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Abstract: The industry has widely accepted Frequency Response Analysis (FRA) as a reliable method
to detect power transformers mechanical deformations. While the FRA technique has been recom-
mended in recent literature as a potential diagnostic method to detect internal faults within rotating
machines, detailed feasibility studies have not been fully addressed yet. This paper investigates
the feasibility of using the FRA technique to detect several short circuit faults in the stator winding
of three-phase induction motors (TPIMs). In this regard, FRA testing is conducted on two sets of
induction motors with various short circuit faults. Investigated faults include short circuits between
two phases, short circuit turns within the same phase, phase-to-ground, and phase-to-neutral short
circuit. The measured FRA signatures are divided into three frequency ranges: low, medium, and
high. Several statistical indicators are employed to quantify the variation between faulty and healthy
signatures in each frequency range. Experimental results attest the feasibility of the FRA technique as
a diagnostic tool to detect internal faults in rotating machines, such as induction motors.

Keywords: three-phase induction motor; frequency response analysis; fault diagnosis; short-circuit faults;
statistical indicators

1. Introduction

Rotating machinery such as three-phase induction motors (TPIMs) are commonly em-
ployed in a variety of industrial applications. Owing to the continuous severe mechanical
stress, induction motors are prone to several failure modes, including mechanical and short
circuit faults [1]. Other reasons that contribute to the likelihood of motor’s faults include
manufacturing defects, inappropriate installation, and other operational factors such as
overloading, thermal stress, unbalanced voltage supply, insulation damage, and deterio-
ration of grounding connection [2]. According to an IEEE statistical survey conducted on
motors of sizes larger than 200 HP, bearing faults contribute the highest percentage (41%),
followed by stator winding faults, which represent 37% of the faults taking place in rotating
machines, as shown in Figure 1 [3].
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Figure 1. Percentage of failures by rotating machine components.

While another survey conducted by the Electric Power Research Institute (EPRI)
on the reliability of motors less than 200 HP shows slight statistical differences from
the IEEE survey, the likelihood of faults within the stator winding is still substantial [4].
Consequently, it is required to adopt a reliable tool to detect motor degradation at early
stages to avoid any potential consequences. Short circuit faults within the stator windings
of rotating machines may occur due to insulation breakdown as a result of overloading,
insulation aging, and mechanical vibration [5].

Several online and offline diagnostic methods have been adopted by the industry to
evaluate the condition of rotating machines, as summarized in Table 1. Partial discharge
(PD) measurements are used to assess the stator winding insulation condition. PD test has
shown good reliability to detect PD activities within winding insulations [6]. In addition,
dissipation factor (tan 0) testing is usually used to assess the motor insulation integrity [7].
Other techniques employ the motor current signature or measure the insulation resistance
to investigate the insulation condition. Online vibration measurement was used to detect
the mechanical integrity of the gearbox and drivetrain but encounters some drawbacks
that limit its ability to detect short circuits and other internal mechanical faults within the
machine [8]. Voltage withstands and insulation resistance testing methods can be used to
investigate the stator winding condition, but they are limited to detecting poor connection
and weak points [9,10]. The test is carried out at low voltage levels for in-service machines.
On the other hand, pole drop testing, dielectric response analysis, along with the FRA test,
can be used to assess the stator winding condition and detect short circuit faults within
the induction motors [11,12]. Based on the application of FRA on power transformers,
the FRA method can evaluate the mechanical integrity of the active winding within the
machine [13,14]. In addition, the FRA method can be used to investigate the condition of
the winding insulation, which is considered a non-mechanical fault [15]. Therefore, the
FRA method can be used as a comprehensive tool to assess rotating machines such as
TPIMs. The FRA test is conducted by injecting a low voltage of a wide frequency range at
one end of the winding terminals while measuring the response at the other terminal of
the winding. FRA advantages include high dynamic range (>145 dB), high accuracy, low
energized voltage, and high sensitivity and safety [10].
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Table 1. Common diagnostic tests for induction motors.

Test

Detected Component Purpose of Test References

Partial discharge (PD)

Partial discharges, insulation

o . degradation
Stator winding insulation [6,7]
Partial discharges, insulation
Tan & .
degradation
Vibration test Shaft or bearing, rotor winding The shaft or bearing vibration [8]
Voltage withstand Stator windings Voltage withstand [9]
Winding and insulation resistance stator windings High contact reast_ance and poor [10]
connections
Pole drop testing
Frequency response analysis Stator winding Turns-turn faults [11,12]

Dielectric response analysis

The FRA method is recognized to identify the mechanical deformations within power
transformers [13,14]. The test is conducted offline by injecting a low amplitude of AC
voltage with a variable frequency in the range 20 Hz—2 MHz to scan each phase and detect
any variations from the healthy FRA signature of this phase. While the measurement
method for power transformers is well documented in several standards such as the Cigre
Working Group A2.26 [16], IEC 60076-18 [17] and IEEE-Std-C57 [18], not much attention
was given to extend the technique to detect faults within rotating machines. Due to the
reported high sensitivity of the FRA method, it can detect changes occurring within the
machine at early stages [19-21]. For power transformers, interpretation of the obtained
FRA results can be conducted using: (1) time-based comparison, where the obtained FRA
data are compared with previously saved reference data for the same unit; (2) type-based
comparison in which the measured FRA data are compared with another unit of the same
design; (3) phase-based comparison in which measured FRA signatures of the three phases
of the same unit are compared. There are few published studies in the literature that
investigate the application of the FRA method for TPIMs. In [22], the FRA method is
employed to detect broken bars with a squirrel cage induction motor. It is found that
the FRA signature shows a variation between 1 kHz and 300 kHz due to broken bars
in the squirrel cage induction motor. However, the investigation in this paper is based
on the rotor position, and there is no FRA interpretation methodology presented. The
application of FRA to diagnose TPIMs has also been proposed in [23-27]. In [23,24], the
FRA results were analyzed based on the assessment factor E12. The other studies did not
propose an interpretation methodology [26]. There were other studies on reliable diagnostic
methods for rotating machines [28-30]. Ref. [28] presented healthy and faulty models for
the induction motor through simulation and experimental analyses. The studies presented
in [29,30] investigated the application of the FRA method to detect failures in the stator
winding of the induction motor. In [30], the online application of FRA was proposed.
Results revealed the high accuracy of the FRA technique to detect winding SC faults of
low levels. Regardless of these research efforts in the literature, there was still a lack of full
understanding of the interpretation of the FRA signatures for rotating machines. This study
takes a further step to investigate and employ various statistical indicators to understand
the effect of SC faults on the FRA signature of three-phase induction motors.

Given the graphical comparison nature of the technique, several studies presented
various statistical coefficients to quantify the difference between the measured FRA sig-
natures [31,32]. A survey was conducted to assess the applicability of using statistical
indicators to evaluate the variations among the measured FRA signatures [32]. Among
them, correlation coefficient (CC), mean squared error (MSE), the absolute sum of logarith-
mic error (ASLE), and comparative standard deviation (CSD) as listed in Table 2 show high
sensitivity to changes in the FRA signatures. The CC is recommended by the IEEE standard
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to calculate the variation between two FRA traces [18]. According to [33-35], ASLE is a
highly sensitive statistical indicator for the changes in the frequency responses with rea-
sonably accurate fault detection. In the detection of short circuit faults, the SD encounters
an increase with the SC level. However, the ASLE showed a more obvious increase. The
use of SD in the interpretation of the FRA signatures was highly suggested [31]. Other rec-
ommended statistical indicators were the mean square error (MSE), and root mean square
error (RMSE). A summary of the used statistical indicators for the interpretation of the FRA
signatures is presented in Table 2 [36-39]. In Table 2, the two data sets “x(7)” and “y(i)”
represent the FRA data to be compared, N is the overall data set size. The main drawback of
using statistical indicators is the lack of a widely approved benchmark to identify various
faults with a reasonable degree of confidence. As such, further investigation is required to
set a benchmark or threshold limits for such indicators.

Table 2. Statistical indicators used in FRA.

Indicators Mathematical Expression Indicators Description References
. - N X(i)xY (i) It only measures linear
CC — i=1 y
Correlation Coefficient (CC) (XY \/ TN X0 PN, [Y () relationships between Xi and Yi. [34]
I The ASLE scales the data
Absolute Sur?AIé(ig]Ea)rlthmlc Error ASLE(yy) = L, [20l0g19Y;—20l0g10X; | regardless of the data size from [33-35]

being small or large.

iati [EN Y () -X(0)]?
Standard Deviation (SD) SD(xy) = w Sitmilar trend as ASLE [31]

Absolute Difference (DABS) DABS = Iy =x(@)] g\i])’x @l [36,37]
N - MSE magnifies errors due to the
Mean Square Error (MSE) MSE = M squaring operation in the [33,36]
equation.
Root Mean Squared Error (RMSE) RMSE = Y, (x (I"\I)*YU))Z Only sensitive to outliers [36,37]
. N N . This indicator is based on a
Covariance (COVAR) COVAR(x,y) = & YN, (x(i) — (@) (y(i) — 5(i)) Chinese standard. [38,39]
.. B . . 2N min(xiYi) MM allows comparing the
Minimum-Maximum Ratio (MM) MM = m similarity of a data set. 36,571

Based on the above, the key contribution of this study can be listed as below:

e Investigating the feasibility of expanding the use of the FRA technique to detect
various short circuit (SC) faults contained by rotating machines through experimental
measurements.

e  Understanding the influence of various TPIMs SC faults on each frequency range of
the FRA signature.

e  Taking one step forward to set threshold limits for statistical indicators such as CC, SD,
ASLE, MSE, RMSE, DABS, Covariance, and MM to standardize the interpretation process.

2. Experimental Setup and Measurement

While emerging short circuit turns within the stator windings will not affect the
performance of the rotating machine significantly, it can progress rapidly, causing severe
damages to the machine. Thus, detecting and correcting such flaws at an early stage is
critical. Various short circuit faults can take place within the stator winding, including the
turn-turn, coil-coil, phase-neutral, and phase-to-ground, as shown in Figure 2 [40]. FRA
measurements are conducted on two TPIMs of different ratings with normal and short-
circuited stator windings, as shown in the experimental setup of Figure 3. The parameters
of the investigated motors are listed 19 in Table 3.
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Figure 3. Laboratory setup, and FRA measurement, (a) short-circuit fault implementation, (b) experi-

mental view on one of the tested motors.

Table 3. Specifications of the investigated 3-phase induction motors.

Motor 1 2
RPM 2840 rpm 1500 rpm
Made JILANG JILANG
Model Y90L-2 110RK-3DS
Power rating 2.2kW/3 HP 0.75kW/1HP

Voltage rating 415V /50 Hz 415V /50 Hz
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The FRA measurement of each phase of the stator windings is conducted as per the
schematic of Figure 4. The FRA analyzer injects a low voltage (<20 V) AC input signal,
Vin of wide frequency range at one winding terminal of each phase. The output voltage,
Vout can be measured at the other winding terminal of the same phase or another phase
terminal. The FRA signature is usually provided as the magnitude of the winding transfer
function TF4p = 20 10g10 | Vout/Vin | plotted against frequency.

Vref Vref
' I
“u v
i '
X ’ \_—W "J *_// \— w '
Motor 7/ . Motor“'u-l‘\
‘\\‘ windings = '\. . ) windings __,-",\.

(a)

Figure 4. Schematic diagram for FRA cables connections (a) signature for U-N phase (b) signature
for U-V phases.

3. Results and Discussions

FRA measurements are conducted on the two motors listed in Table 3. The FRA
signature is measured for a healthy stator winding and is used as a reference signature.
Various SC faults, as presented in Figure 2, are staged on the stator winding, and the FRA
signature is measured and compared with the reference signature as elaborated in the
below two case studies.

3.1. Case Study-1, 3 HP Induction Motor

Figure 5 shows the FRA signatures measured for this motor for normal stator winding
and when various SC faults are staged on the winding. Figure 5 reveals that the FRA
signature is characterized by the main resonance frequency. At the high-frequency range,
additional peaks and valleys can be observed due to the contribution of the motor’s
capacitive components. Figure 5a shows that turn-to-turn SC fault slightly shifts the
resonance frequencies at 50 kHz and 200 kHz to the left with a slight increase in the
magnitude over the medium and the high-frequency range. The coil-to-coil SC as shown
in Figure 5b affects the FRA signature in a similar way as the effect of turn-to-turn SC
fault but is more obvious. The turn-to-ground and coil-to-ground faults effects on the
FRA signature are shown in Figure 5c,d, respectively. It can be seen that turn-to-ground
fault does not affect the magnitude of the FRA signature but slightly reduce the frequency
of the main resonance point. On the other hand, the coil-to-ground fault shifts the main
resonance frequency at 50 kHz towards the higher frequency range. The neutral-to-ground
SC fault in Figure 5e shows a drop in the response’ magnitude within the frequency range
of 50 kHz to 500 kHz. The phase-to-phase fault shows the largest variation in the FRA
signature, as shown in Figure 5f, in which the FRA magnitude increases and shifts towards
the high-frequency range.
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Figure 5. U-V terminals FRA measured responses for the 3 HP induction motor (a) turn—to—turn SC
(b) coil-to—coil SC (c) turn—to—ground SC (d) coil-to—ground SC (e) neutral-to—ground SC (f) phase—
to—phase SC.

3.2. Case Study-2, 1 HP Induction Motor

To test the FRA technique’s capability to detect SC faults of induction motors of various
sizes, FRA measurements are conducted on a 1 HP induction motor with the same types of
faults investigated above. The FRA measurements of this case study are shown in Figure 6.
As can be seen in Figure 6, all faults affect the FRA signature in a similar trend to the
previous case study. For instance, Figure 6a shows a slight increase in the magnitude in the
low and mid-frequency ranges when a turn-to-turn SC fault is staged on the stator winding.
Similarly, the coil-to-coil SC fault increases the magnitude of the FRA signature in the low
and mid-frequency ranges, as shown in Figure 6b. The turn-to-ground and coil-to-ground
faults, as, respectively, shown in Figure 6¢,d generally have similar effects on the signature
as in the previous case study. Unlike the neutral-to-ground SC fault in the 3 HP motor, the
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FRA signature of the 1 HP motor shown in Figure 5e does not reveal any impact of the
neutral-to-ground fault on the IM FRA signature. The phase-to-phase SC fault shown in
Figure 6f has a substantial influence on the FRA trace at the low and mid frequencies.
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Figure 6. U-V terminals FRA measured responses for the 1 HP induction motor at (a) turn—to—
turn SC (b) coil-to—coil SC (c) turn—to—ground SC (d) coil-to-ground SC (e) neutral-to—ground SC

(f) phase—to—phase SC.

4. Statistical Indicators Results

In this section, several statistical indicators are employed to help interpret the mea-
sured FRA signatures in the previous two case studies. To enhance the calculation accuracy,
the FRA signature is divided into three frequency sub-bands; low-frequency (LF) range,
mid-frequency (MF) range, and the high-frequency (HF) range, as shown in Figure 7.
Each frequency range is dominated by a specific electric circuit component, e.g., LF range
is affected by the winding resistance while the MF range is influenced by the winding
inductance and the winding capacitance dominates the signature in the HF range.
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According to Tables 4 and 5, the CC values indicate that there is an overlap between
the normal case and SC turns, coil-to-coil, turn-to-ground, coil-to-ground, and neutral-
to-ground at the LF and MF ranges. Within this range, all SC faults revealed a CC value
greater than 0.999. However, the CC detects a huge variation between the responses at the
HF range, especially for the turn-to-turn, phase-to-phase, coil-to-coil, and coil-to-ground
SC. CC indicates substantial variation for phase-to-phase SC at the LF and HF regions. The
CC value at the LF range was within 0.967 to 0.985 for the two case studies. The lowest
value for the CC (0.731) was obtained in the HF range for phase-to-phase SC fault. On
the other hand, the minimum value for the ASLE (0.001) was observed in the MF range
of the neutral-to-ground SC fault, while the highest value (10.616) was obtained in the
same frequency range but for phase-to-phase SC fault. According to these findings, ASLE
was a highly sensitive statistical measure of the variance between two FRA signatures.
ASLE values indicate variation within the entire frequency range for the coil-to-coil and
phase-to-phase SC faults. The range of ASLE for the two case studies was between 0.803
and 10.616 for phase-to-phase SC fault. For other SC faults, the ASLE clearly indicates a
variation in the MF range for the turn-to-turn SC and coil-to-ground fault and at the HF
range for the neutral-to-ground fault. Similarly, the minimum value of the SD for the turn-
to-ground fault was 0.003 at the LF range, while the highest value (10.637) was obtained at
the MF range for the phase-to-phase SC fault. The MSE provides significant variations for
phase-to-phase and coil-to-coil faults in the entire frequency range. The RMSE also reveals
a substantial variation for the phase-to-phase SC fault. The highest value for the RMSE was
10.637 and was observed for phase-to-phase SC fault at MF phase-to-phase (Table 4). The
DABS trend was almost similar to the trend of the RMSE. Results of the covariance show a
small percentage in variation and all in the MF region. MM results show almost identical
values for all fault types and are in the range of 1.001 to 1.423. The MM shows an obvious
difference between the normal and SC faults at the HF region. Figure 8 shows the proposed
statistical indicators threshold limits for each fault type based on the obtained values for
the two case studies.



Appl. Sci. 2022, 12, 2046

10 of 14

Table 4. The calculated indices obtained from the FRA spectrum for the 3-HP induction motor.

Statistical Indicators

Short Circuit Type CcC ASLE SD MSE
L-F M-F H-F L-F M-F H-F L-F M-F H-F L-F M-F H-F
Turn-to-turn (T-T) 0.999 0.999 0988 0.907 1.825 1757 1.061 1826 2065 1.126 3.337 4.265
Coil-to-coil (C-C) 0.99 0999 0978 1712 3.632 1526 2.004 3.636 2497 4016 13226 6.236
Turn-to-ground (T-G) 1 0.999 099 0.002 0.016 1.053 0.003 0.025 1414 0.000 0.000 1.999
Coil-to-ground (C-G) 0.999 0999 0978 0913 1.890 1.684 1.066 1.894 2110 1.137 3.588 4.455
Neutral-to-ground (N-G) 1 0.999 0992 0.003 0.037 1.021 0.004 0.051 1.331 0.000 0.002 1.772
Phase-to-phase (P-P) 0.967 0.999 0731 4.046 10.616 4.816 4949 10.637 7.624 4496 8.000 4.133

Statistical Indicators

Short Circuit Type DABS RMSE COVAR MM
L-F M-F H-F L-F M-F H-F L-F M-F H-F L-F M-F H-F
Turn-to-turn (T-T) 0.907 1.825 1757 1.061 1.826 2.065 0.051 0.381 0.025 1585 1.065 1.051
Coil-to-coil (C-C) 1712 3.632 1526 2004 3.636 2497 0042 0372 0.006 1.000 1.139 1.044
Turn-to-ground (T-G) 0.002 0.016 1.053 0.003 0.025 1414 0.061 038 0032 1.091 1.000 1.030
Coil-to-ground (C-G) 0913 1.890 1.684 1.066 1.894 2110 0.051 0378 0.016 1.000 1.067 1.048
Neutral-to-ground (N-G) 0.003 0.037 1.021 0.004 0051 1331 0.061 0384 0.027 1.18 1.001 1.029
Phase-to-phase (P-P) 4.046 10.616 4.816 4949 10.637 7.624 0.015 0329 0036 1.09 1555 1.153

Table 5. The calculated indices obtained from the FRA spectrum for the 1-HP induction motor.

Statistical Indicators

Short Circuit Type CC ASLE SD MSE
L-F M-F  H-F L-F M-F  H-F L-F M-F  H-F L-F M-F  H-F
Turn-to-turn (T-T) 0.999 0999 0995 0.658 1.288 0454 0.754 1290 0.762 0568 1.665 0.581
Coil-to-coil (C-C) 0999 0.999 0983 1.153 2166 0.994 1294 2169 1449 1676 4708 2.101
Turn-to-ground (T-G) 1 0999 0974 0.004 0.139 1.091 0.004 0.199 1815 0.000 0.039 3.296
Coil-to-ground (C-G) 0.999 0999 0988 0.696 1224 0981 0779 1224 1450 0.607 1498 2.105
Neutral-to-ground (N-G) 1 1 0.999 0.003 0.001 0.042 0.004 0.002 0.075 0.000 0.000 0.005
Phase-to-phase (P-P) 0985 0.999 0.802 3772 7565 3100 4310 7571 4785 4582 8329 4.89

Statistical Indicators

Short Circuit Type DABS RMSE COVAR MM
L-F M-F  H-F L-F M-F  H-F L-F M-F  H-F L-F M-F  H-F
Turn-to-turn (T-T) 0.658 1.288 0454 0.754 1290 0.762 0.088 0284 0.021 1.054 1.043 1.013
Coil-to-coil (C-C) 1.153 2166 0994 1294 2169 1449 0.082 0.281 0.014 1.100 1.075 1.029
Turn-to-ground (T-G) 0.004 0.139 1.091 0004 0.199 1815 0.099 0293 0.039 1.000 1.004 1.032
Coil-to-ground (C-G) 0.696 1224 0981 0779 1224 1450 0.088 028 0.025 1.058 1.041 1.029
Neutral-to-ground (N-G) 0.003 0.001 0.042 0.004 0.002 0.075 0.098 0288 0.031 1.000 1.000 1.001
Phase-to-phase (P-P) 3772 7565 3.100 4310 7571 4785 0.045 0266 0.020 1423 1324 1.09
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of power transformers and has shown a good potential to detect faults within rotating

machines. This paper investigated the ability of FRA to detect various short circuit faults
within three-phase induction motors. Results show that the amount of variation for the
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detected faults, from large to small, is as follows: phase-to-phase, coil-to-coil, turn-to-
turn, coil-to-ground, turn-to-ground, and neutral-to-ground. Due to the overlapping of
some statistical indicators, this study recommends the use of several indicators for reliable
identification and quantification of the SC fault. The proposed threshold limits in Figure 8
are to determine the minimum indicator value for the SC fault to emerge. It is to be noted
that while the statistical indicator can be employed to calculate the variation between two
FRA signatures, its sensitivity to the variation is different from one statistical indicator to
another. The lowest and most common statistical indicator value revealed from the two
case studies at the LF, MF, and HF can be considered as an early alarm for emerging SC
fault. Results show that ASLE, SD, and RMSE have a similar trend of sensitivity for SC
faults, as shown in Figure 8b,c,f. Thus, the ASLE, SD, and RMSE can be ranked as high
sensitivity classes. On the other hand, MSE and DABS in Figure 8d,e can also detect the
variation between the FRA signatures of the normal and SC faults but can be categorized as
a second class or middle sensitivity class compared to the aforementioned indicators. The
lowest sensitivity class among the proposed indicators is for the CC, MM, and covariance
shown in Figure 8a,h,g, respectively. Based on Table 2, the descriptions of the indicators
show that the CC only measures the linear relationship. The MM allows comparing the
similarity, and the covariance was based on the Chinese standard. These might affect the
level of sensitivity of CC, MM, and covariance to the variation between the normal and SC
fault responses.

6. Conclusions

This paper is aimed at investigating the feasibility of using the FRA technique to
detect short circuit faults within induction motors through experimental measurements
and statistical indicators. Various statistical coefficients are employed to quantify the
comparison of the faulty and normal FRA signatures. Measurements conducted on two
induction motors of different sizes reveal the feasibility of the FRA method to detect
various short circuit faults within the stator winding. Results show that there is a minor
variation in the measured frequency response due to turn-to-turn, turn-to-ground, and
coil-to-ground SC faults. On the other hand, a substantial variation is observed due to
coil-to-coil and phase-to-phase faults. To avoid misinterpretation of the FAR results, several
statistical indicators including CC, SD, ASLE, MSE, RMSE, DABS, Covariance, and MM are
recommended to be calculated for the measured FRA signatures. Unique threshold limits
for some indicators can be set to ease and standardize the FRA interpretation process. A
further feasibility study is recommended to explore the impact of other induction motors’
common faults on the FRA signature and statistical indicators. In addition, further research
to enhance the robustness of results through providing statistical significance detailed
analysis is recommended. The proposed indicators must also be tested on various induction
motors of different sizes, models, and operating conditions.
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