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Condition Monitoring of Stator Windings in Induction
Motors: Part Il—Experimental Investigation of
\Voltage Mismatch Detectors
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Abstract—Condition-based maintenance (CBM) of industrial approach is easy to apply; all that is required is measurement of
equipment is generally recognized as being the most cost-effectivethe three line currents. Unfortunately, supply voltages and the
means for improving equipment availability. However, prerequi- 10 jtself are frequently unbalanced and induction motors ex-
site to successful implementation of CBM is a reliable detector of hibit a low i d t fi t Theref
failing components. One such detector, termed the effective nega- Ibita fow Impedance _0 negative-sequence current. er_e ore,
tive-sequence impedance, had previously been identified as an in-Most power systems will always have a measurable negative-se-
dicator of induction motor stator winding degradation. However, quence currentl(;s) present ranging from a fraction of a percent
a limitation of this detector is that it may not change in a predi- to several percent. In addition, the level B will change as
cable manner for extremely low levels of deterioration. Presented the supply unbalance changes due to switching of single-phase
in this paper is an experimental investigation of a technique for on- loads or for other reasons unrelated to incipient failure. This
line detection of induction motor stator winding degradation that > ‘ P : e
addresses this difficulty. It begins with a brief description of the ~condition, coupled with the fact that motor deterioration may

detectors, followed by a detailed description of the experimental initially produce very small changes iy, makes the simple

setup, the experiments conducted, and results. measurement of the negative-sequence current alone an unre-
Index Terms—Conditioning monitoring, induction motors, liable indicator of extremely low levels of deterioration. This
stator winding fault. limitation has been recognized, however, and techniques have

been developed that overcome the shortcomings of simple neg-
ative-sequence current monitoring for incipient stator-winding
fault detection [7]. As would be expected with a more advanced
ONDITION-BASED maintenance of induction motorsprocedure, the technique requires additional information and a
is accepted as being the most effective method feief training period prior to implementation.
scheduling motor repairs and replacements provided thatanother concept that was developed in an attempt to satisfy
deteriorating components can be detected in a timely mannfe implementation issues mentioned above is the detection of
Reasonably reliable techniques now exist for detecting bearifg |oss of motor construction symmetry due to deterioration
deterioration and, more recently, cracked and broken rofay, [2]. The rationale for this approach can be understood by

bars and improvements continue to be made in both of thesgymining the sequence voltage and current relationships for a
areas. One component that is more problematic to moniiggneral symmetrical, nonstatic network

and detect incipient failure is the stator winding. Early stages

. INTRODUCTION

of deterioration are difficult to detect and certain types of Vo zo 0 O I.0
stator faults can progress rapidly, causing motor failure with Voil =10 2 0| x |1n Q)
very little warning. In spite of these difficulties, a great deal Va2 0 0 = Ioo

of progress is being made in incipient stator-winding fault

detection. The approaches generally involve monitoring aMdiere .

analysis of voltage, current, and magnetic flux [1]-[11] and 20 Zero-sequence impedance;

electrically excited vibrations [12]. z1  positive-sequence impedance;
A technique that has long been applied to various types ofz2 Negative-sequence impedance.

failure detection is negative-sequence current monitoring. Thelhe concept of detecting loss of motor symmetry was im-

plemented by considering (1) and recognizing that the ratio of

Paper PID 02-34, presented at the 2000 Industry Applications SocietyAnnV:fl2 10142 1S nearly constant for a Symmemcal induction motor.

Meeting, Rome, Italy, October 8-12, and approved for publication in the IE&""Sed on this relationship, the detector was defined,
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respect to the ground referencg,j while the corresponding
positive and negative sequence power source and motor phase
voltages are equal.

It may be shown that [14]

Vao =200la0 + z011a1 + 202102 (3
Va1 =210da0 + 211101 + 212402 4)
Va2 =220lq0 + 221101 + 222102 5)

where thez,,, parameters are functions of the motor design, con-
struction, any internal deterioration and the operating speed. In
Fig. 1. Wye-connected power source and induction motor. these equations, the zero-sequence component of the line cur-
rents is equal to zero if there is no ground fault in the system.

Second, for a balanced and unfaulted motor, changes in Euech faults or deterioration involving ground may be observed

voltage unbalance will not produce changes in the effectivy. standard techniques that monitor the zero-sequence compo-

neqative-sequence impedance as thev would in the ne aﬁ\?ent of the line currents and are relatively easy to detect. For the
9 q P y 9al¥&ainder of this paper, we will assume tligs = 0 (either no

sequence current. Third, for a symmetrical induction motor, the pificant ground leakage exists or it has been corrected) and

; . . . ]
effective negative-sequence impedance is not very dependseﬂ o o
on operating speed [13]; therefor#, . needs to be deter- coricentrate on the more difficult problem of detecting incipient

mined at only a few different motor speeds and motor SIoedgterloratlon that does not involve ground such as turn or coll

need not be accurately measured in an apolication Finaﬁa\ults within one motor phase or phase-to-phase deterioration.
Y P i Yawith this assumption, (4) and (5) become

Zaoet Was shown to be sensitive to early stages of stator
winding deterioration. Vi =211101 + 219100 (6)

However, the effective negative-sequence impedance has sev- Voo =211t + 200l 7
eral limitations. First, the relationship expressed in (1) applies a2 —72lfal T F225az

only to a symmetrical rotating machine; therefore, the changgsd it is then possible to determing:, 212, 21, and z2»
iN Zaz2en caused by deterioration can be unpredictable at effom two separate tests on a motor conducted at any given
tremely low levels of deterioration because of natural systefiotor speed. In this way, a library of,, parameters may
unbalances. This limitation was originally recognized [1], [2le determined for the range of motor operating speeds. Once
but it was believed that the ease of use compensated for {hgse parameters are known, it is then possible to monitor the
lack of predictable behavior at extremely low levels of deterihree-phase motor voltages and line currents from wikigh
oration. Second, minor construction asymmetries mimic motor, 7 . and/,., may be calculated. Equations (6) and (7) may
deterioration and reduce the ability &f,2.+ to be used to de- then be used to calculaté,; andV,» at the measured motor
tect the inception of deterioration. Finally, mismatched sensigerating speed and if no internal deterioration has occurred,
also tend to mimic or mask deterioration; therefore, sensors negé calculated values will match the measured values. If internal
to be calibrated to eliminate this effect. In the next section, thgterioration such as an interturn coil fault or phase-to-phase
theoretical development of voltage mismatch detectors will q@akage has developed, thg, parameters will have changed
presented. As will be seen, these detectors are not based upgi their normal values at that speed and there will be a
a balanced system concept and they may be used to overcefimatch between the measured positive and negative sequence
the deficiencies associated with the effective negative-sequepgfages and the corresponding calculated values. This mismatch
impedance. may then be used as a measure of internal motor deterioration.
An important advantage of this approach is that the mis-
Il. THEORETICAL DEVELOPMENT match detectors should be independent of initial construction
Consider a three-phase wye-connected induction motor cdmperfections and unbalances within the motor itself as well

nected to a three-phase wye-connected power source as Shg\s,vﬁhanges or unbalance that may develop in the motor power

in Fig. 1. If the power source or motor isin a delta com‘iguratior?uIOIOIy system due to single phase loading or other factors. In

it is assumed that this component is represented by its equi@ggmon’ the performance of the mlsjmatch detectors should not
lent wye. be affected by mismatched sensors; therefore, no careful sensor

calibration is necessary. The application and robust nature of

Let Vap, Var andVe, be the zero-, positive-, and negativey ;. o e ine'a oo roach will be illustrated in the experimental
sequence symmetrical components of the power source volta %J%dy 9app P

measured with respect to the ground reference. Similarly, w:
will define 1,9, 1,1 andI,> as the symmetrical components
of the line currents and,q, V,; andV,, as the symmetrical

components of the motor phase voltages measured with respedthe first step in the experimental study consisted of deter-
to the junction point of its wye connection. Note that thenining the elements of the impedance matrix defined by (6)
zero-sequence voltagds), and V, differ by the voltage at and (7) from two runs on a healthy induction motor. After

the junction point of the motor wye connection measured withe impedance matrix was determined, additional runs were

I1l. EXPERIMENTAL STUDY
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conducted with the motor operating under various levels of Control of the supply unbalance was achieved by using a
voltage supply unbalance and deterioration. Next, the mismatbtinee-phase variable-voltage transformer modified to allow each
detectors were computed from the measured currents and phase voltage to be controlled independently of the other two.
impedance matrix for each run. These values were compaketause near-zero values B and V,, are problematic for
with the positive- and negative-sequence voltages that weletermining thex matrix, the transformer was used to create a
computed from the measured line voltages. Finally, the resutteasurable level of unbalance in each of these two runs. The
were analyzed. The remainder of this paper will describe tipeocedure we used consisted of increasing the phasdtage

experimental study and the results of that study. to approximately 10% above the nominal for the first run and
decreasing the phasevoltage to approximately 10% below
A. Experimental Machine and Data Collection the nominal for the second run. Note that such unbalances are

only necessary for determining tlrematrix. Once the: -ma-

The“eﬁpentmental 'T;?Chm&_'ﬁ/la two—[lno(ljetunlgorm-aw-gtap lfl_r}!r'ix is determined, the mismatch detectors can be computed for
versal laboratory machine ( ) coupled to adc generator. Ry level of voltage unbalance, including a perfectly balanced

output of the generator is connected to a bank of ten resistors t tem. ULM speed control was achieved by setting the appro-

can be individually controlled to provide a wide range of loa riate resistance load on the generator and adjusting the output

Iﬁr the UL'\{" Aff? Iedxterng_l rhe0ﬁtat_|s connected_m senets \INI oltage of the generator using the field rheostat. Speed was mea-
e generator field winding, allowing very precise control of . 4\ i o digital tachometer.

the generator output voltage. The ULM has a rating of 2.0 k After the two runs used to determine thematrix were

at 208 V. The stator is composed of 24 slots, wound with 1f}?mpleted, a series of runs was conducted to evaluate the ability

tZOG'ITr? CeO'IS'nTIh aetttiren:‘lrr(])ilfc(gnii?h S:?éorrﬁonﬁfebg)u?nr:k? the mismatch detectors to detect simulated deterioration in
a'arge pane € of the mac -5y ULM. Tests were conducted at a wide range of supply

the appropriate coil-to-coil connections at this terminal pan hbalances with the ULM operating under different levels of
the user can connect the stator in either a delta or wye Conﬁguﬁ%’terioration

tion. The user can also connect the stator coils in either a se”egtator winding deterioration was simulated by connecting a
or parallel circuit. Most important for this research is that thgorqductive path between the terminals of one stator coil (the

ufg\:igfsoah?nsezzze% Sr Es?r;rsjelattierzmlirrfelfnjl eolae(t;Zrisc:?;g:)rfo(!\,szc% allest portion of the stator winding accessible on the ULM).
b g arious levels of deterioration severity were simulated by in-

e o e " epng iferen vl f esistancen i akage path Efor
tors to the rotor circuit or, alternatively, the brushes can be s‘%%s tqken to simulate small levels of deterioration durlng the
to short the rotor coils théreby simulati,ng a squirrel-cage rot er>.<per|ments; howeverz because each phasg of the stator Is com-
In the experiments COIildUCted for this research, thee ULM sta%oorsed pf OT"V four coils, the smglle§t portion of the winding
) ) ' . ~——accessible is 25% of one phase winding. Therefore, the leakage
was wye connected, with the stator coils connected in series,

Volt ianal red b . it divid current was limited to very low values. In the most severe level
oltage signals were acquired by using voltage diviAers COps yerarioration simulated the leakage current was less than the
nected between motor terminals and ground. Current sign

were obtained b in rrent transformers (CTs) in conjun fed input current of the ULM.
ere obtained by using current transformers (CTs) in conju CDuringthetests,therewasnoef'fortmadetocalibratethesen-

tion with resistors. (The resistors were used to convert eagfrs or other components of the data acquisition system. It was

CT output to an appropriate voltage signal.) The analog signEOs

from the voltage dividers and CTs were digitized with a 16- rin thez-matrix determination, provided that the sensors were

analog-to-digital converter (ADC). . . : .
. . . . not switched to different phases in subsequent experiments.
Each experiment consisted of collecting 1024 points per P g P

channel at a sample rate of 5128 points per second (for a
combined sample rate of 30768 points per second for all six IV. RESULTS
channels). A fast Fourier transform (FFT) was used to compute .
frequency-domain information; subsequent calculations usedehe te_sts were conducted to address three speC|_f|c a_lspects
the 60-Hz component of each signal. of the mismatch detectors. _The first was to de_termme if the
detectors are well behaved (i.e., unaffected) in situations where
the motor is supplied by a variable, unbalanced voltage supply
and/or the motor itself has minor construction asymmetries
The first step of the experimental procedure consisted thfat are unrelated to deterioration. Both of these unbalanced
running two tests on the ULM that were sufficient to determineonditions are very common and can create the appearance of
the elements of the impedance matrix defined by (6) and (Winding deterioration even though neither is actually related to
In order to accurately determine these terms, specific operatoheterioration. The second area to be evaluated was whether or
parameters had to be observed. First, because terms of nbethe detectors are sensitive to low levels of deterioration.
impedance matrix are speed dependent, it was necessary toAlthough it is difficult to quantify exactly what is meant
the ULM at the same speed for both tests and for all subsequbntlow level, the deterioration that was simulated had no
tests. Second, it was necessary to conduct the tests at pveoceptible affect on motor operation and the motor could
different levels of voltage supply unbalance in order to obtalve run indefinitely with the deterioration in place. The third
four independent equations. aspect to be evaluated was whether changes in the detectors

cognized that any bias error in the sensors should be accounted

B. Experimental Procedures
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could be associated with level of deterioration severity. This 25

T T T T 1

one of the limitations ofZ,,.r. Although Z,s.¢ does change ! ! X No Deterioration

with deterioration, it does not change in a predictable mann I ! |

under certain operating conditions [1], [10]. 20f------ e e
A total of 14 experiments were conducted for the result | O ¥, Mismatch Detector '

presented in this paper. Six different levels of voltage unbalan
were used during the experiments. Two were used to determ
the z matrix, the other four were used in the evaluation of th
mismatch detectors. They include a voltage unbalance fac
(VUF) of approximately 0.5%, 1.7%, 2.7%, and 5.2%. (Here
voltage unbalance factor is defined as the absolute value
the ratio of the negative-sequence voltage to positive-sequel
voltage, expressed in percent.) Note that the 0.5% VL
was as close to balanced as could be conveniently attair
with the experimental setup. Three different states of mot

[ + V,; Mismatch Detector x10 :

-
»

10 :

>
£
H
E
:
:

condition were simulated: no deterioration, a leakage curre 0 1 2 3 4 5 6
of approximately 0.45 per unit (pu) and a leakage current Voltage Unbalance Factor, %
approximately 0.90 pu.
The values obtained for thematrix are given in (8) Fig. 2. lllustration of the insensitivity of the voltage mismatch detectors to

different levels of supply unbalance for a nondeteriorated induction motor.

[ 221/1839°  1.01/-162.47° @©
* = 10.0493/—28.64° 3.31/51.60° |- Br—r—r 7 T T 1

v ' ' [ ' ' '

i . O V,; Mismatch Detector : VL
In general, the off-diagonal terms of thematrix should be ‘ '

very close to zero; and they would, of course, be equal to ze
for a perfectly symmetrical motor/sensor system. Inspection
(8), however, reveals that thematrix obtained in our experi-

ments contains fairly large off-diagonal terms, indicating a relz
tively large level of system asymmetry in the nondeteriorate
state. Note that this inherent asymmetry includes effects tr
are caused by mismatched sensors as well as motor consti
tion asymmetry. There was no attempt made to determine hi
much of this asymmetry was due to sensors and how much w
due to motor construction. In fact, it is fortunate that this higl
level of inherent asymmetry existed because it represented a
tentially problematic condition for the detectors that we wante o
to evaluate.

The first aspect of the mismatch detectors to be evaluated was
whether inherent motor asymmetry and/or changes in SUPRlY. 3. ilustration of changes in the voltage mismatch detectors and
unbalance would mimic deterioration. This was accomplish@egative-sequence current with increasing motor deterioration for an induction
by running the ULM in the nondeteriorated state under a wid@Ptor operating at a small voltage supply unbalance.
range of supply unbalances and calculating the mismatch de-
tectors. Ideally, the mismatch for this type of situation would besults for the ULM operating at the 0.5% VUF and we ob-
zero because the changes in voltage and current are not relgesde that both mismatch detectors increase significantly with
to motor deterioration. Fig. 2 presents the results obtained frahe level of leakage current. Fig. 4 illustrates the results for
our experiments with a plot of the voltage mismatch versus lexible ULM operating with the 5.2% VUF. We observe that the
of supply unbalance at the four different levels of voltage unbathanges in the detectors are almost identical to those presented
ance factor previously described. (Note that because the magmiFig. 3, in spite of the large difference in the level of nega-
tude of the negative-sequence voltage is much smaller than tive-sequence current. In addition, closer inspection of Fig. 4
positive-sequence voltage, ten times ¥je mismatch detector reveals that the level of negative-sequence current actually de-
is plotted.) These results indicate that the mismatch in each deeases with increasing deterioration severity for that series of
tector is very small and there is no trend or large variability itests. In other words, the combination of supply unbalance, in-
the detectors due to different levels of voltage supply unbalanterent motor asymmetry, and the deterioration tend to balance

The next aspect of the mismatch detectors to be investigathd motor currents. This is the type of situation where the effec-
was their sensitivity to simulated winding deterioration. Figs. 8ve negative-sequence impedance may initially increase at very
and 4 illustrate two typical results. (Note in these figures and &diw levels of deterioration and decrease at higher levels of dete-
figures where the mismatch detectors are plotted, the same scaleation [10]. However, we observe that the mismatch detectors
is used for accurate comparison of the results.) Fig. 3 shoatr® not affected by the unbalance caused by the voltage supply

8
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is approximately 1.0 and 2.0 V and both are independent of the
changing voltage unbalance.

V. CONCLUSION

Results from the experiments are very encouraging. Both
of the voltage mismatch detectors are sensitive to the stator
deterioration that was simulated, their performance was not
affected by supply unbalances or inherent machine/monitoring
system asymmetry and changes in them appear to be indicative
of level of deterioration severity. In addition, no special sensors
or calibration procedures were required to obtain these results.
The negative-sequence voltage mismatch detector appears to
be slightly more sensitive to increasing deterioration severity;
however, the absolute changes in the positive-sequence voltage
mismatch detector are larger.

This series of papers has addressed experimental results
of techniques aimed at improving the ability to detect stator

Fig. 4. lllustration of changes in the voltage mismatch detectors a’Winding deterioration in three-phase induction motors. In

negative-sequence current with increasing motor deterioration for an induct

motor operating at a large voltage supply unbalance.

25
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Fig. 5. Changes in the voltage mismatch detectors with increasing motor
deterioration for an induction motor operating under a wide range of voltage 2

supply unbalances.

or the inherent motor asymmetry. The detectors change only in

response to the increasing deterioration.

The final aspect of the mismatch detectors to be investigated

ﬁqS], a summary of the performance of the effective nega-
tive-sequence impedance detector was given. As reported,
this deterioration detector is very easy to implement. How-
ever, because its performance is based on the assumption of
deviations from perfect symmetry, it exhibits unpredictable
changes during the extremely early stages of deterioration
because of natural system unbalances. In this paper, the voltage
mismatch detectors were introduced as a means of overcoming
this shortcoming. Because these detectors are based on a more
complete model of the physical situation, performance is better,
especially at low levels of deterioration. However, the voltage
mismatch detectors are more difficult to apply as a training
period is needed in order to develop the impedance parameters.
More accurate measurement of motor speed would also be
required during both the training and the condition monitoring
phases.
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