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Abstract—Twenty-five years ago, the former U.S. Bureau of deploy powerful, yet inexpensive signal processing systems
Mines funded a research project aimed at developing the enabling to implement a predictive monitoring function. Industry be-
teCh“O'ogﬁfo””Cipiem fai“f”edpreqi‘;“t‘r)]“ in electric po(lj\fN?rIiYSIetrr?t came more interested in developing a predictive maintenance
components as a means of reducing the injuries and fatalities tha o : : .
sometimes occur when equipment malfunctions. Over the ensuing capability to reduce the costs assoc,:'ated W'th downtime, as
years, interest in this has waxed and waned, but recently interest Well as to avoid safety hazards associated with unexpected and
has been growing for both civilian and military applications. This ~ catastrophic failures. Much has been reported in the literature
paper addresses the level of turn-to-turn insulation deterioration (see [2]-[9]).
that can be resolved using an online monitoring technique based  More recently, the military has recognized the potential of
upon an effective negative-sequence impedance detector. Theyis technology to reduce costs and labor needed to maintain

detection of turn-to-turn defects is especially important because . £ ¢ the t dition-based int
they are believed to represent the beginning stage of most motor €dUIPMENL. In recent years, the term conadition-based mainte-

winding failures. nance (CBM) has been used to define the practice of effecting
Index Terms—Condition monitoring, induction motors, stator maintenance actions based on monlt_ored .|nfo.rf’nat|on. Qne
winding fault. weakness shared by all CBM systems is an inability to predict

the remaining useful life of a failing component with any

degree of accuracy. This is an area of increasing research,
I. INTRODUCTION however.

HE detection of incipient failures and the replacement of This paper describes recent efforts in induction motor incip-
the components just prior to failure would eliminate théent failure detection and is the first part of two parts (see [10]).
consequences of unexpected equipment downtime. The cadpa@ddresses a portion of the original failure prediction tech-
bility to do this has long been desired by industry; however, igue described in [1] and focuses on the ability of one detector,
has been an illusive goal. Failure prediction of mechanical cofie effective negative-sequence impedance detector, defined as
ponents, particularly bearings, is an old art form, with a histoi§i€ negative-sequence voltage divided by the negative-sequence
of 50 or more years. The desire to apply predictive techniquesd¢rrent, to detect meaningfully small levels of deterioration.
electrical equipment has been slower to develop. The measuritgference [10] addresses the experimental investigation of al-
and subsequent tracking of insulation resistance was an ed@fpative detectors recently developed to improve deterioration
form of predictive maintenance, providing reasonably good ifetection capabilities.
dications of deterioration of ground insulation systems. One of
the first instances of a continuous online monitoring system to II. STUDY OBJECTIVES
detect electrical deterioration was reportgd in [1]'. That Sy.StemCatastrophic electrical failure of motors is usually the re-
and approach was also notable because it established a |Ink£ﬁ-

! o ~suft of a line-to-line or line-to-ground fault; afterwards, there
tween improved personnel safety and the application of onII%elittle evidence remaining to determine the origination and
monitoring for incipient failures.

. . . cause of the failure. While motor insulation may fail directly in
Interest in this technology has waxed and waned in t y y

. . réel'ne—to—ground mode or even a phase-to-phase mode, the field
two decades since this work was started. As hardwarg d laboratory experience of manufacturers, plant operators,
software technologies advanced, it became more practical

and researchers point to the turn-to-turn defect as the source of
deterioration that ultimately evolves into a catastrophic failure.
" PaperPPlE 02—_33A§re(§entgd aéthf 1939|ndustr>é¢pplicz}?0n3_ SO_Cie:]yAIEnfﬁiese turn-to-turn defects result from the cumulative damage
e n e o e e ey e JE5fom the dielectri siresses of overvoltages and other adverse
of the IEEE Industry Applications Society. Manuscript submitted for reviewonditions. Over some period of time, these defects can increase
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exist well before failure is imminent. As will be illustrated, com- TABLE |
plicating factors in this analysis are the small unbalance in ei- SIMULATED DETERIORATION OF THE
. . . STATOR WINDING IN THE TESTMOTOR
ther the monitoring system and/or machine structure that should
exist in any real system. While the effects of these normal unMotor Brand % of stator winding shorted by the turn-to-turn defect
balances are known to be problematic, the current study Wegalfmr 023 046 0.68 091
- . . Reliance 0.14 020 041 0.61 082

focused upon obtaining a better understanding of the physicigg 044 088 131 174 218 261 3.05
behavior of the effective negative-sequence impedance detector
in the presence of low level turn faults. In order to see these
relationships most clearly, no attempt was made to apply testire around the stator wire; it was then soldered. After all of
nologies that might be used to correct for the natural unbalantiég connections had been completed, electrical coating varnish
such as those presented in [11] and in the companion paper [¥eas applied and allowed to dry. Two additional coats were ap-
plied and an insulation resistance test was performed to verify
that the resistance to ground was greater thartll Whe wires
were placed back into their original form and lashed to the coil

The experimental apparatus was developed to allow the stuglym which they were separated at the beginning of the proce-
of electric motors under varying conditions of load and deteture. The motor was then reassembled.
rioration. This apparatus can be divided into two groups for The five tap wires were fastened onto posts on an insulating
the purposes of this description: the power equipment and theard. The motor was then energized and the open-circuit

Ill. EXPERIMENTAL APPARATUS

instrumentation. voltage between each pair of the five wires was recorded. This
measured open-circuit voltage between the taps, divided by
A. Power Equipment the line-to-neutral value of the measured voltage applied to

The power equipment facility was constructed to provid is involved. The sianifi v diff defect lovels th
a platform for testing a three-phase induction motor und at Is involved. The significantly different defect levels that

different load conditions and consisted of a three-phase traﬁgyld be simulated by s_,huntlng different pairs of tap wires for

former, the three-phase motor under test, a dc generator‘,e h motor are shown in Table I. The placement of the taps to
lamp bank, and protective devices, e.g., fuses and guards ieve a specified level of deterioration is nearly impossible,
three-phase transformer was used to convert the three-ph% ough over all of the combinations it was possible to realize
voltage in the laboratory to the required nameplate voltage fgluseful range.

the motor. The motor and generator were rail-mounted on aEaCh motor was tested prior to disassembly and the

test fixture that allowed the motor to be changed easily. Bef&ree-phase voltage and current phasors at different loads were

were used to connect the motors to the generator and Sher&;@rded to establish the “normal” motor baseline. These tests
repeated with the modified motors with all taps open

sizes were selected to achieve the desired generator speedvl%rre . I ,
a given motor. The load on the generator and therefore on {j evern‘){, that thg modlflcatlo.ns. had not changed the motors
motor, was adjusted by switching lamps on the lamp bank. Hormal operating characteristics.
was possible to vary the load on the motors up to their rated )
full load. Three single-phase variacs were used to unbalarfe INStrumentation
the supply voltage for the studies in which a voltage unbalanceAn instrumentation system was developed to sample each of
was desired. the three-phase voltage and current waveforms and to process
A variety of low-voltage squirrel-cage induction motors ofind store the data. Absolute accuracy of the system is less im-
different designs have been used in this research. Three mportant than precision because the value of the detector at.time
tors were used for the work reported here: one manufacturedds/compared to time- 6, is more significant than the true value
General Electric, one by Reliance, and one by Baldor. All wer# the detector. In other words, repeatability was more impor-
5-hp 460-V four-pole motors. This size was chosen becaust than absolute accuracy. Nonetheless, an effort was made to
there is evidence that they would be representative of motasguire the most accurate components that were commercially
as large as several hundred horsepower [12]. Different braragilable and to identify and reduce variability in the instrumen-
were included to eliminate the possibility of a bias from the deation and overall data collection process. After the system was
sign of one manufacturer. This mix of brands was based on thagsembled, extensive studies were conducted to understand the
availability at a local supply house. However, based on previonature of system variability. The results are summarized later in
work, similar results would be expected with a different mix othis paper.
motors. Active potential transformers (PTs) and active current
Deterioration of the turn-to-turn insulation was simulated biyansformers (CTs) were used to sense each of the three-phase
placing taps on the wires of the stator winding and then shortimgltage and current waveforms, respectively. The stated accu-
these taps. This process occurred as follows. racy of these sensors exceeded 0.1% in this application. An
First, the motor was disassembled and the rotor removedeiight-channel data-acquisition card, with eight sample-and-hold
expose the stator windings. Five wires, located adjacent to eadttuits, had a stated accuracy of 2%. A personal computer
other, were chosen and the insulation at a point on each was carigh a 486/166 processor was used to run the data acquisition
fully removed. A 36-in 18-AWG stranded and insulated wirgoftware, which was a custom-developed Windows-based
was attached to the stator by braiding the strands of the fa@gram. This program controlled the sampling on the data

ge motor, is a measure of the fraction of the phase winding
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acquisition card and the display and storage of the sampled TABLE I

data. The channels to be sampled, sampling parameters anfELATIVE ACCURACY, IN PERCENT, FOR A 95% CQONFIDENCEINTERVAL
the number of samples to be collected could be specified, as Channel

could the filenames for data storage. After the experiment was 1 2 3 4 5 6

completed, the raw data files were imported into Matlab for 0.668 0670 0.668 0.030 0031 0.030

analysis.

First, a discrete Fourier transform (DFT) was performed anglermine if deterioration were underway. Of course, whether
the 60-Hz component was extracted for each voltage or c-not deterioration is underway depends on whether the differ-
rent channel. A data file (matrix) was constructed in which aghce petween the two means is statistically significant. This was
row contained an identifier number and each of the three-phagey assed by computing precision.
voltage and current phasors. Other variables such as motor speedgaistical definition for the precision was obtained from the
were also recorded and appended to the end of the row. R q4ing test data as follows. The computed mean for 100 sam-
pending on the nature of the experiment, as many as several W \yas taken as the population (true mean). The precision of

dred samples may have been taken; as a result, those files WQH@system&') was computed as the sample standard deviation,
have several hundred rows. Next, the mean and standard de¥fia'divided by the meany [13, p. 2]. These values are shown

tion were computed for the 60-Hz phasors of the voltages apfirap|e |1 for each of the current (1-3) and voltage (4—6) chan-

current for each experiment. For convenience, the mean valygss The precision is an indicator of the maximum achievable
were then placed as one row of a new matrix that contained glistem resolution—albeit dependent on the number of sample
of the experiments. This row was appended with other informgainis if two sets of data, of /2 measurements each, are taken
tion, such as the experiment identifier number, motor numbggq their means computed, then it can be shown that the smallest
and fault parameters. A similar matrix was created for the Stefitrerence between the means that can be resolved is approxi-
dard deviations. The mean values in one row, representing mSter4*sd/u/\/(n — 2) with a 95% confidence [13, Tech.
three-phase voltage and current phasors were used to ComQ\'ﬂﬁendix A]. Using channel 1 as the example, with= 100
features such as complex power, impedance and the symmelg ., /., — 0,668, the resolution will be 0.27% with a confi-
rical component quantities. Additional analyses were then Pefsnce of 95%. In other words, if the mean value of the latest
formed using Matlab, MathCad, and other standard packageg of ohservations is at least 0.27% different than the reference

investigate pattern recognition issues of the collected data. 'ﬁ%an, then the change is statistically significant with a confi-
the work presented in this paper, the most important subsequggtce of 95%.

calculation was the effective negative-sequence impedance de-
tector. Over the course of the experimental study, dozens of ex-
periments were conducted, with several trials of each. Typically, IV. EXPERIMENT METHODOLOGY AND FINDINGS
sample sizes of the computed phasors were 30, with some as
large as several hundred. Many of the experiments were wellThe first series of tests was designed to determine the
behaved: the mean achieved with a five-point sample was siralationship between small turn-to-turn defects and the effective
ilar to that obtained with a 30-point sample. negative-sequence impedance detector. The same procedure was
A series of tests was conducted to verify the correctness of fiedowed for each of the motors. First, the instrumentation was
signal processing algorithms and to establish reasonable samergized and allowed to stabilize over a 30-min period. While
pling parameters for the DFT. Once these were completed, piis was in process, the power equipment was energized and
formance tests focused on accuracy and precision questions.tin¢ load on the motor was adjusted to the desired value for
tially, the only input to the data acquisition board was a signtile test. The actual motor loading is not that significant, but
generator into one channel. Then the same signal was fed siniuls important that sampling is done at the same motor load
taneously into all eight channels and the results were compaftepeed) over time; otherwise, unnecessary error is introduced
for agreement. Next, the CTs and PTs were brought online, lntto the process. Finally, the sampling parameters were set in
all three were placed on one phase only. Again, results wehe software and, once initiated, a population of 30 samples was
compared for agreement. Afterward, the sensors were placailected automatically over a time period of approximately
at the proper locations and more samples were collected atls. Once this test was completed, the next was begun.
studied. The results of these studies helped to define the opTwo taps were shunted to create the desired deterioration level
timum sample criteria (i.e., sample rates, number of samplesid then another population of 30 samples was collected. This
etc.), to compute scale factors and to determine the resolutivas repeated until all of the desired deterioration levels had been
of the system. simulated. The final test was a repeat of the first one, with no
The resolution is defined as the smallest difference betwegps shunted. The first and last tests were always compared to
the means of two sets of measurements, which representsnaure that the previous tests had not damaged the motor or in
statistically significant difference with a specified confidencany other way changed its characteristics. The first and last tests
level. In this application, one set of measurements with its corngere always similar. Typically, it took less than 1 h to run a
sponding mean would represent the “normal” or undeterioratedmplete set of tests. The complete set was repeated for a given
state for the motor and would be considered the reference valomtor several more times, that same day, weeks and months
The other set of measurements with its mean would be talkater. The results were always nearly identical. This process was
periodically and the mean compared to the reference valuerépeated for each motor and the data were analyzed as described.
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Fig. 1. Behavior of the detector as a function of the severity of the winding defect, with all levels of deterioration included.
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Fig. 2. Behavior of the detector as a function of the severity of the winding defect, with the lowest level of deterioration excluded.

Fig. 1 illustrates a typical result. Samples were taken for tlie remembered that the fault involves a very small percentage of
normal case and seven levels of deterioration. In this case, the winding as given in Table I. This same type of behavior was
level of fault severity was normalized to the maximum fault cuebserved at low levels of deterioration in many, but not all, of
rent observed during this study which was approximately 30 #e tests. If this sample at 18% normalized fault severity could
The linear regression line and t#? value of 0.76 present a be removed, for a justifiable cause, then the predictive curve is
reasonably optimistic picture of the detector’s ability to detetietter and the®? value increases to 0.95, as shown in Fig. 2.
small defects. Nonetheless, the first set of values (18% normal-As shown, at the very lowest levels, an increasingly severe
ized fault severity) representing the lowest level of deteriorurn defect may actually improve the motor's apparent condi-
tion is problematic because it causes a change in direction of thmn. However, as the deterioration progresses, a steady trend
curve. On either side of this level of deterioration, the effectidgecomes clear. The correlation coefficients for the three motors
negative-sequence impedance detector has a mean value obafere and after the lowest level were eliminated from the data
proximately 52, both for normal operation and for a normalizedre shown in Table Ill. The correlation is obviously stronger
fault severity of 28%. For levels of deterioration above 28%, thehen those samples from the very small defects are eliminated.
detector behaves in a predictable manner and is then a goodTihis would seem to present a problem for an actual application
dicator of fault severity. For all levels of deterioration, it shouléth which this information would not be knowa priori. How-
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TABLE Il

CORRELATION FACTORS BEFORE AND AFTER THE LOWESTLEVEL OF :l:
DETERIORATION ISREMOVED FROM THE DATA SET L l:i I
Motor Brand L ﬁ; —>

Condition GE Baldor Reliance :“:’M’—“’——'
Before -0.84 -0.33 -0.81 VB+C> '3
After -0.93 -0.76 -0.90 Is l;:
p
X

ever, practically this is of no consequence because the most ¢
vere level of deterioration that was created did not damage tt
motor; therefore, a practical monitoring system would only nee:
to wait until a clear trend developed, with little risk that a failure
would occur before this happened. .

This anomalous behavior of the effective negative-sequenc "
impedance detector at very low levels of deterioration is a lim v Q

-
/.

itation in its application that needed to be investigated. On A
explanation for this behavior is presented in the next section.

V. THEORETICAL ANALYSIS Fig. 3. Network diagram of the deteriorating motor model stator.

It is known that minor construction imperfections exist '?’:\nce is 0.39%. This graph shows similar behavior to that often
most new motors and that most power systems have some [ow

: . served in the experimental effort in that the fault initially acts
level of voltage unbalance. These imperfections generally o

not affect the performance or life of the motor, although the)(/) make the motor appear more balanced.

will create slight current unbalances that produce a measurable
negative-sequence current. As a turn insulation defect begins to
develop, it can sometimes mask or cancel the effects of con-The accuracy levels achieved in the system were unremark-
struction or voltage imperfections and make the motor currergble, at nearly 1.5% with a 95% confidence interval. The levels
more balanced than before the onset of deterioration, causofgleterioration simulated by shorting turns of the stator winding
the effective negative-sequence impedance to increase. Aswhee very small. In two of the motors, the worst defect resulted
level of deterioration becomes more severe, however, the deless than 1% of the stator winding being shorted; in the third
tector should then continue on a predictable path, provided tmadtor, the worst defect shorted 3% of the stator winding. How-
the construction imperfections are relatively minor. In order tever, under the worst condition created, there was no detectable
demonstrate this observed phenomenon, a computer model ohange in the sound or performance of the motors and they were
deteriorating motor was used to validate this behavior. able to run for extended periods without harm. Under these con-
The deteriorating motor model predicts motor currents asdiions, the detector was ultimately a reliable indicator of the
function of user-defined applied voltages, motor speed and typeesence of a turn-to-turn short in the stator winding. Moreover,
and location of stator winding deterioration. A description ddis the severity of the defect increased, the standard deviation of
this model is beyond the scope of this paper; the reader is tlie sample population decreased. Although a predictive curve
rected to [14]-[16] for a detailed description. Fig. 3 illustrateswas not computed, it is suggested that the correlation between
the network diagram of the stator of the induction motor beirthe detector and the defect severity will increase for more de-
modeled. For this study, the motor is a 15-hp six-pole inductidacts. Finally, the results of this study demonstrate the efficacy
machine for which suitable design information was availabl# the detector to identify and track turn-to-turn insulation dete-
for configuring the deteriorating motor model. The deterioratoration in stator windings well before such deterioration leads
tion being modeled was a leakage path across eight turns in éme catastrophic failure.
coil of an 18-coil-per-phase stator. Deterioration severity was The effective negative-sequence impedance detector has sev-
controlled by defining the resistance of the leakage path. Theal advantages. It is easy to implement; it can be used on a con-
magnitude of the positive-sequence voltage was 440 V and timuous basis without interfering with normal motor operation;
magnitude of the negative-sequence voltage was 1.70 V. Outpntl it requires no initial training for implementation. Because
of the deteriorating motor model most relevant to this investigtie detector is based on behavior of a symmetrical motor oper-
tion are the six element currents shown in Fig. 3. ating in the presence of an unbalanced supply, it generally has
Fig. 4 illustrates a typical example of the type of behavior th#tte following characteristics. First, a symmetrical motor oper-
was predicted by the motor model and, therefore, could be eting with a changing unbalanced voltage supply will exhibit
pected in an application for situations in which the negative-sa-constant effective negative-sequence impedance, i.e., the de-
quence current caused by an unbalanced supply and the neégetor will correctly indicate a healthy motor. However, a fault
tive-sequence current caused by the deterioration tend to caricghe presence of the supply unbalance can cause the detector to
at low levels of deterioration. In this case, the normalized faudhange unpredictably at very low levels of deterioration because
severity is in per unit on a 100-A base and the voltage unbdhe effect of the fault combined with the supply unbalance may

VI. CONCLUSION
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Fig. 4. Effective negative-sequence impedance versus fault severity.

initially cause the motor currents to become more balanced. Ag5]
the fault becomes more severe, the detector behaves more pre-

dictably, as was shown in this paper. While measurement of the

absolute change in the effective negative-sequence impedance gj

extremely low levels of deterioration will provide an indication
of an incipient problem, the detector can still be problematic

until a steady trend is observed. Separate measurement of the
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