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Three phase induction motors (TPIMs) are broadly utilized for various
applications in the industry, but they are prone to different faults that can
affect their performance and reliability. One common fault is a broken rotor
bar, which leads to vibration, noise, and reduced efficiency. Therefore,
detecting and identifying this fault early is important to avoid further
damage and reduce maintenance costs. This paper proposes a novel method
using frequency response analysis (FRA) to diagnose broken rotor bars in a
TPIM. The response of normal motor is measured to obtain the baseline.
Subsequently, the rotor was inflected with physical damage to represent a
broken rotor bar. By comparing normal and faulty rotors, the measurement
shows that frequency response analysis is sensitive toward various fault
severity based on the number of broken rotor bars.
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1. INTRODUCTION

Three phase induction motors (TPIMs) are extensively used in modern industrial applications. These
motors account for approximately 85% of the energy consumed in the industrial sector [1]. However, due to
their widespread use, these motors are prone to various faults. Sophisticated techniques are required to
identify different faults [2]. An effective method for identifying and diagnosing faults is vital for the industry.
It prevents unplanned shutdowns, reduces maintenance costs, and minimizes downtime. Failures in TPIMs
often arise from faults in the motor’s stator, rotor, or mechanical systems, such as bearings and shafts, or
from external sources [3], [4]. Rotor related faults contribute to approximately 10% of induction motor
failures [3], [5]. Numerous surveys have been carried out to assess the percentage of failures attributed to
different motor components [6], [7]. It is observed that the rate of these faults varies with other factors like
the size of the motor, type of application, and manufacturing. For instance, motors operating at medium
voltages are more prone to broken bar and end ring faults compared to smaller motors [3]. When a fault
occurs in one of the bars, the current shifts to the neighboring bars, leading to increased thermal and magnetic
stresses on those bars [8]-[10]. Additionally, irregularities in the rotor circuit lead to an increase in the
reverse magnetic field, which affects the harmonic content of the stator current and other motor parameters
[11]. Consequently, the motor’s performance and reliability are reduced [4].
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Moreover, the broken bar faults produce vibrations in the shaft, possibly leading to bearing issues
and rotor misalignment faults [11]. Hence, early detection and diagnosis of broken rotor bars (BRB) have
become imperative for modern industries. A thorough review of recent literature on techniques for detecting
and diagnosing BRB faults in both line-fed and inverter-fed motors is detailed in [12]. The review discusses
the difficulties in diagnosis and identifies the indicators of BRB faults in the author used. Barrera et al. [13]
proposed an active fault diagnosis method for detecting broken rotor bars by injecting a zero-sequence signal
and analyzing diagnostic responses. Hwang et al. [14] presented a robust method for detecting broken rotor
bars by monitoring rotor flux angles and using a fault detection algorithm based on a dynamic model. A two-
step approach for BRB detection is proposed in [15] where the first step analyzes three-axis vibration signals
using fractal dimension theory, and the second employs fuzzy logic for automatic fault diagnosis in transient
and steady-state conditions. Morinigo-Sotelo et al. [16] proposes detecting BRB faults in TPIMs by
analyzing music and zero-sequence currents, utilizing a high-resolution spectral method known as multiple
signal classification. In the literature, only a few studies have explored the use of frequency response analysis
(FRA) for diagnosing TPIMs. Uhrig et al. [17] investigated that turn-to-turn causes variation in the frequency
response of TPIM. Perisse et al. [18] introduced a novel monitoring system capable of detecting minor
variations in frequency resonances within the windings of an operational motor powered by an industrial
inverter. In study [19], the frequency response of a TPIM was analyzed under both healthy and stator
winding fault conditions. Brandt et al. [20] FRA was utilized to identify failures in electrical machines. A
previous paper has proposed that a rotor inside the stator winding affects the FRA signatures [21]. Therefore,
rotor faults can be diagnosed using FRA.

This paper presents a new method for diagnosing faults related to broken rotor bars in (TPIMs) by
analyzing the FRA signature of both healthy and faulty rotor bars. The main focus of this paper is to
demonstrate the versatility of the FRA technique, highlighting its capability to detect and identify broken
rotor bars within the rotating machine. The study presents experimental results to support the proposed
approach.

2. BROKEN ROTOR BAR

The rotor consists of a series of conductive bars, typically made of aluminum or copper, connected
at each end-by-end ring, forming a squirrel-cage structure. These rotor bars create a rotating magnetic field
that drives the motor. Rotor bar failure is common in induction motors. These faults can arise from various
factors, such as excessive mechanical stress, overheating, or manufacturing defects. The failure of one or
more rotor bars can lead to multiple operational problems. Symptoms might include unusual vibrations,
increased noise, decreased efficiency, and, in severe cases, motor failure [22]. Despite not immediately
causing motor failure, broken rotor bars can result in significant secondary problems [5]. When the rotor
operates asymmetrically, it leads to imbalanced currents, fluctuations in torque, heightened losses, and a
reduction in average torque [23]. Detecting and identifying broken rotor bars early is crucial to prevent
further damage and costly downtime [24]. Once identified, repairing or replacing the affected rotor or motor
is necessary to restore optimal performance and reliability. In some cases, preventive maintenance and
regular inspections can help avoid such faults by identifying and addressing the underlying causes before the
rotor bars break [25].

3. PROPOSED METHOD

This paper presents a new method for diagnosing faults related to broken rotor bars in TPIMs by
analyzing the FRA of both healthy and faulty rotor bars. The method relies on the concept that a fault in any
rotor bar disrupts the symmetry between two bars, resulting in a deviation in their FRA signatures as an
indication of the fault. This philosophy underpins the proposed method. However, in practice, a significant
challenge lies in separately measuring responses for healthy and damaged rotor components of a given motor
for feasibility testing and method clarity. One possibility could be drilling the bar of the rotor and conducting
the measurement of FRA. The proposed methodology is shown in the flowchart in Figure 1.

3.1. Healthy motor

Initially, the FRA test is conducted on the motor under optimal conditions with the rotor in a healthy
state to establish a baseline. This involves measuring the FRA of the stator considering different phase
connections, specifically UsW; and V,W4, to capture their unique FRA signatures. These baseline signatures
serve as a reference for subsequent comparisons and analysis, enabling the identification of any deviations or
anomalies that may arise due to developing faults within the rotor.
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Figure 1. Flowchart of the methodology

3.2. Motor with broken bars

The motor’s rotor bars were purposely damaged by drilling a 6-mm hole. The varying numbers of
BRBs are illustrated in Figure 2. First, experiments were conducted with a rotor containing just one BRB, as
shown in Figure 2(a). After recording the FRA signature, the rotor was removed and drilled again, resulting
in two BRBs, as shown in Figure 2(b). Even though these were not real rotor failures, the artificially created
broken bar has a specific FRA signature. This process was repeated till three BRBs, as shown in Figure 2(c).
Furthermore, an artificial fault on the rotor was created by striking a rotor bar with a heavy hammer to create
the common failure, which is rubbing in the rotor, as shown in Figure 2(d).

(b)

Figure 2. Rotor with (a) one broken bar, (b) two bars, (c) three bars, and (d) hit with a hammer

4. EXPERIMENTAL SETUP

A 3 HP TPIM is used. The motor has a total of 15 slots and a single-layer winding design. It has 16
rotor bars. The motor specifications used in the experimental work are shown in Table 1. First, the FRA
signature is measured under normal rotor conditions using an FRA analyzer to obtain the baseline signature.
Then, rotor bars are artificially broken using a hand drill. Two conditions of broken bars were created. In
Condition 1, the bars were broken in the middle of the rotor, with up to three BRBs. In Condition 2, two
consecutive bars were broken at the top ring of the rotor, followed by another pair at the bottom ring. The
FRA response was observed for this configuration. Furthermore, an artificial fault on the rotor was created by
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striking a rotor bar with a heavy hammer to simulate the common failure of rotor rubbing. The FRA response
was also measured for this condition. After creating all possible artificial BRBs, their responses were
compared with those of a healthy rotor and were analyzed. During the experimental work, two types of phase
connections (UiW; and V1W1) were considered. First, the measurement was taken between the UiW;
terminals and the second between the V1W; terminals. The complete experimental setup (PC, three-phase
induction motor, drill, and FRA measuring equipment) is shown in Figure 3.

Table 1. Specifications of motor

Specification Value
No. Phases 3-Phase
Power 2.2 kW
Current 8.83 A
Efficiency 80.5%
Frequency 50 Hz
Voltage 380-420 V
Power factor 0.86
Pole pairs 2
Rated speed 2840 rpm

RESEASCH Ty PRoaREsT LB
BL_Pie Do sctabated TR

Figure 3. Experimental setup: (a) PC, (b) three phase induction motor, (c) drill,
and (d) FRA measuring equipment

5. RESULTS AND DISCUSSION

This section presents and discusses FRA signatures for both motor with healthy rotor and BRBs
within a frequency range of 10 Hz to 2 MHz. This range covers the dominant frequency regions affected by
BRBs in the TPIM. The entire frequency range is segmented into smaller portions to analyze the impact of
BRBs on FRA signatures precisely. Two types of results are presented: magnitude (dB) and phase (°) as
shown in Figures 4 and 5. For the connection type U;W;, within the frequency range of 10 Hz to 10 kHz, a
noticeable constant difference in FRA magnitude (dB) between healthy and BRBs is observed. As depicted in
Figure 4(a), this difference increases as the number of BRBs increases. A similar change in magnitude and
phase can be observed for different types of broken rotor bars (two consecutive bottom and top bars), as
illustrated in Figure 4(b). Additionally, the number of BRBs affects the FRA signature phase (°), as shown in
Figures 4(c) and 4(d).

As we move away from the 10 kHz frequency range, the FRA magnitude and phase difference
between healthy and broken bars decrease. However, around 80 kHz, this difference begins to increase again.
Between 80 and 120 kHz, the FRA curves for broken bars show a visible deviation from those of a healthy
rotor, highlighted in the zoomed-in sections of Figure 4. In the frequency range of 120 to 170 kHz, a
deviation is again observed between healthy and broken rotor bars. The maximum deviation is observed in
the last frequency range, from 170 kHz to 2 MHz, representing the greatest deviation across the entire
frequency range from 10 Hz to 2 MHz. The results in Figures 4(b) and 4(d) demonstrate that the FRA
signature of a broken rotor due to rubbing exhibits similar effects to those of a rotor with an artificially
drilled hole.

For the connection type (V1Wh1), the same effect is observed across the frequency range as with the
connection type (Ui1W1). The comparison of results between a healthy rotor and a rotor with broken bars for
connection type ViW; is illustrated in Figures 5(a) to 5(d). These figures show a clear FRA magnitude (dB)
and phase difference between healthy and broken rotor bars in the 10 Hz to 10 kHz frequency range.
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This variation becomes more noticeable with an increased number of broken bars. Above 10 kHz, the
differences decrease but start increasing around 80 kHz and remain prominent up to 2 MHz. The results in
Figures 5(b) and 5(d) indicate that the FRA signature of a broken rotor due to rubbing for connection type
V1W; exhibits similar effects to those of a rotor with an artificially drilled hole.
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A summary of the magnitude (dB) variation in FRA for healthy and broken rotors is provided in
Tables 2 and 3. These numerical values are obtained from the results shown in Figures 4 and 5. Table 2
shows the magnitude (dB) variation for connection type U,V for different broken bars. It can be seen from
Table 2 that as the number of broken bars increases, the difference in magnitude (dB) also increases.
Additionally, Table 2 shows that the variation in magnitude is not constant throughout the frequency range
(10 Hz to 2 MHz). The difference in magnitude is more dominant in the frequency range of 120 to 170 kHz
and minor in the range of 10 Hz to 10 kHz. A similar trend can be observed for connection type ViWh.
Table 3 presents the numerical changes in magnitude for both healthy and varying numbers of broken bars.
This data indicates that the number of broken bars significantly affects the FRA signature magnitude. The
average difference for various numbers of broken bars in the frequency range of 10 to 80 kHz is shown in
Table 3.

These findings suggest that broken rotor bars impact the motor's FRA regardless of the method used
to induce such damage. This validates FRA as a reliable diagnostic tool for identifying rotor structural
deficiencies, highlighting its sensitivity to blunt force impacts and precise modifications like drilling.
Consequently, it provides invaluable insights to enhance the maintenance strategies for rotating machines.

Table 2. Magnitude (dB) comparison for U;Wy

Frequency Healthy 1BRB 2BRB 3BRB
10 Hz-10 kHz -3.8 -3.85 -3.87 -3.89
10 kHz-80 kHz -4.07 -4.12 -4.17 -4.22

80 kHz-120 kHz 5.04 -5.11 -5.18 -5.25

120 kHz-170 kHz ~ -16.35 -16.38 -16.41 -16.44
170 kHz-2 MHz -6.06 -6.32 -6.58 -6.84

Table 3. Magnitude (dB) comparison for ViWy

Frequency Healthy 1BRB 2BRB 3BRB

10 Hz-10 kHz -2.32 -2.36 -2.44 -4.81
10 kHz-80 kHz -4.52 -4.67 -4.67 -4.77
80 kHz-120 kHz -9.8 -9.9 -9.99 -10

120 kHz-170 kHz ~ -22.06 -22.76 -22.86 -22.96
170 kHz-2 MHz -9.62 -9.72 -9.8 -9.93

6. CONCLUSION

This paper investigates the effect of the broken rotor bar on the FRA signature of the TPIM.
Experiments were conducted on a TPIM with different connection types, and the FRA patterns were analyzed
for various broken bars. This paper presents an interesting finding that, although the rotor is not physically
connected to the stator winding, the broken rotor bar influences the FRA signature, which is measured at the
stator winding is significant. The results show that the rotor broken bar significantly impacts the FRA
signature, particularly in the 120 to 170 kHz. Additionally, the results showed that the FRA pattern differs
depending on the number of broken bars. This study establishes the FRA technique as a viable method for
detecting faults within bars and assessing their severity. Furthermore, this research enhances the FRA
technique’s reputation as a reliable and non-intrusive diagnostic tool for maintaining induction motors,
contributing to more effective and efficient preventive maintenance strategies.
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