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Abstract— Electrical Signature Analysis is the application and
analysis of Voltage and Current data collected on electrical
machinery systems. The measurements are converted to
amplitude modulated Fast Fourier Transforms that can be
evaluated for power, machine and powertrain conditions.
Electrical and mechanical conditions are determined through
their effects on the airgap magnetic field. One of these effects
includes the detection of winding shorts. It has been found in
variable frequency drive and wind generation applications that
stator and rotor interturn stresses can be detected prior to
insulation breakdown. The application of the technology in
determining these conditions allows for mitigation of the
conditions surrounding the winding stress and potential
breakdown.
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I. INTRODUCTION

The purpose of this paper is to identify a method for
evaluating the successful tuning of PWM Variable Frequency
Drive (VFD) and motor applications and condition of wind
generation rotors and stators. The study resulted from a
discovery while performing the research associated with the
Evaluation of Offline Partial Discharge in Vacuum
Environments [1]. Continued research also identified the
methodology applied in wind Doubly Fed Inverter Generators
(DFIG) stators and the development of a new method for the
identification of developing defects in DFIG rotors.

These discoveries provide the ability to verify VFD
installation and set-up as part of commissioning and the DFIG
processes for the early detection of winding failure through
either continuous monitoring or data collection. In the case of
VFDs, this improves the electrical and mechanical reliability of
the electric motor decreasing the life-cycle cost of the system.
In the case of wind generation, the early detection of DFIG
winding failures reduces the associated repair cost and
unplanned outage through planning advantages with cranes,
spares and coordination with repair facilities. In many cases, it
was found that the method identified that winding stress was
occurring in DFIG as the result of problems in either the rotor or
stator control circuits that can be corrected prior to winding
failure.

II. ELECTRICAL SIGNATURE ANALYSIS

The study was performed utilizing a Framatome EMPATH
instrument which has a resolution to 0.0005 Hz to 0.001 Hz
across the Fast Fourier Transform (FFT) spectra to greater than
SkHz required to distinguish between peaks. Electrical
Signature Analysis (ESA) involves the collection of three phases
of voltage and current which is then presented in the form of
power quality, voltage and current spectra, RMS values, and the
data can be transformed to other types of analysis including air
gap torque spectra and power spectra. The amplitude modulated
frequencies are evaluated in either linear or decibels. In the dB
scale, the detection of faults is normally from the peak voltage
or current down to the associated peaks with the terms -dB or
‘dB down.” The peak voltage and current are referred to as ‘0
dB.” This provides relative ‘force’ associated with the
frequencies being evaluated.

The use of the technology was first introduced by Haynes
and Essenberg [2] in the mid-1980s for nuclear power motor
operated valve electrical and related mechanical components.
ESA application within the industrial and VFD environments is
well documented with the mechanical applications further
identified by Penrose [3] and successfully applied to wind
generation by Penrose [4,5] for generator and powertrain
analysis.

The capabilities of ESA have been well documented [6,7]
with the original concepts around the detection of winding shorts
and limitation in time before failure in across the line operation.
For the stator, the prevailing theory is related to the effect of
current at a point that impacts the machine airgap. While
performing testing on special assembled motor-generator
assemblies in vacuum [1] with determined PD inception (PDIV)
and extinction (PDEV) voltages, the signatures were identified
when incorrectly sized filters were applied and the VFDs were
not tuned. In these cases, the windings had a high rate of failure.
When correct filters were applied the expected signatures were
not present and the windings were not failing.

III. ESA DETECTION OF INTERTURN STRESS IN VFDSs

A review of previous VFD commissioning data was
performed in relation to pre- and post-tuning. It was found in all
reviewed cases that improperly tuned VFDs, as well as
improperly filtered applications, showed the ‘winding short’
signature even though the windings were not shorted. Testing

© 2020 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including reprinting/republishing this material for advertising or

promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works.



Figure 1: Commissioning of VFDs and Pumps 1800 RPM (30 Hz)
synchronous speed
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Figure 2: Voltage and Current Spectra before Autotune

identified the PDIV was close or above the expected applied
voltage from the associated VFDs in two of the applications.
However, the windings did not show fault signatures and the
VFDs did not trip. This would indicate that the winding short
indication may also indicate interturn stresses and may be
associated with some value of PD in both random wound and
form wound stators. Further testing during commissioning and
evaluation pre- and post- VFD tuning through 2019 on nine
applications have produced similar results with two showing
existing winding stress signatures after tuning, but at a lower
value.

© Ch-1Current-1 spectrumy{ 3, 5}
B oM M W

ue) oy

0.00+ > T ; + s 4 T T "
0.000 0.000 100.00 150.00 200.00 250,00 300.00 350.00 400.00 450.0¢

1 ] ] 1 |
0.000 0.000 " 100.00 150.00° 200.00 250.00 300.00 350,00 400.00 450.00

NO AD

Figure 3: Voltage and Current Spectra after autotune

fu= A —s) 1k} (1)
fst = frequency peaks representing shorted turns
fi = supply frequency,n =123 ...,k =123 ...
p = pole pairs,s = slip

The formula for interturn shorts (1) is represented in this
paper as also representing winding stress for stators.
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Figure 4: 4-Pole Machine at 100 Hz with poor drive output filter



© Ch-1 Current-1 spectrum
-
0.0007---- ...t 7, I l— SR | S
-5,0000
-10.000
-15.000 |
-20.000 ’ l
-25.000
o ™
-35.000 ’
-40.000-
45,000
-50.000-
-55.000- | 1
-50.000- ‘ I |
65,000 | | |

A |
-70.000- ! |

‘ i

-80.000

-85.000

-90.000

-95.000

-100 } 1 |
0.000 50.000 100.00 150.00 200.00 250.00 300.00 350.00 400.00 450.00 500.00 550.00 600.00 650.00 700.00 750

Figure 5: 4-Pole Machine at 100 Hz after installation of sine wave
filter

IV. WINDING STRESS IN DFIG WIND GENERATOR STATORS

An evaluation of 352 DFIG generators of one manufacture
across four sites in different environments and load conditions
were performed and evaluated for winding stress signatures.
Twenty-two of the stators showed winding stress indicators.
Another two DFIG stators of a different generator manufacturer
were evaluated as part of troubleshooting and both had winding
stress detected. Surge comparison testing of the two stators
indicated weak insulation. Following these findings and while
awaiting test results from the 352 DFIG stators, an additional
twenty DFIG of a third design were evaluated with two showing
stator stress without operating fault indications. Subsequent
surge comparison testing indicated weakness in the turn
insulation of the stators. The signatures primarily show in the
voltage spectra.
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Figure 6: Stator Winding Stress 6-pole 1.5MW wind generator

V. ROTOR WINDING STRESS IN DFIG WIND GENERATORS

During evaluation of the 374 DFIG generators for stator
stress signatures, it was noted that several had unusual rotor
signatures. A method for determining wye ring fractures in
DFIG generators had been developed using ESA by Penrose [8]
with other rotor electromagnetic defects showing in specific
patterns that include dynamic eccentricity. A significant
number of rotors had slip speed and pole pass frequency
sidebands around dynamic eccentricity signatures. Two of the
generator rotors were tested and found to have interturn
insulation breakdown with one having tripped due to a rotor
circuit fault and the second had not yet tripped.

PPF =p(N;—N,)  (2)
PPF = pole pass frequency,p = poles
N¢ = synchronous speed (Hz)
N, = running speed (Hz)
ECC;= (N, *RS)+ (fi £ N,) 3)

ECC4; = dynamic eccentricity, RS = Rotor Slots
fi = line frequency
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Figure 7: Developing rotor winding short PPF and 2x PPF
sidebands around low level dynamic eccentricity peaks in current
and voltage
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Figure 8: Low level PPF sidebands around line frequency associated
with Figure 7 in voltage



VI. DISCUSSION OF STATOR INTERTURN STRESS

According to Thompson [6] the effect of shorted turns in an
induction motor stator is identified through the inter-turn stator
short equation (1) referencing Joksimovic and Penman [7]
equations related to the detection of inter-turn short circuits in
operating induction motors. Testing theory assumed dead faults
in the stators between conductors versus the normal discharge
and arcing that will occur between conductors prior to failure

[9].

The interturn stresses on the winding of an induction motor
in a PWM inverter prior to autotune or proper sizing of drive
output filters are significant on both random wound and form
wound stators [10, 11]. The impact of these stresses in the air
gap magnetic field appear to replicate the type of impact that
would occur if there were an interturn short in the stator. As the
stress is reduced as the PWM inverter is autotuned to the motor,
or appropriate filtering is selected, the impact of the interturn
stresses decreases or becomes imperceptible in the stator current
signature.

For DFIG stators the signature will appear as a voltage
signature [3] as opposed to current signature in an induction
motor. As the stator is supplying direct 50 or 60 Hz to the
distribution system the detection of these faults will appear as a
weakness, or developing short, with surge comparison testing.
Theoretically the application of the converter control of the rotor
will reduce the stress on the stator due to variations in wind and
gusts with a longer potential before stator winding failure.

VII. DIScUsSION OF DFIG ROTOR INTERTURN STRESS

In an induction motor a defect in the rotor circuit will appear
as a Pole Pass Frequency (PPF) (2) sideband around the line
frequency of the motor [12]. In some cases, where the defect is
severe enough, the field around the rotor becomes unbalanced
enough that it will also show as a dynamic eccentricity.

With a DFIG rotor, a developing winding short or interturn
stress will have a PPF signature in current and a dynamic
eccentricity. In some cases, when the defect is not severe
enough, such as prior to insulation breakdown, the effect from
the rotor converter control will cause stresses that show up as
dynamic eccentricity with PPF sidebands around at least two
peaks. This would be calculated as (3) and may also show a
weakness or defect if the rotor is tested with a surge comparison
tester.

The rotor fault detection identified within this paper were
identified well in advance of any corrective action being
required, with the exception of one DFIG that was only able to
operate under part load for less than five minutes.

VIII. CONCLUSION

The use of ESA technology extends beyond just fault
detection of components and can be utilized for commissioning
of motors and PWM VFDs. The capability also extends into

wind for the detection of a number of generator and powertrain
faults. In the case of this paper we are focused on the early
detection of stator and rotor faults of DFIG generators for
purposes of failure planning or fault mitigation.

The ability to detect interturn stresses in in these
applications in advance of failure allows ESA data collection or
continuous monitoring in order to plan for repair, replace or
mitigation. In the case of VFD application commissioning
tuning or proper sizing of filters can be identified.

REFERENCES

[1] H. W. Penrose and M. B. Dreisilker, “Evaluation of Offline Partial
Discharge in Vacuum Environments,” 2019 IEEE Electrical Insulation
Conference, Calgary, AB, Canada, June 16-20, 2019

[2] Howard D Haynes and David M Eissenberg, “Motor Current Signature
Analysis Method for Diagnosing Motor Operated Devices,” Patent
4965513, Martin Marietta Energy Systems, Inc., Oak Ridge National
Laboratories, November 14, 1989.

[3] Howard W Penrose, “Electrical and Motor-Current Signature Analysis,”
ASM Handbook, Volume 18 Friction, Lubrication and Wear Technology,
Materials Park, OH, 2017, pp. 1040-1044.

[4] Howard W Penrose, “Evaluating Wind-Turbine Generators through
Electrical Signature Analysis,” Windpower Engineering & Development,
October, 2015, Cleveland, OH, pp. 18-21.

[5] Howard W Penrose, “Insulation System Reliability in Wind Generation,”
2015 IEEE Electrical Insulation Conference, Seattle, WA, USA, June 7-
10, 2015.

[6] W.T. Thomson and D. Morrison, “On-Line Diagnosis of Stator Shorted
Turns in Mains and Inverter Fed Low Voltage Induction Motors,” 2002
International Conference on Power Electronics, Machines and Drives,
June 4-7, 2002, Sante Fe, NM, USA, pp. 122-127.

[71 Gojko M Joksimovic and Jim Penman, “The Detection of Inter-Turn Short
Circuits in the Stator Windings of Operating Motors,” IEEE Transactions
on Industrial Electronics, Vol 47, No. 5, Oct. 2000, pp. 1078-1084.

[8] Howard W Penrose, “Electrical Signature Analysis for Wind Power,”
2019 American Wind Energy Association Operations and Maintenance
Conference, San Diego, CA, USA, February 27-28, 2019.

[91 H. W. Penrose, “Estimating Motor Life Using Motor Circuit Analysis
Predictive Measurement,” Proceedings: Electrical Insulation Conference
and Electrical Manufacturing and Coil Winding Technology Conference,
Indianapolis, IN, USA, September 25, 2003, pp. 451-454.

[10] Dennis Bogh, Jeff Coffee, Greg Stone and Jim Custodio, ‘Partial-
Discharge-Inception Testing on Low-Voltage Motors,” IEEE
Transactions on Industry Applications, Vol. 42, No. 1, January/February,
2006, pp. 148-154.

[11] K Prasob, N Praveen Kumer and T B Isha, “Inter-Turn Short Circuit Fault
Analysis of PWM Inverter Fed Three-Phase Induction Motor Using Finite
Element Method,” 2017 International Conference on Circuits, Power and
computing Technologies, India.

[12] Yasser Gritli, Claudio Rossi, Domenico Casadei, Fiorenzo Filippetti, and
Gerard-Andre Capolino, “A Diagnostic Space Vector-Based Index for
Rotor Electrical Fault Detection in Wound-Rotor Induction Machines
Under Speed Transient,” IEEE Transactions on Industrial Electronics,
Vol 64, No. 5, May 2017, pp. 3892-3902.



	I. Introduction
	II. Electrical Signature Analysis
	III. ESA Detection of Interturn Stress in VFDs
	IV. Winding Stress in DFIG Wind Generator Stators
	V. Rotor Winding Stress in DFIG Wind Generators
	VI. Discussion of Stator Interturn Stress
	VII. Discussion of DFIG Rotor Interturn Stress
	VIII. Conclusion
	References


