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Abstract  

Surveys have shown that rotor and stator winding failure account for about half of motor failures in 
motors rated 2300 V and above [1].  Thus to improve motor reliability and move to predictive 
maintenance for motors, tools are needed to assess the condition of the windings.  There are several old 
and new test methods that have gained popularity with AC induction motor maintenance specialists.  
These include: 

 
• Low and high voltage insulation resistance 
• Capacitance and capacitive impedance 
• Inductance and inductive impedance 
• Surge testing 
• Partial discharge testing 
• Current signature analysis 

 
The insulation resistance, surge, partial discharge, and current signature tests are examined and evaluated 
for: effectiveness; which windings/types of machines the test is effective; limitations; ease of performance 
and ease of interpretation.   
 
 
Introduction 

If operated properly, large squirrel cage induction motors (greater than a few hundred horsepower) 
typically enjoy 20 years or more operation in utility and industrial applications before either the rotor or 
stator windings need to be replaced.  However, if the motor is overloaded or subjected to a polluted 
environment, or the motor was not well made, failure may occur in just a few years due to premature 
aging.  Over the past decade, a number of new tests and monitors have become widely available that can 
detect, usually with months or years of warning, aging problems that may lead to failure.  By using these 
tests, in combination with tried and true tests such as insulation resistance testing, unexpected in-service 
winding failures can be all but eliminated, increasing process reliability.  Furthermore the optimum time 
for winding replacement can be planned, often resulting in the delay of rewinding for many years. 

 
Tests can be separated into two main classes: 

• Off-line tests that are done during a shutdown (insulation resistance, motor circuit analysis, surge 
test, hipot test, growler, visual inspection) 

• On-line monitoring performed during normal operation of the motor (current signature analysis 
and partial discharge monitoring) 

 
On-line monitors facilitate predictive maintenance by identifying those motors that are most in need of 
off-line tests or repairs.  Unfortunately, on-line monitors are not capable of detecting all winding 
problems, thus a short shutdown about once per year for normal operating environments is still prudent.  



Stator winding tests are usually performed to detect problems in the electrical insulation.  Rotor winding 
tests are to detect broken rotor bars. 
 
Four of the most useful tests to assess rotor and stator winding conditions for motors rated 2300 V and 
above are described in this paper: insulation resistance, partial discharge, surge and current signature 
analysis tests [2]. 
 
 
Insulation Resistance And Polarization Index For Stator Windings 

The megohmmeter test is the most widely used diagnostic instrument for motor stator windings.  This test 
successfully locates pollution and contamination problems in windings.  In older insulation systems, the 
test can also detect thermal deterioration.  Insulation resistance (IR) and polarization index (PI) tests have 
been in use for more than 70 years.  Both tests are performed with the same instrument, and are usually 
done at the same time.  IEEE 43-2000 describes the test method and basic interpretation. 

 
The insulation resistance test measures the resistance of the electrical insulation between the copper 
conductors and the core of the stator or the rotor.  Ideally this resistance is infinite, since after all, the 
purpose of the insulation is to block current flow between the copper and the core.  In practice, the IR is 
not infinitely high.  Usually, the lower the insulation resistance, the more likely it is that there is a 
problem with the insulation. 

 
PI is a variation of the IR test.  PI is the ratio of the IR measured after voltage has been applied for 10 
minutes (R10) to the IR measured after one minute (R1), i.e.:   
 

PI = R10/R1  (Other ratios are also described in IEEE 43-2000.) 
 
A low PI indicates that a winding may be contaminated with oil, dirt, insects, etc. or soaked with water.  
In the test, a relatively high DC voltage is applied between the winding copper and the stator or rotor core 
(usually via the machine frame).  The current flowing in the circuit is then measured.  The insulation 
resistance (Rt) at time t is then: 
 

Rt = V/It
 
which is just Ohm’s law.  V is the applied DC voltage from the tester, and It is the current measured after 
t minutes.  The reference to the time of current measurement is needed since the current is usually not 
constant. 

 
Measuring R1 has proved to be unreliable, since it is not trendable over time.  The reason is that IR is 
strongly dependant on temperature.  Although some ‘temperature correction’ graphs and formulae are in 
the IEEE 43, they are unreliable for extrapolation by more then 10C or so (see IEEE 43-2000).   

 
The polarization index (PI) was developed to make interpretation less sensitive to temperature.  PI is a 
ratio of the IR at two different times.  If we assume that R10 and R1 were measured with the winding at the 
same temperature, which is usually very reasonable to assume, then the ‘temperature correction factor’ 
will be the same for both R1 and R10, and will be ratioed out.  Thus PI is relatively insensitive to 
temperature.  Experience shows that if the PI is about one, then the leakage current over the winding is 
large enough that electrical tracking will occur.  Conversely, if the leakage current is low after 1 minute, 
then PI will be greater than 2, and experience indicates that electrical tracking problems due to winding 
contamination are unlikely.  Thus, if we can see the decay in the current in the interval between 1 minute 
and 10 minutes, then this decay must be due to the absorption current (since the leakage and conduction 



currents are constant with time), with the implication that the leakage and conduction currents are minor.  
If R1 is greater than about 5000 megohm, then PI seems to have little meaning. 
 
The IR/PI test is now recommended by IEEE 43-2000 to be done with voltages that are higher than those 
suggested in the past, because tests at higher voltages are more likely to find major defects such as cuts 
through the insulation in the endwindings.       
 
A  ‘good reading’ or a ‘bad reading’ depends on the nature of the insulation system and the stator being 
tested. Until 2000, the minimum R1 and the acceptable range for PI was essentially the same for all types 
of stator winding insulation.  However, it has been recognized that the modern insulation materials in 
random wound and form wound stators have essentially no conduction current (as long as there are no 
cracks or pinholes).  Thus a clean, dry, form wound stator winding should have an R1 > 100 MΩ.  The PI 
should be >2. 
 
In general, the IR and PI tests are an excellent means of finding stator windings that are contaminated or 
soaked with moisture.  Of course the tests are also good at detecting major flaws where the insulation is 
cracked or has been cut through.  In form wound stators using thermoplastic insulation systems (usually 
made before 1970), the tests can also detect thermal deterioration.  Unfortunately, there is no evidence 
that thermal deterioration or problems such as loose coils in the slot, can be found in modern windings 
[2]. 
 
 
Partial Discharge Testing 

Partial discharges (PD) are small electrical sparks which occur in stator windings rated 3.3 kV or higher.  
PD is non-existent or negligible in well-made stator windings that are in good condition.  However, if the 
stator winding insulation system was poorly made, or the winding has deteriorated due to overheating, 
coil movement or contamination, then PD will occur. A PD test directly measures the pulse currents 
resulting from PD within a winding.  As described in IEEE 1434, there are a large number of test 
methods: 

 
1. Off-line PD test on the entire stator to quantify the PD activity. 
2. TVA (corona) probe test to locate the PD. 
3. Ultrasonic probe test to locate the PD. 
4. Blackout or ultraviolet imaging to locate the PD. 
5. On-line PD test to quantify PD during normal service. 

 
The first four methods are performed with the motor out of service, and in some state of disassembly.  
The last test is performed during normal motor operation, however, either an expert must do the test, or 
advanced electrical interference technology is needed to ensure electrical noise does not cause a false 
indication. 
 
Each PD produces a current pulse that has high frequency components to the hundreds of megahertz.  
Any device sensitive to high frequencies can detect the PD pulse currents.  In a PD test on complete 
windings, the most common means of detecting the PD currents is to use a high voltage capacitor 
connected to the stator terminal.  Typical capacitances are 80 pF to 1000 pF.  The capacitor is a very high 
impedance to the high AC current in the stator, while being a very low impedance to the high frequency 
PD pulse currents.  The output of the high voltage capacitor drives a resistive load.  The PD pulse current 
that passes through the capacitor will create a voltage pulse across the resistor, which can be displayed on 
an oscilloscope, frequency spectrum analyzer, or other display device.  The lower band of the detector is 
the frequency range of the high voltage detection capacitor in combination with the resistive or inductive-



capacitor network load.  Early detectors were sensitive to the 10 kHz, 100 kHz or 1 MHz ranges.  Modern 
detectors can be sensitive up to the several hundred megahertz range.  In addition, high frequency current 
transformers are sometimes installed on surge capacitor grounds to detect the PD. 

 
The key measurement in a PD test is the peak PD magnitude Qm, i.e. the magnitude of the highest PD 
pulse, since this is proportional to the largest defect in the stator insulation.  The PD test is a comparison 
test.  One can determine which phase has the highest Qm, and thus which phase has the greatest 
deterioration.  One can also compare several similar machines to see which has the highest PD.  Finally, 
one can compare the PD from the same stator over time, i.e. trend the data.  In general, if the PD doubles 
every 6 months, then the rate of deterioration is increasing. 

 
 
Surge Tests 

If the turn insulation fails in a form-wound stator winding, the motor will likely fail in a few minutes. 
Thus the turn insulation is critical to the life of a motor.  Low voltage tests on form-wound stators, such 
as inductance or inductive impedance tests, can detect if the turn insulation is shorted, but not if it is 
weakened.  Only the surge voltage test is able to directly find stator windings with deteriorated turn 
insulation. By applying a high voltage surge between the turns,  this test is an overvoltage test for the turn 
insulation, and may fail the insulation, requiring bypassing of the failed coil, replacement or rewind.  The 
test is valid for any random wound or multi-turn form wound stator, and the test method for form wound 
stators is described in IEEE 522.  

 
The surge test duplicates the voltage surge created by switching on the motor.  The surge test is a 
destructive go-no go test.  If the turn insulation fails, then the assumption is that the stator would have 
failed in service due to motor switch-on, PWM inverter voltage surges or transients caused by power 
system faults.  If the winding does not puncture, then the assumption is that the turn insulation will 
survive any likely surge occurring in service over the next few years.     

 
The first generation of surge test sets was called surge comparison testers.  They consisted of two energy 
storage capacitors, which were connected to two phases.  The waveform from each phase is monitored on 
an analog oscilloscope.  The assumption is that the waveform is identical for the two phases.  As the 
voltage is increased, if one of the waveforms changes (increases in frequency) then turn to turn puncture 
occurred in the phase that changed.  This approach has lost favor now since it is possible for two phases 
to have slightly different inductances due to different circuit ring bus lengths, mid-winding equalizer 
connections or even due to rotor position (since it affects the permeability).  Modern surge testers use a 
digitizer to capture the surge voltage waveform on a phase, as the voltage is gradually raised.  Digital 
analysis then provides an alarm when the waveform changes at a high voltage, due to a turn fault [3].  The 
test voltages are described in IEEE 522. 
 
 
Current Signature Analysis 

Current Signature Analysis (CSA) monitoring has revolutionized the detection of broken rotor bars and 
cracked short circuit rings in squirrel cage induction motor rotors [4].  CSA can also find problems with 
rotor balance that lead to rotor eccentricity.  In CSA, the current on one of the power cables feeding the 
motor is analyzed for its frequency content.  Specific frequencies in the current indicate the presence of 
defective rotor windings during normal operation of the motor.  Broken rotor bars by CSA can sometimes 
be detected by bearing vibration analysis.  Some of the problems CSA finds are:  

 
• cracked rotor bars,  



• cast rotor bars with large internal voids,  
• broken bar-to-short circuit ring connections, 
• cracked short circuit rings, and 
• static and dynamic rotor eccentricity. 
 

In simple terms, CSA theory is that the current flowing in the stator winding not only depends on the 
power supply and the impedance of the stator winding, but it also includes current induced in the stator 
winding by the magnetic field from the rotor.  That is, the stator winding acts as a probe or ‘transducer’ 
for problems in the rotor.  The key issue is separating normal currents that flow through the stator to drive 
the rotor, from the “unusual” currents that the rotor induces back into the stator if there is a problem.  This 
separation is accomplished by using high-resolution frequency spectrum analyzers to measure current 
components at frequencies other than the power frequency and its harmonics. 
 
From conventional SCI motor theory, the frequency of the current in the rotor winding (f2) is at slip 
frequency, and not at the supply (60 Hz) frequency, that is: 
 

f2 = sf1, 
 

where s = per unit slip and f1 = supply frequency (60 Hz). 
 
The rotor currents in a cage winding produce an effective 3-phase magnetic field, which has the same 
number of poles as the stator field but, is rotating at slip frequency with respect to the rotating rotor.  If 
rotor current asymmetry occurs, then there will be a resultant backward (i.e. slower) rotating field at slip 
frequency with respect to the forward rotating rotor.  The asymmetry results if one or more of the rotor 
bars is broken preventing current from flowing through the affected slots.  With respect to the stationary 
stator winding, this backward rotating field at slip frequency (f2) with respect to the rotor (as well as a 
torque oscillation) induces a current in the stator winding at: 
 

fsb = f1(1±2s). 
 

This is referred to as a twice slip frequency sideband, and is caused by broken rotor bars. 
 
The stator current is thus modulated at twice the slip frequency.  Since  fsb is often close to about 1 Hz, 
this creates a ‘thrum’ at this low frequency that is often recognized by knowledgeable plant staff.   
 
To perform a CSA, the stator current in one phase is analyzed with a spectrum analyzer or customized 
digital signal-processing unit.  If there are no broken rotor bars, then there will be no fsb sidebands.  If 
sidebands are present, then broken rotor bars are likely.  Typically, the sidebands are only 1 Hz or so 
away from the very large power frequency component, and the sideband currents are typically 100 to 
1000 times smaller than the main power frequency currents.  Consequently, exceptional dynamic range 
and frequency resolution is needed to accurately measure the sideband peaks due to broken rotor bars. 
 
To detect broken rotor bars using CSA, the slip frequency must be accurately known.  In early ‘broken 
rotor bar’ detectors, slip (‘s’) was measured with a stroboscope that directly detected the rotor speed (and 
thus allowed calculation of slip).  Alternatively, slip can be detected from an axial flux probe near the 
rotor winding.  Present day CSA monitors have proprietary means of estimating slip from the current 
itself.  This greatly improves the ease of performing CSA.  Some of these methods are effective, but many 
have been shown to produce errors for small motors, or motors that have a large number of poles.   
 



Basic CSA interpretation requires comparison of the lower sideband, fsb, with the power frequency stator 
current.  Experience shows that if the sideband becomes larger than about 0.5% of the power frequency 
current, then broken bars are likely.  The greater the sideband current is (that is, the larger the fraction of 
the power frequency current), then the more severe the rotor deterioration.   As with most other monitors, 
it is best to trend the sideband magnitude over the years.  If the sideband increases over time, then it is 
reasonable to expect that a greater number of bars have broken in more locations.  At some point there 
may be enough breaks in the rotor bars that some metal may discharge from the rotor, destroying the 
stator.  CSA may not detect bar breaks in large 2- or 4-pole motors if the breaks occur under endwinding 
retaining rings, since the retaining ring itself may allow the current to continue to flow. 
 
Early CSA monitoring was prone to false indications (that is, indicating that a rotor had problems when it 
had none), and less frequently, missing defective rotor windings.  Thus early users of this test had low 
confidence in the results.  However, improvements in theory, software, and spectrum analyzer/digital 
signal processor resolution have made detection of rotor bar problems much more reliable. 
 
 
Conclusion 

Powerful tools are now available that can detect most (but not all) rotor and stator winding problems in 
motors rated 2300 V and above.  Two of these tests – PD and CSA  – can be performed during normal 
operation of the motor.  This enables the motors most likely to fail to be removed from service before 
failure, where they can be subjected to further off-line testing,  visual examination, and maintenance when 
required.  Thus, these on-line tests are very useful for implementing predictive maintenance, and thus 
avoid in-service failures and unnecessary shutdowns. 
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