bars, fy,p,, are summarized in
Table 11 for the fundamental and 5", 7, 11" and 13" space
harmonics. The direction of rotor rotation is considered
‘positive’ in the f,, , components in Table 1. It can be seen in
Fig. 6 and Table Il that the induction of the f,,, components
due to the space harmonics are the same, in principle, as that of
the fundamental component. The f,y,, Sidebands derived in (8)
are identical to the components shown in (4), if MCSA is
performed using one phase of the current, where the direction
of rotation cannot be discerned. The flux distribution shown in

Fig 5 clearly shows that the f,,, components can provide
reliable detection of rotor faults, and the derivation of the fyp
components are shown in Fig. 6 and Table Il to support the
analysis.

B. Expected Advantages and Limitations of Proposed Method

The main advantage expected from monitoring the space
harmonics related rotor fault components with MCSA is its
immunity to the false alarms produced by axial ducts. The
space harmonics induced fy,, cOmponent can be monitored
on-line during motor operation to screen out false alarms
produced by the f, ; sSidebands commonly used. This provides
a significant advantage over test methods that require the motor
to be stopped for standstill testing or to be started to observe the
transient. Monitoring of the space or time harmonics induced
sidebands have been studied in [14]-[19] for different purposes.
In [14]-[15], the potential of using the fy,n components for
reliable detection of non-adjacent broken bars is evaluated. Itis
shown that non-adjacent broken bars separated 90 electrical
degrees apart unobservable with the f,,; component could be
observed with fypp, since the pattern of broken bars that are
symmetrical to the fundamental flux is asymmetric to the space
harmonic flux pattern. It is also shown that space [16]-[18] or
time [19] harmonics based detection of rotor faults is
insensitive to load variations, inertia, or supply distortion or
unbalance, and not influenced by load oscillations. The
feasibility of using this component for reliable fault detection
independent of the influence of axial ducts is studied in this
paper for the first time. The advantages of using the fypp
component studied in [14]-[18] listed above apply to the
proposed method.

A potential shortcoming of monitoring the ., , component is
the difficulty of determining the fault threshold. The fault
threshold for the f,r, 1 COmponent has been studied extensively

f.hrb,f /—\
(1-2s)fg} .-~ %‘Js

f KN Forb.s
. \ql-BS)fs
f1=fs o ¥ “‘ 5-45)fs
v

1-s)f. YA
( ) s r, /g
Rotor

i
(=6/T+s )i

rotation &&&})v /"4 f;r:)';s

\/ 5-65)f,

Principle behind induction of f,,» coOmponents in the stator current for
the fundamental and 5", 7" space harmonics

Table 1. Summary of f,, fr, and fu,, for fundamental, 5, 7, 11™, and 13"
space harmonics (+ represents direction of rotor rotation)

Fig. 6.

h fh fh‘r fbrb,h
(h-6m)f,/h fo- (1-5)fs (L-5) fofo h

1 f, sf, (1-29)1,, Ts

5 /5 (-6/5+5) T, ~(5-45) s, (7-65) s

7 /7 (-6/7+3) T, ~(5-63)T,, (7-85)T:

11 f/11 (-12/111+9)f, -(11-10s)f,, (13-129)f;

13 f,/13 (-12/113+9)T, -(11-12s)f,, (13-149)T;
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in academia and determined based on experience accumulated
in the field with MCSA technology over the years [4], [6],
[20]-[23]. The fy,n components will increase with fault
severity; however, the degree of increase is expected to depend
heavily on the magnitude of the specific space harmonic
component in the stator winding. This depends on the winding
design factors such as the pitch factor and distribution factor,
which are unknown to the field maintenance engineer.
Therefore, a reliable way of monitoring the rotor condition is to
trend the increase in multiple f,,, cOMmponents over time, and
observe it in conjunction with the f,,; component.

IV. EXPERIMENTAL RESULTS

A. Experimental Setup

An experimental study was performed to verify the validity
of space harmonics based MCSA for reliable monitoring of
rotor faults independent of the axial duct influence. The
proposed method was verified for the 6.6 kV field samples B
and C, and on custom built lab samples D, E, and F. Two 380V,
5.5 kW motors with Ng=N, rotor samples (D and E) were
custom-built to verify the effectiveness of the method under
controlled fault conditions in the lab. The axial ducts of sample
D were created by drilling 20 holes in the yoke to produce 4
groups of axial ducts in the yoke of an Al die-cast rotor, as
shown in Fig 7(a). A fabricated Cu bar rotor with Ng=4 shown
in Fig. 7(b) was designed and built from the laser cut
laminations of Fig. 7(c) to fit the stator of sample D, as it is
representative of HV motors.

The stator of samples D, E, and F1 have 36 stator slots with
7/9 fractional pitch. To observe how the space harmonic
content of the stator winding influences the increase in fypn,
one of the 380 V, 5.5 kW stators identical to samples D, E, and
F1 was rewound with a full pitch winding (sample F2) with the
same number of turns. The stator structure and pitch factor for
the fundamental, 5™, and 7" space harmonics for samples D, E,
and F are summarized in Table I1I.

For samples D, E, and F, up to 3 of 44 contiguous Al or Cu
bars were cut at the bar and end ring joint to simulate broken
bars. To test under the condition where the inprm1 and irpep 1
components are in phase (add), bars at the ¢=45° location
shown in Fig. 4(b) were cut. The case where the iy pm 1 and
irprb1 COMponents are out of phase (cancel, ¢.=135°) was also
tested by rotating the same rotor used for the ¢=45° case in the
opposite direction. This is equivalent to the broken bar being
located at ¢.=135°. The test results for the healthy rotor are
different in Figs. 8, 10, 11, 13 for the cases of #=45° and
#.=135° for this reason. It was not possible to damage the rotor
bars of samples B or C since they are HV motors operating in
the field. The information regarding the rotors and test results
for motor samples A~F is summarized in Table . The load of
motor was controlled by adjusting the field voltage of a 22.5
kW DC generator coupled to the motor. Commercial current
sensors and a data acquisition board were used to measure the
current at 6 kHz sampling for 60 s under steady state conditions
with MCSA.

B. Experimental Results

MCSA testing was performed with the motor operating
under 10~100% rated load with 0~2 broken bars located at
#.=45° and 135° for samples D and E (healthy rotor refers to the
rotor with 0 broken bars). The interaction between the broken
bar and axial duct influence can be seen in the measurements of
the (1-2s) f; components of sample D in Fig. 8. It can be
observed that Is 1 increases if the bar is broken at the ¢,=45°
location (Fig 3(a)) because the iy 1 and irpm,1 COMpoONENts are
in phase (add). Is;., decreases (and then increases) if ¢=135°
because impro1 @nd irpro1 are out of phase (cancel). The pattern
of Ispr,1 IN Fig. 8 is consistent with the simulated results shown

Sample E

©
(a) Al die-cast rotor with 4 drilled axial holes (sample D); (b)
fabricated Cu rotor with 4 laser cut axial holes (sample E); (c) rotor
lamination for sample E

(@)
Fig. 7

Table I11. Stator winding structure and pitch factor for fundamental, 5", and
7" space harmonics for samples D, E, and F

Sample | N, | N, Coil pitch Koal | Ikosl | ol
D, E, F1 36 | 44 | 140° 7/9 fractional pitch | 0.940 | 0.174 | 0.776
F2 36 | 44 180°, full pitch 1 1 1
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Fig. 8 MCSA measurements of (1-2s) f; components as a function of % rated
slip (load) with 0-2 broken bars (sample D) located at ¢ =45° (dotted
line) and ¢ =135° (real line)
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Fig. 9 |5 spectrum showing (5-4s) f; and (5-6s) f, components with 0-2

broken bars (sample D) located at ¢ = 135° at 75% rated load
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in Fig. 4, and shows that s, 1 is not a reliable indicator since it
can change depending on the fault location, load, and the
amplitude of individual Iy 1 and Iy pep 1 COMpoONents.

The (5-4s)fs and (5-6,)f; components in the I spectrum are
shown in Fig. 9 for sample D for the case where 0, 1, 2 bars are
broken at ¢=135° under 75% rated load. This corresponds to
the 75% rated load condition with 0 to 2 broken bars
highlighted in Fig.8, where MCSA based on I, fails. Under
this condition, the rotor is likely to be misdiagnosed as “faulty”
(-52.3 dB) when the rotor is healthy, and as “healthy” (-64.6 dB)
when the rotor has 1 broken bar. It can be seen in Fig. 9 that the
(5-4s) fs and (5-6s) f; components increase with the number of
broken bars unlike the (1-2s) f; component.

The fumn components induced by the 51 and 7th space
harmonics, (5-4s)f;, (7-6s)f,, (5-64)f,, and (7-8s)f;, were
observed under different load and fault conditions, and all the
components showed a similar trend in that they increase with
fault severity. It was concluded after careful observation that
the (5-4s)f; component provides the most consistent and
reliable indication of rotor faults. The average of the (5-4s)f
components obtained 3 times under 25~100% rated load with
0~2 broken bars located at ¢=45° and 135° for sample D are
shown in Fig. 10. It can be clearly seen that the fault indicator
(5-4s) f, increases with the number of broken bars independent
of fault location and load. This shows that the proposed method
provides reliable detection of rotor faults, and is immune to the
axial duct influence.

The results shown in Figs. 8-10 for sample D are repeated for
sample E in Figs. 11-13. The trend in how the Ng=N, axial
ducts influences Igpm 1, and how the fy,, components change
with fault severity is similar to that of sample D. It can be
observed in Fig. 11 that the influence of axial ducts is smaller
for the case of sample E (smaller I pm1). This is due to the
narrower flux path behind the axial duct, which shows that the
degree of the axial duct interference depends on the rotor axial
duct design. For the case where motor is operating at 25% rated
load with the rotor fault located at ¢#,=135° (highlighted in Fig.
11), the (1-2s)f, component is relatively high at -53.1 dB for a
healthy rotor, and low at -81.0 dB for a rotor with 1 broken bar.
It is shown in Fig 12 that the (5-4s)fs and (5-6s)f; components
increase with fault severity providing reliable detection of rotor
faults where MCSA based on (1-2s)f, produces false indications.
The (5-4s)fs and (5-6s)f; components under 25~100% rated load
with 0~2 broken bars located at ¢=45° and 135° are shown in
Figs. 13 and 14, respectively, for sample E. The (5-4s)f; and
(5-6s)fs components shows a clear increase with fault severity
independent of fault location and load level, as in the case of
sample D.

The (1-2s)f; and (5-4s)f; components measured from samples
F1 and F2 with 7/9 fractional pitch and full pitch stator winding
with 3 broken rotor bars are shown in Fig. 15 to demonstrate
one of the limitations of the proposed method. The rotor of
sample F is the same as the Al die cast rotor of sample D, but
without any axial ducts. It can be observed that the increase in
the (1-2s)f; and (5-4s)f; components is larger for the full pitch
winding since fundamental and 5™ space harmonic components
are relatively larger, as can be seen in Table I1l. The (1-25)f;
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.10 MCSA measurements of (5-4s) f, components as a function of % rated
slip (load) with 0-2 broken bars (sample D) located at ¢ =45° (dotted
line) and ¢ =135° (real line)
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Fig. 16 MCSA measurements of (1-2s)f; and (5-4s)fs components for motors
with false rotor fault alarms (a) motor samples B1, B2, B3 and (b)
motor samples C1, C2, and C3

and (5-4s)f; components are typically below -60 dB and -80 dB,
respectively, when measured for healthy motors, as can be seen
in Figs. 10, and 13. The difference in the increase is substantial
for the (5-4s)f, component, where the pitch factor is higher for
the full pitch winding by 10-15 dB. The results of Fig. 15
shows that the increase in the fault indicator depends on the
stator winding structure, and this is one of the potential
limitations of determining fault severity based the fyupp
components. The results shown in Figs. 10, 13, and 15 also
show that the amplitude of the f,,, cOmponents are insensitive
to load compared to the f,,1 components, which is an
advantage.

The (5-4s)fs and (1-2s)fs components of the 6.6 kV, 350 kW
and 280 kW motor samples B and C of Fig. 2 with false rotor
fault alarms are shown in Fig. 16. The (5-4s) f, components for

identical motors B1, B2, and B3 were measured at -81.5, -81.8,
and -82.6 dB, respectively. This is very consistent compared to
the (1-2s) f; components that have a variation of 20 dB, as
shown in Figs. 3(b) and 16(a). A similar trend can be observed
for motors C1, C2, and C3, where the (5-4s) f; components are
very low and consistent at -90.5, -84.8, -86.6 dB compared to
the (1-2s) f, components that have a variation of 15 dB. In fact,
the (5-4s) f; component of motor C1 with the highest (1-2s) f,
component is the lowest, as can be seen in Figs. 3(c) and 16(b).
The results of Fig. 16 show that inspection of the rotor due to
the false indications produced by the (1-2s) f, component could
have been avoided if the (5-4s) f, component had been
monitored. If the proposed method had been applied for
screening out the false alarm, the plant that disassembled
sample C could have saved 20,000 USD on motor inspection.
The test results on the 6.6 kV motor (samples B and C) and the
lab samples (samples D, E, and F) clearly show that false rotor
fault alarms can be avoided by analyzing the f,y,, cOmponent
with MCSA.

V. CONCLUSION

On-line monitoring of space harmonics induced rotor fault
components, o, With MCSA is proposed as a reliable means
of detecting rotor faults independent of axial ducts. Motor
outage and inspection due to false indications produced by axial
ducts is currently a common problem in the field with no
solution other than off-line or startup testing. An analysis
shows that space harmonic flux cannot penetrate into the rotor
to produce false alarms due to the high slip between the rotor
and space harmonic wave, making the f,4, components a
reliable fault indicator. The effectiveness of the proposed
method was verified on custom built rotors and also on 6.6kV
motors in the field that were misdiagnosed with rotor faults.
The experimental results clearly show that the proposed fault
indicator is immune to the axial duct influence, and can be used
for detecting the fault and screening out false alarms. The trend
of the 1) increase in the fy,, components with time and 2)
comparison of the fy,, components measured on motors of
identical design can be used as an effective measure of false
alarms.

The space harmonics (fyrp n)-based MCSA method, which has
been applied to this problem for the first time in this work, is
expected to help prevent unnecessary inspection and/or loss of
production due to false broken bar indications that frequently
occur in the field. It also provides reliable diagnosis of motors
with axial duct induced magnetic asymmetry, which was only
possible with off-line or startup test methods. The proposed
algorithm is currently being successfully applied in the field for
screening out false positive indications when the (1-2s)f,
broken bar frequency component of on-line MCSA exceeds the
alarm level.
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