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Abstract

:

This paper presents a new investigation to detect various faults within the three-phase star and delta induction motors (IMs) using a frequency response analysis (FRA). In this regard, experimental measurements using FRA are performed on three IMs of ratings 1 HP, 3 HP and 5.5 HP in normal conditions, short-circuit fault (SC) and open-circuit fault (OC) conditions. The SC and OC faults are applied artificially between the turns (Turn-to-Turn), between the coils (Coil-to-Coil) and between the phases (Phase-to-Phase). The obtained measurements show that the star and delta IMs result in dissimilar FRA signatures for the normal and faulty windings. Various statistical indicators are used to quantify the deviations between the normal and faulty FRA signatures. The calculation is performed in three frequency ranges: low, middle and high ones, as the winding parameters including resistive, inductive and capacitive components dominate the frequency characteristics at different frequency ranges. Consequently, it is proposed that the boundaries for the used indicators facilitate fault identification and quantification.
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1. Introduction


Induction motors (IMs) represent key components for sustainable industrial production lines. IMs are subjected to continuous mechanical and thermal stresses during operation, which makes them more prone to wear and tear and insulation degradation. The insulation degradation of the windings, if it is not detected and rectified at an early stage, leads to short-circuit faults and potential consequences, including production line interruptions. Statistical studies show that bearing and stator winding faults represent the highest percentage of faults among the IMs (41% and 37%, respectively) [1]. Another survey shows that stator windings represents 26% of the IM failure causes [2]. Therefore, investigating the IM condition is essential to avoid serious damage to the unit. In [3,4], several conventional tests were used to evaluate the health condition of IMs such as the Partial Discharge (PD), tan delta (TD) and stator current signature. Other methods include the Park’s vector modulus (PVM) in [5], and the discrete wavelet transform (DWT), simulation and experimental under load and no-load measurements, and a variety of other methods in [6,7]. The fact is that scenarios in which the above methodologies are used are not common in practice.



FRA has been widely used to assess the mechanical integrity of power transformers [8]. The FRA method measures the frequency characteristics of the winding transfer function in the FRA range from 10 Hz to 2 MHz [9,10,11,12]. Mechanical deformation within the magnetic core and winding faults alters the reference frequency characteristics from which various faults can be identified and quantified [13,14]. While much attention has been paid by researchers to investigate the application of FRA on power transformers, only a few studies have presented the application of FRA to detect the faults within rotating machines such as IMs, as summarized below:




	
In [15], the results show that the FRA method can be utilized to identify faults in the IMs. The FRA measurement shows a noticeable variation in the frequency range of between 1 kHz and 300 kHz due to broken bars in the squirrel cage rotor. The investigation was based on the rotor’s position. Additionally, no FRA interpretation methodology was presented.



	
The findings in [16] show that short-circuit (SC) faults result in a variation on the IM FRA signature with significant variation due to Phase-to-Phase SC faults. Three statistical indicators were only used to interpret the obtained results, and only two types of SC faults were investigated.



	
In [17], the conducted study shows that FRA can detect emerging IM winding faults at the 1% fault level. The SC fault in the turns in only one phase was studied. Additionally, there is a lack of results interpretation.



	
The research in [18,19] shows that FRA could be an alternative offline method used to diagnose SC faults in three-phase IMs. The results were analysed using the assessment factor E12, which may not give a clear image of the IM condition.



	
In [20], the results show that FRA detects the variation due to IM winding faults. The interpretation of the measured data was conducted using statistical indicators along with personnel experience.



	
In [21], FRA measurements of the power transformer and IM are taken. While the measurement procedure is proposed for IM, no interpretation methodology was proposed in this paper.



	
In [22], the study was conducted to evaluate the application of FRA on the SC fault assessment of synchronous machines. The FRA curve was obtained to show the changes due to the SC fault. In the study, small- and medium-sized machines were tested.








Even though the FRA method that is used to detect faults within IMs has been used before, there are no detailed studies on the measurement setup nor the effect of different IM winding connections on the FRA signature. Additionally, the detailed interpretation and pattern recognition of the IM FRA signatures has not been given much attention yet. In this research, the FRA patterns have been obtained for the star and delta connection. Additionally, the FRA patterns are measured in normal and short-circuit conditions.



In this paper, the FRA patterns for the star (Y) and delta (∆) connection of the IM stator winding with SC and open-circuit (OC) faults are measured and analyzed. Measurements are taken of three IMs of different ratings: 1 HP, 3 HP and 5.5 HP. Statistical indicators are employed to quantify the difference between the faulty and healthy FRA signatures and to identify the threshold limits for each indicator over three frequency ranges. Thus, the key contributions of this research paper can be summarized as:




	
We measured and compared the FRA patterns of the star and delta stator winding for three IMs of different sizes.



	
We investigated the effect of SC and OC faults of star and delta IM windings on the FRA signature.



	
We identified the threshold limits for various statistical indicators to facilitate the reliable identification and quantification of IM windings faults using FRA measurements.








Owing to the fact that FRA is mainly a graphical analysis-based technique, a visual inspection can be used to detect the variations between the IM FRA signature and its reference signature, which should be measured under normal motor conditions. Furthermore, various statistical metrics can be used to quantify the variation between the two FRA signatures [23,24,25]. There are more than ten statistical indicators that have been successfully used to detect the variation between the two datasets. For instance, the correlation coefficient (CC) metric becomes 1 if the two datasets are identical, while it reduces to 0 when there are significant variations between the two datasets [26]. The absolute sum of logarithmic error (ASLE) is 0 when there is no variation between the two FRA datasets [25,27,28]. The standard deviation (SD) has a similar trend as that of the ASLE and sensitivity to variations in the FRA data sets [23]. The mean squared error (MSE) was used in [24,29]. In this regard, the drawback of employing statistical indicators to analyse the FRA data is that there is no approved benchmarking. For further benefits to using the statistical indicators, the benchmarking or boundary limits can be identified to facilitate reliable fault identification and quantification.



The rest of the paper is organized as below:



Section 2 presents the FRA measurement setup for the investigated IMs. In Section 3, the FRA measurement results are presented and analysed for three case studies. In Section 4, the FRA results are analysed using several statistical indicators. The further discussion and comparison of the FRA patterns for the star and delta connections are available in Section 5. Lastly, the most important conclusions are illustrated in Section 6.




2. Setup and FRA Measurement


The common SC faults within three-phase stator windings include SCs between the turns in the same phase (Turn-to-Turn), SCs between the coils in the same phase (Coil-to-Coil) and SCs between the phases (Phase-to-Phase), which may be between the turns or the coils [26].



The FRA measurement has been conducted on three IMs, whose specifications are listed in Table 1. A commercial FRA analyzer is used to inject a low AC voltage (Vin < 20 V) at a wide frequency range at one terminal of each phase. The output voltage, ‘Vout’, is measured at the other terminal of the same phase or at another phase terminal. The frequency response is usually expressed as the transfer function ‘HF’ from (Vout) to (Vin), and it is plotted as the magnitude in dB, as given by (1) and (2). The magnitude plot can provide sufficient information about the condition of the electric machine [27].


  H F =    V  o u t      V  i n      



(1)






  M a g n i t u d e   d B = 20   l o g   10      V  o u t      V  i n      



(2)







The SC faults are performed on the stare connection at one phase and from phase to phase. Additionally, the delta connection measurement is taken in a similar way. The steps of developing the faults are presented in Figure 1a. In step 1, the motor is dismantled, and the motor phases are determined. In step 2, the wire terminals from the winding have been extended to where the fault will be created. In step 3, the wire terminal is extended with suitable extensions, and in step 4, the wire extensions are labelled for performing the FRA measurement. The SC and OC faults form, and the FRA measurements are performed on the three selected IMs, which are shown in Figure 1b. The faults introduced at the minimum number of windings show the effect on the FRA measurement. The FRA measurement was conducted with no rotor effect. At this stage, the obtained FRA patterns for the motors are compared between the normal and faulty stator windings without a rotor. So, the changes and variations of the response are due to the faulty winding only.



Motors of different sizes and specifications are chosed, as shown in Table 1. The selected motors are widely used in the several kinds of machinery purposes such as fans, pumps, machine tools, compressors, gearboxes, and transportations. The motors winding specification/geometries data are provided in Table 1, and they significantly affected the measurement results [30,31].



Figure 2 shows the overview of the measurement and research investigation process. In Activity 1, the FRA measurement is taken during one phase of the star and delta connections before and after developing the faults. In Activity 2, a comparison process using visual and statistical indicators is conducted on the FRA patterns of the star and delta connections under normal and faulty conditions. In Activity 3, the comparable faults with similar effects are clustered, and the dissimilar patterns are separated.




3. FRA Results


The FRA measurement was obtained from three different IM sizes. The FRA measurement is sensitive to the physical structure of the winding. Therefore, this study was conducted on 1 HP, 3 HP and 5.5 HP induction motors. The FRA measurements are taken in one phase for all of the cases. In all of the obtained FRA plots, the solid line represents the winding signature in the normal conditions, while the dotted lines present the faulty signatures. The investigated case studies on the three IMs are presented below.



3.1. One HP Induction Motor


The FRA measurement results shown in Figure 3 represent the FRA signatures of Phase A of this IM in normal and faulty conditions for the star and the delta stator windings. It can be observed that the FRA signature for healthy Y winding has a higher magnitude than the corresponding signature does for the Δ winding, with a first resonant frequency that is shifted slightly to the left in the case of Y winding. This is attributed to the variation in the magnetic flux distribution among the two winding connections in the low-frequency range. Overall, the trend of the FRA signatures of both of the windings is alike in the entire frequency range.



Figure 3a shows that the Turn-to-Turn fault exhibits an almost similar effect on the star and delta connections. The response shows an increase in the magnitude and shifts towards the higher frequencies in the frequency range from 1 kHz to 100 kHz. As shown in Figure 3b, the Coil-to-Coil fault has a similar impact on the FRA signature as that of the Turn-to-Turn fault, but there is a more observable change in the magnitude in the frequency range from 1 kHz to 1 MHz. In the frequency range from 100 kHz to 300 kHz, the trends of the FRA traces due to the Coil-to-Coil fault in the star and delta connections with respect to the normal signature are opposite to each other, i.e., it increases in the case of the Y winding, and it decreases in the case of the Δ winding.



Figure 3c Shows the effect of Phase-to-Phase short-circuit fault on the FRA signatures of both Y- and Δ windings. While the impact is significant on the Y winding is shown in 20 Hz to 300 kHz, it is very slight in the case of Δ winding as can be observed in the frequency range 1 kHz to 300 kHz.



As shown in Figure 3d, the open-circuit fault in the star connection results in a substantial drop in the response magnitude from 20 Hz to 50 kHz, while it introduces a slight drop in the magnitude in the case of delta connection in the frequency range from 100 Hz to 1 MHz.




3.2. Three HP Induction Motor


Figure 4a shows a comparable trend for the Turn-to-Turn fault in the star and delta connections. Similar to the above case study, there is an increase in the magnitude in the frequency range from 1 kHz to 1 MHz. However, the variation in the faulty signature from the reference one is more observable in the high-frequency range when it is compared with that of the above case study. This may be attributed to the higher rating of this motor.



The Coil-to-Coil fault introduces more variation into the FRA signature for both of the windings compared to that of the Turn-to-Turn fault, as shown in Figure 4b. There is a huge decrease in the response magnitude in the frequencies from 1 kHz to 1 MHz for the delta connection IM. In the frequencies from 100 kHz to 300 kHz, the Coil-to-Coil fault exhibits dissimilar effects for the delta and star windings, as observed in the above case study as well.



Figure 4c shows that the Phase-to-Phase fault introduces a significant variation in the response for the star connection. The massive decrease in the magnitude and the shifting to high frequencies can be noted in the frequency range from 20 Hz to 300 kHz. In the delta connection, the FRA trace of the faulty winding does not show a major deviation as it does in the star connection, and a small reduction of the response magnitude from 1 kHz to 300 kHz can be noticed.



For the open-circuit fault shown in Figure 4d, the FRA signature of the faulty winding in the star connection shows a huge drop in the response magnitude in the frequency range from 20 Hz to 50 kHz. However, the response due to the open-circuit fault in the delta connection just shows an average drop in the frequency range from 100 Hz to 80 kHz.




3.3. Five Point Five HP Induction Motor


As shown in Figure 5a, the Turn-to-Turn fault for the 5.5 HP IM has a similar impact on the FRA signature, as in the above two cases, as it increases the response magnitude in the frequencies from 1 kHz to 100 kHz for both the star and delta winding connections.



In Figure 5b, the Coil−to−Coil fault FRA patterns show a huge decrease in the response magnitude in the frequency range from 1 kHz to 1 MHz for the delta connection, while this variation is in frequencies from 100 kHz to 200 kHz for the star connection.



For the Phase-to-Phase faults shown in Figure 5c, a substantial variation in the response for the star connection in the frequency range from 20 Hz to 300 kHz can be noticed. On the other hand, the FRA patterns for the delta connection show a minor deviation in the response magnitude from the frequency from 1 kHz to 100 kHz.



Figure 5d shows a similar effect for the open-circuit fault on the star and delta windings as those in the above cases. The variation is noticeable in the frequency ranges from 20 Hz to 50 kHz for the star winding and from 100 Hz to 100 kHz for the delta winding.





4. Results Analysis


One of the research objectives is to analyse the IMs FRA patterns of the normal vs. SC and OC faults using advanced statistical indicators and artificial intelligence. It is well understood that indicators can compute the error ratio between two datasets. However, there are differences between one indicator to another in terms of the sensitivity. In the FRA of power transformers, statistical indicators are used to calculate the variations between two responses, i.e., the normal and faulty FRA signatures. The calculation is usually performed in three different FRA regions, according to the standard procedures [12]. Three frequency sub-bands: low frequency (LF), mid-frequency (MF) and high frequency (HF), are identified based on the effect of the core, the interaction between the windings, and the effect of the wiring, bushing and external leads. However, this frequency division is not applied to the IMs FRA signature. Therefore, in this paper, the frequency spectrum of the IM FRA signature is divided based on the equivalent electrical circuit parameters [32]. Based on the analogue principle, the FRA analyzer can plot the impedance Z (R, L, C) (ω), as presented in Figure 6.



The above FRA signatures show that in the LF range (from 10 Hz to 1 kHz), the trend is a horizontal line (Figure 7a), where the resistive elements dominate the response. In the MF range (from 1 kHz to 60 kHz), the FRA trace exhibits a negative slope, as shown in Figure 7b. This range is mainly dominated by inductive elements. Within the HF range from 60 kHz to 1 MHz, as shown in Figure 7c, the capacitive elements present a positive slope in relation to the IM winding characteristics. A frequency response that is above 1 MHz is related to the effects of bushings and external leads. Thus, three frequency regions for the IM FRA studies are proposed, as shown in Figure 8.



The calculated statistical indicators, along with their sensitivity analyses results, are listed in Figure 9, Figure 10, Figure 11 and Figure 12. In this study, CC, SD, ASLE and MSE are used to compute the variation between the normal and faulty FRA signatures for the above three case studies. The results are analysed using the heatmapping color scaling using the minimum scaled values.



The CC values are presented in Figure 9. The CC is 1 when there is overlapping between the compared datasets, and the results are presented in a bright yellow color. The variation when we were calculating values of less than 0.98 are indicated by the green dark color. The CC values indicate that there is an overlapping between the normal and Turn-to-Turn faults in all of the frequency regions, but not for the 1 HP Y-connected HF region and the 3 HP ∆-connected HF region. For the Coil-to-Coil SC fault, the LF and MF regions overlap between the two signatures, but the value of CC is less than 0.98 in the HF region. The CC values for the Phase-to-Phase SC and OC faults are close to 1 in the MF region.



The CC in Equation (3) is less than 0.98 at the LF region for the 3 HP Y-connected IM when the Phase-to-Phase fault occurs. The CC indicates values of less than 0.98 at the HF regions for the Coil-to-Coil, Phase-to-Phase and open-circuit faults.


    CC    (  X , Y  )    =     ∑   i = 1  N  X  ( i )  × Y  ( i )        ∑   i = 1  N     [  X  ( i )   ]   2  ×   ∑   i = 1  N     [  Y  ( i )   ]   2       



(3)







The ASLE value in Equation (4) can display the variation between the two datasets when its value is above 1.5 [33]. In this study, the ASLE values indicate the variation when the calculated value is higher, as indicated by the bright yellow color in Figure 10. The ASLE indicates variation in the LF region for the Turn-to-Turn SC fault and in the HF region for the 3 HP IM. The ASLE also indicates values of above 1.5 in the MF and HF regions for the Coil-to-Coil fault, while it only indicates that in the LF region for the 3 HP Y-connected IM. For the Phase-to-Phase SC fault, the ASLE shows huge values of above 3.10 for the Y-connected IM. The ASLE values for the ∆ connection are below 1.5 only in MF and HF regions for the 3 HP ∆-connected IM. Eventually, the ASLE shows huge values in all of the FRA regions for the OC fault.


    ASLE    (  X , Y  )    =     ∑   i = 1  N   |  20 l o  g  10    Y i  − 20 l o  g  10    X i   |   N   



(4)







For the SD indicator in Equation (5), values of above 1.5 reveal a variation between the two datasets [34,35]. The calculated values for the SD indicator for the above case studies are shown in Figure 11. The bright and yellow colors present the detected variation. The SD indicates variation between the normal and Turn-to-Turn faults in the MF and HF regions, while it does not detect variation for the 1 HP Y-connected and ∆-connected IM in the HF region. The SD can show the variation between the normal and Coil-to-Coil faults in all of the regions, but it does not detect variations in LF for the 1 HP and 5.5 HP ∆-connected IMs. The SD values are above 1.5 in all of the regions for Phase-to-Phase SC fault for the IMs with a Y connection, whereas it is above 1.5 for the 3 HP ∆-connected IM in the MF and HF regions. The SD shows a huge value of above 3.5 for the OC fault in all of the FRA regions.


    SD    (  X , Y  )    =       ∑   i = 1  N     [  Y  ( i )  − X  ( i )   ]   2    N − 1      



(5)







The MSE in Equation (6) shows a mostly similar trend to that of the SD, as can be seen from its values that is shown in Figure 12. It can be observed that the MSE shows higher values in the affected regions. Compared to the SD, the MSE in the 1 HP LF region for the Coil-to-Coil SC faults indicates values of above 1.5.


  MSE =     ∑   i = 1  N     (  Y  ( i )  − X  ( i )   )   2   N   



(6)








5. Comparison of Star and Delta FRA Patterns


The FRA measurement shows a significant deviation between the Y winding and ∆ winding FRA patterns for the normal and SC and OC faults. In all of the studied IMs and in normal conditions, the ∆ winding connection FRA signature magnitude reduces, and the first resonance frequency shifts to the higher frequencies compared to that for the Y winding connection. For example, in the 5.5 HP IM, the large negative spike magnitude reduced from −50 dB to −49 dB, and it shifted from 50 kHz to 70 kHz. For the Turn-to-Turn and the Coil-to-Coil SC faults, the effect shows similar FRA patterns for the Y- and ∆-connected IMs. The Phase-to-Phase fault presents different FRA patterns in the Y winding than it does in the ∆ winding.



For the OC mechanism that is shown in Figure 13, the OC effect on the measured FRA is different in the Y winding connection to that in the ∆ winding connection. Unlike the Y winding connection, the ∆ winding connection current can flow from point “a” to point “c” through point “b”. Therefore, in terms of the effect of the OC on ∆, the winding connection did not show major variations compared to those of the Y winding connection.



Table 2 lists the three investigated IMs and the associated changes in the FRA patterns due to the IM winding connections and the developed SC and OC faults. This shows that the IMs winding connection affects the FRA signature.



In Table 2, the FRA measurement shows that under the normal condition, the response magnitude exposes a reduction of the Y winding connection compared to that in the ∆ winding connection. This observation occurred in all of the measured motors. This reduction is due to the change in the winding geometries in the Y winding connection compared to that in the ∆ winding connection. The Turn-to-Turn fault causes a reduction of the magnitude in the MF region for both the Y winding connection and ∆ winding connection in 1 HP and 5.5 HP motors. The Turn-to-Turn fault causes a reduction of the magnitude in the MF and HF region for both the Y winding connection and ∆ winding connection in the 3 HP motor. The Coil-to-Coil fault causes a reduction of the response magnitude in LF and MF regions in all of the motors at the Y winding connection and ∆ winding connection. The Coil-to-Coil fault shows different effects in the HF region. The Coil-to-Coil fault shows the reduction of the magnitude for the ∆ winding connection and Y winding connection for the 1 HP motor at 100 kHz to 500 kHz. The Coil-to-Coil fault does not show the effect in the HF region for the 3 HP and 5.5 HP motors. The Phase-to-Phase fault shows a small reduction of the response magnitude in the MF and HF region for the ∆ winding connection and a huge reduction of the response magnitude in the LF, MF and HF regions for the Y winding connection in the 1 HP motor. The Phase-to-Phase fault shows a small reduction of the response magnitude in the MF region for the ∆ winding connection and a huge reduction of the response magnitude in the LF, MF and HF regions for the Y winding connection in the 3 HP and 5.5 HP motors. The open-circuit fault shows a small reduction of the response magnitude in the LF and MF regions for the ∆ winding connection and a huge reduction or drop in the response magnitude in the LF region for the Y winding connection in all of the different motor sizes.




6. Conclusions


This paper presents a comprehensive analysis of the FRA patterns for the star and delta connections of three IMs of different sizes. The FRA patterns are measured for normal Y and ∆ windings, which showed a similar trend, but there is a reduction of the case of the ∆ winding. Under the fault conditions, a minor variation in the measured frequency response within the MF and HF ranges can be observed due to the Turn-to-Turn SC fault, and it shows a similar trend for the Y and ∆ windings. The results also indicate that there is an average deviation between the normal and Coil-to-Coil SC faults in the MF and HF regions for the Y and ∆ windings. There is a substantial variation in the MF and HF ranges due to the Phase-to-Phase SC fault for the Y winding. Unlike the Y winding, the Phase-to-Phase SC fault for the ∆ winding shows an average deviation from the normal signature. A significant variation in the LF and MF regions is detected when the OC fault is implemented on the Y winding connection. On the other hand, an average variation is observed due to the OC implemented in the ∆ winding connection. A further analysis is performed using CC, ASLE, SD and MSE. The employed indicators show that the ASLE, SD and MSE exhibit a good level of sensitivity to detect the error ratio between the normal and faulty FRA signatures. This paper considers the CC to be a second level that can be used to measure the FRA difference between the normal and faulty FRA signatures of IMs. The FRA patterns presented in this study can be used in the formulation of standard codes for IMs FRA signature interpretation and fault detection applications.
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Figure 1. Measurement setup in the laboratory. (a) SC and OC faults development. (b) Measurement connections. 
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Figure 2. The measurement setup and results comparison process methodology. 
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Figure 3. FRA measured responses for star vs. delta of 1 HP IM at (a) Normal vs. Turn-to-Turn, (b) Normal vs. Coil-to-Coil, (c) Normal vs. Phase-to-Phase SC fault and (d) Normal vs. open circuits. 
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Figure 4. FRA measured responses for star vs. delta 3 HP IM at (a) Normal vs. Turn-to-Turn, (b) Normal vs. Coil-to-Coil, (c) Normal vs. Phase-to-Phase SC fault and (d) Normal vs. open circuit. 
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Figure 5. FRA measured responses for star vs. delta 5.5-IM at (a) Normal vs. Turn-to-Turn, (b) Normal vs. Coil-to-Coil, (c) Normal vs. Phase-to-Phase SC fault and (d) Normal vs. open circuit. 
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Figure 6. FRA of an equivalent IM RLC electrical circuit. 
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Figure 7. RLC parameters and their contribution to the measured FRA. (a) LF range (from 10 Hz to 1 kHz), (b) MF range (from 1 kHz to 60 kHz), (c) HF range (from 60 kHz to 1 MHz). 
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Figure 8. The proposed FRA sub-bands for IM FRA studies. 
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Figure 9. The CC calculated values between the normal and other faults. 
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Figure 10. ASLE calculated values between normal and other faults. 
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Figure 11. SD calculated values between normal and other faults. 
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Figure 12. MSE calculated values between normal and other faults. 
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Figure 13. Mechanism of the OC fault and effect on FRA patterns. (a) Measurement connection. (b) FRA patterns. 
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Table 1. Specifications data of the three IMs selected for the FRA laboratory measurements.
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	Motor
	Motor 1
	Motor 2
	Motor 3





	Rotor speed
	1500 rpm
	2840 rpm
	2880 rpm



	Made
	JILANG
	JILANG
	JILANG



	Model
	110RK-3DS
	Y90L-2
	Y112M-2



	No. Phases
	3-Ph
	3-Ph
	3-Ph



	Rated power
	0.75 kW/1HP
	2.2 kW/3 HP
	4 kW/5.5 HP



	Rated Voltage
	415 V/50 Hz
	415 V/50 Hz
	415 V/50 Hz



	Current
	7.5 A
	8.83 A
	8.17 A



	Efficiency
	73%
	80.5%
	85.5%



	Power factor
	0.76
	0.86
	0.87
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Table 2. General comparison of the FRA measurement patterns of (Y) and (∆) in normal and fault conditions.
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Motor Model

	
Normal

	
Turn-to-Turn SC Fault

	
Coil-to-Coil SC Fault

	
Phase-to-Phase SC Fault

	
Open-Circuit Fault






	
1 HP

	
Under normal conditions, the response magnitude (dB) reduces for the Y winding connection compared to that for the ∆ winding connection. This is observed in all of the measured motors.

	
The fault causes a reduction of the response magnitude at the MF region. This effect is similar in both the Y winding connection and ∆ winding connection.

	
The fault causes a reduction of magnitude in the LF and MF regions. This effect is similar in both the Y winding connection and ∆ winding connection. However, it is not similar in the HF region. The Y winding connection shows the magnitude reduction from 100 kHz to 500 kHz.

	
The fault shows a small reduction of the magnitude in the MF and HF regions for ∆ winding connection. However, for the Y winding connection, there is a huge reduction of the response magnitude in the LF, MF and HF regions.

	
The fault shows a small reduction of the response magnitude at LF and MF regions for ∆ winding connection. The fault shows a huge reduction of the response magnitude at the LF region for Y winding reduction.




	
3 HP

	
The fault causes a reduction of the response magnitude in the MF and HF regions. This effect is similar in both the Y winding connection and ∆ winding connection.

	
The fault has a similar effect in LF and MF regions. There is a reduction of the response magnitude.

There is a reduction of magnitude in the ∆ winding connection in the HF region, but the fault did not show any effect at the HF region for the Y winding connection.

	
The fault shows a small reduction of the response magnitude at the MF region for ∆ winding connection. On the other hand, the fault shows a huge reduction of the response magnitude in the LF, MF and HF regions for the Y winding connection.




	
5.5 HP

	
The fault causes a reduction of the response magnitude at the MF region. This effect is similar in both the Y winding connection and ∆ winding connection.

	
Similar effect to that in the 3 HP IM.

	
Similar effect to that in the 3 HP IM.
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