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Abstract

Induction machines are used in a different range of applications because of their low cost, robustness, and high efficiency. All
machines, no matter how robust they are or how well they are designed, are prone to faults during their operation. Broken rotor
bar faults is one of such faults and can cause a number of unwanted effects in induction motors. Condition monitoring is required
to detect those faults in its inception stage to minimize the down time, economic losses and safety risks. The broken rotor fault
produces the sidebands components around the fundamental frequency. By analysing the frequency spectrum of the motor input
current for the sidebands, the broken rotor fault can be detected. In this paper, Discrete Fourier Transform is used to analyze the
input current of the squirrel cage induction motor to study the effects of the variation of the changing load level on the sidebands to

differentiate between healthy and faulty motor states.
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1. Introduction

1.1 Background

Electrical machines are used in a vast number of applications,
including but not limited to those in home appliances, electric

vehicles, manufacturing process, and power generation.

These electrical machines come in various sizes, ranging from
a fraction of kilowatts used in household applications, to
hundreds of megawatts used in electricity generation. Among
them the induction machine consumes around 85% of power
in the industrial applications [1]. Induction machine finds its
various applications because of its low cost, high efficiency,
and robustness [2]. But, no matter how robust a machine is, it
is prone to failure at some point of its lifetime. Some of the
induction machine faults are broken rotor faults, eccentricity
faults, bearing faults, single phasing, and stator winding short
circuits. Although broken rotor bars represent around 10% of
motor failure, depending on the failure level, they may
produce total motor loss [1]. Condition monitoring is the
detection of the faults in its inception states before leading to
catastrophic failure in order to minimize the down time,
economic losses, safety risks, and total motor loss.

1.2 Causes of broken rotor bar

Broken rotor bar faults occur when one or more of the bars
that make up the rotor breaks. The failure is caused by the
combination of one or more of the following [3, 4].

¢ Overheating of the rotor cage due to direct on-line
starting or overloading.

¢ Mechanical stress due to pulsating loads, unbalanced
load, bearing failures, excessive vibrations, and voltage
fluctuations.

* Magnetic stress due to unbalanced electromagnetic
forces.

¢ Contamination and corrosion due to chemical or
moisture exposure.
e Manufacturing defects.

1.3 Effects of broken rotor bar on machine operation

A broken rotor bar carries little to no current depending on the
degree of the fault. This causes rotor current to be unbalanced
[6]. A motor can operate in this asymmetrical condition but
results in unbalanced air gap flux, increased losses, increased
torque oscillations and decrease in average torque [7]. Due to
increase in losses and decrease in average torque, the motor
slip increases at constant load as the severity of the fault
increases. As the broken bar is unable to conduct the current
originally flowing through it, the currents in the neighboring
bar increases. Figure 1 [5] shows the current density
distribution of squirrel cage motor under healthy and faulty
conditions. It shows that the current density increases in the
bar close to the broken bar and the effect is more pronounced
as the severity of the fault increases. This increase in current
leads to an increase in temperature of the rotor and increase
losses since the heat loss is directly proportional to the square
of the current flowing through it. This increase in heat and
temperature of the rotor bar causes the rotor to expand and
thus increases the tension in the bar. Increased temperature,
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(a) Healthy cage

(b) One broken fault cage  (c) Continuous two broken bar fault cage

Figure 1: The current density distribution of squirrel cage
machine at healthy and faulty condition [5]
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electrical stress, and mechanical stress will deform the rotor
over time and increase the failure probability of the adjacent
rotor bar. This can then escalate to other rotor bars.

In the motor with the high rotor speed, the broken rotor bar
may experience sufficient centrifugal forces and can bend
toward the stator. This rotor bar may then come in contact
with the stator winding leading to the motor failure [8].

2. Methodology

This section describes the experimental method, and the tools
and technique used to detect the broken rotor bar faults in the
induction machine. The method used here is an non-invasive
condition monitoring technique and does not require the
direct access to the motor for its implementation. This
method requires the stator current of the motor which is easily
accessible since, it is utilized for the protection of motor from
over currents.

2.1 Stator Current Sidebands

The stator input current contains the information about the
machine health. The operation of the induction machine with
broken rotor bar induces the line currents at the frequencies
given by [9, 10]

b = fs(m + 2ks)

where,

m=1,3,5,..

keN*

f is the fundamental component of the stator current
s is the motor slip

which are known as the side band components. An increment
in the magnitude of theses characteristics frequency in the
stator current indicates a rotor bar fault. Therefore, the study
of these frequencies is a viable option to differentiate motor
states.

The magnitude of the components in fy,,4, decreases rapidly
with increase in k and m. This is shown in Figure 2 [11] and as
such they are often limited to 3.
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Figure 2: Variation of the magnitue of sidebands

In this paper, the sidebands correspondingtok=1andm=1
is studied. The sideband fs(1 — 2s) is termed as Left Side Band
(LSB) and fg(1 + 2s) is termed as Right Side Band (RSB).

2.2 Experimental Setup

The stator input currents for both healthy and faulty states
was obtained from the experimental setup at Aalto University,
Finland and Tallin University of Technology, Estonia.The
machine specification is shown in Table 1.

Parameters Units | Value
Number of poles 4
Number of Phases 3
Connection A
Voltage Vv 400
Current A 15.3
Power kw 7.5
Speed rpm | 1460
Power factor 0.79

Table 1: Machine Parameters

The experimental setup is shown in Figure 3. The experiment
consists of two identical motors connected back-to-back
through their shaft and placed on the same mechanical base.
The first healthy motor is use to load the second motor which
had 0 to 3 Broken rotor bars. Broken rotor bars were
implemented by drilling a hole through the rotor.
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Figure 3: Block diagram of the setup

First, the test machine’s phase current was recorded for 20
seconds after steady state under healthy conditions (i.e., at
0 broken rotor bar fault) at different load levels of 0, 25, 50,
75, and 100 percent of the rated nominal load at the sampling
rate of 20kHz. Next the rotor bar was broken by drilling a hole
in the rotor slot. The bars were broken sequentially, and the
current signal recordings were obtained for 1, 2, and 3 broken
rotor state. The recordings were stored in a .mat files. Figure 4
- Figure 6 shows the sample measured current signal of the test
machine at different states. From, Figure 4 - Figure 6, it can
be seen that the machine states are difficult to differentiate
based only on time domain signal. Hence, the Discrete Fourier
Transform (DFT) was applied to the measured current signals
to obtain the frequency spectrum.
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2.3 Discrete Fourier Transform o
Let x, be a sequence of the N measured values. Figure 9: Frequency Spectra of Motors with Healthy and

Broken Rotor Bars at 50% of rated load
Xp = X0, X1, X2, ...y XN-1

Then the DFT of the sequence x,, is defined as
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Figure 7 - 11 shows the DFT of the measured current signal at

various load levels and various healthy and faulty states. The ~ Figure 10: Frequency Spectra of Motors with Healthy and
states are labeled as below: Broken Rotor Bars at 25% of rated load
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Figure 11: Frequency Spectra of Motors with Healthy and
Broken Rotor Bars at 0% of rated load

From the frequency spectra shown in Figure 7-11, it can be
easily seen that the side band arises around the fundamental
component. The magnitude of the bands at either side of
the fundamental frequency was found to increase with the
increase in the severity of the fault. Also, the side bands were
found to shift away from the fundamental component with the
increase in severity of the fault. The sidebands were difficult
to observe in low and no load condition on both healthy and
faulty states.
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Figure 12: Magnitude of Left Side Band at various load levels
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Figure 13: Magnitude of Right Side Band at various load levels

Further, Figure 12 and Figure 13 show the variation of the
magnitude of the side bands around the fundamental
frequency which can be used to detect the broken rotor bar
faults in induction machine. The reason for the difficulty to
detect the sidebands at low and no load conditions is due to
the fact that the slip s decreases with the decrease in loading
of the motor and the side band frequencies given by f5(1 — 2s)
and f5(1 + 2s) shifts close to the supply frequency fs. Also, the
decrease in the magnitude of the input current at lower
loading causes the sidebands to decrease in magnitudes,
further making it difficult for their detection.

4. Conclusion

In this paper, frequency analysis was presented as a way to
detect the broken rotor faults in induction motor. Section 3
showed that by observing the side bands around the
fundamental frequency, the broken rotor faults in induction
motor could be detected. An ANN model could be trained to
detect the faults in the motors efficiently. Further
investigation is needed to detect the fault during the lower
loading of the machine.
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