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Abstract Rotor electrical faults are common types of

faults in squirrel cage induction motors (IMs) and have

been investigated in detail under steady state conditions for

direct mains-fed machines. Motor current signature anal-

ysis (MCSA) has been widely reported in the literature as a

suitable fault diagnostic technique for directly-supplied

IMs. However, when an induction motor is fed from a

frequency converter composed of a rectifier, DC link filter

and a PWM inverter, its characteristic signals (currents,

voltages, electromagnetic torque, etc.) become very noisy.

This paper presents an experimental analysis of a damaged

squirrel cage induction motor supplied from an industrial

frequency converter at different speed and load levels. The

main purpose is to experimentally study the ability of the

MCSA to diagnose the occurrence of broken rotor bars

under these operating conditions.

Keywords Induction motor � Frequency converter �
Broken rotor bars fault diagnosis � Motor current

signature analysis (MCSA)

1 Introduction

Induction motors (IMs) are the most widely used electrical

machines because they are generally reliable and require

minimum maintenance. With the development of power

electronics and microprocessors, they are predominantly

fed from pulse width modulation (PWM) converters for

variable speed operation. PWM frequency converters are

designed to vary the speed of IMs by supplying a variable

voltage/variable frequency output. Each converter achieves

this in three basic steps. First, it converts the user supplied

sine-wave power to a fixed DC voltage, usually through a

diode bridge full wave rectifier. Second, this fixed DC

voltage is smoothed by some bus capacitors and in some

cases bus reactors. Third, and most critical, the fixed DC

potential is inverted by a series of output switching devi-

ces, usually transistors, into a series of pulses that simulate

a sine-wave at the motor terminals. The number of variable

speed applications controlled by means of a frequency

converter has increased significantly over the recent years.

This may be explained by the many benefits provided by

such applications, such as aloof control, cost reduction,

gain of productivity, energy efficiency, versatility and high

quality of control (Technical guide 2008). However, some

effects must be considered when applying frequency con-

verters to inductions motors, such as overload motor cur-

rent (due to excessive voltage harmonics, improper V/Hz

levels or increased loading), excessive motor temperature

(due to insufficient cooling, excessive torque level, reduced
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motor efficiency, increased power requirements, …),

insufficient motor starting torque (due to reduced V/Hz

level, …), mechanical failure of the motor or associated

coupling components (due to torque pulsations, …),

winding damage or premature failure (due to repetitive

high transient voltages, fast rate of voltage rise or excessive

switching rates), induced shaft voltages which can cause

circulating currents harmful to the bearings and excessive

motor noise level (due to increased fan noise, excitation of

mechanical resonant points, or magnetic noise caused by

PWM waveforms) (Bonett 1996; Besnerais et al. 2010).

The magnetic noise level increase is caused by the har-

monic content of the PWM waveforms. This harmonic

content depends strongly on the used technique for the

control of the inverter and the chosen switching frequen-

cies. Higher switching frequencies can help to minimize

the motor noise; unfortunately these higher switching fre-

quencies can also create additional dielectric stress on the

insulation system as previously described (Bonett 1996).

Using newer topologies of inverters and their control

techniques can also decrease the noise level of the motor

(Lo et al. 2000; Ruiz-González et al. 2010).

The predictive maintenance of IMs fed from frequency

converters becomes necessary in order to avoid plant

downtime, revenue losses and even damage to other

equipment and personnel. Motor current signature analysis

(MCSA) is one of the most widely used techniques for fault

detection in induction machines. It is based on fast fourier

transform (FFT). The MCSA was intensively studied in the

past for the broken rotor bars (BRBs) detection in mains-

fed IMs (Kliman and Stein 1992; Thomson and Fenger

2001; Bellini et al. 2001; Jung et al. 2006). This method is

based on the measurement of sidebands in the stator current

spectrum, which are usually located close to the supply

frequency component, for BRBs fault (Kliman and Stein

1992).

The use of frequency converters introduces some new

problems in IMs fault diagnosis. In fact, some additional

harmonics will be induced in the current spectrum (Villada

et al. 2003; Sotelo et al. 2010, Uddin et al. 2010) which

complicate the fault detection task. Therefore, the subject

of inverter-fed IMs fault diagnosis has been also addressed

in the literature using MCSA as well as other alternative

methods. In (Cruz and Cardoso 1999), the Extended Park’s

Vector Approach (EPVA) was proposed for rotor cage fault

diagnosis in voltage source inverter fed IMs, and it was

shown that BRBs can be effectively diagnosed through this

method. Stator windings fault detection in induction

machines fed from power converters using high-frequency

negative-sequence currents was also proposed in (Briz

et al. 2009). Bearing and eccentricity fault diagnosis in

three-phase IMs driven by voltage source inverters have

been also reported in the literature (Duque et al. 2005; Akin

et al. 2007, 2008; Sotelo et al. 2010). In (Sotelo et al.

2010), eccentricity in IMs fed by mains and frequency

converter using stator line current spectral analysis has

been investigated. It has been shown that fault detection in

converter-fed IMs presents some additional problems as

compared to a sinusoidal supply situation, due to the pro-

duced noise and the generated harmonic content. This

paper presents an experimental analysis of a faulty induc-

tion motor driven by a frequency converter with an open-

loop constant V/Hz control. According to this strategy, the

motor speed is properly adjusted by changing the stator

supply frequency, while keeping constant the voltage/fre-

quency ratio. The main purpose of this paper is to exper-

imentally study the ability of the MCSA to diagnose the

occurrence of BRBs under different speed and load levels.

The present paper consists of the following sections: an

introduction (Sect. 1), a description of BRBs in IMs

(Sect. 2), the experimental test rig (Sect. 3), experimental

results presentation (Sect. 4) and finally the two last sec-

tions are the conclusions and references.

2 BRBs in IMs

If symmetrical three-phase stator windings of a three-phase

induction motor are supplied by a symmetrical three-phase

voltage system, a rotating magnetic field is induced in its

air gap. This field rotates at a synchronous speed with

respect to the stator. In the case of a symmetrical machine,

a backward rotating component does not exist. Stator

rotating magnetic field induces EMFs and currents in the

rotor windings with a frequency f2 = s�f1 where, sand f1 are

the slip and the supply frequency, respectively. Those

currents induce a rotor rotating magnetic field which

rotates at a speed ns�s with respect to the rotor, where ns is

the synchronous speed. In the case of a symmetric rotor

winding, only a direct component of the current exists. If

any kind of asymmetry occurs in the rotor cage (for

example, BRBs) backward components will be induced,

which rotate at a slip frequency with respect to the rotor,

but in the opposite direction. Consequently, an EMF will

be induced in the stator windings at a frequency given by

(Bellini et al. 2001; Thomson and Fenger 2001):

flbrb ¼ ð1 � 2sÞf1 ð1Þ

These current oscillations cause torque and speed

oscillations at twice slip frequency 2sf1 (Uddin et al.

2010). Speed oscillation also depends on motor and drive

inertia. Speed oscillation reduces the magnitude of the

flbrb = (1 - 2s)f1 component, but the upper component at

fubrb = (1 ? 2s)f1 is induced as well. The upper

component is enhanced by the third-time harmonic of the

flux (Thomson and Fenger 2001). Therefore, BRBs induce
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sidebands in the stator current at frequencies given by

(Bellini et al. 2001; Kliman and Stein 1992):

fbrb ¼ ð1 � 2sÞ f1 ð2Þ

On-line detection of BRBs can therefore be based on the

spectrum analysis of current or electromagnetic torque

signals in order to determine the lower and upper frequency

sidebands (1 ± 2s)f1 around the fundamental current

frequency component or the 2sf1 twice slip frequency

components in the electromagnetic torque spectrum.

3 Experimental test rig

The experimental test rig is shown in Fig. 1. The main

components of the test rig are as follows:

• Three-phase, 380 V, 50 Hz, 6.40 A, Y connection,

4-pole, 28 bars, 21 Nm, 1,440 rpm, 3 kW Leroy Somer

squirrel cage induction motor.

• DC generator coupled to the induction motor to provide

an adjustable load.

• Torque-meter inserted between the induction motor and

the DC generator for torque sensing.

• Mechanical couplings between the induction motor and

the DC generator.

• Variable-resistor bank as a variable load of the DC

generator; the load of the DC generator and, conse-

quently, the induction motor can be adjusted by varying

this resistance and/or regulating the excitation current

of the generator through a variable resistor.

• Hitachi frequency converter for induction motor drive

systems type L200-055HFEF/HFU with rating values

in accordance with that of the induction motor. This

drive has been mainly designed for closed-loop scalar

or vector control of the motor, but the user can also

utilize it as an open-loop scalar control in the constant

voltage/frequency (V/Hz) method.

• PC equipped with dSpace card type 1104, enabling the

use of three sampled line currents ia, ib and ic, three

voltages va, vb and vc, and torque signals.

Three different rotors were used in the experiments: a

healthy one and two others with one and two BRBs,

respectively (Fig. 2).

4 Experimental results

4.1 Motor current spectra

Figures 3, 4, and 5 show the stator line currents and their

corresponding spectra for a healthy induction motor

directly-supplied from the mains and from a frequency

converter at 80 and 20 % of rated load, respectively. A

switching frequency of 12 kHz was chosen for the PWM

control. A sampling frequency of 10 kHz was also chosen

for acquiring the motor currents, voltages and electro-

magnetic torque data. Hence, 100,000 samples were

obtained with 0.1 Hz as frequency resolution. It is noticed

that the spectral analysis of currents confirms the healthy

state condition of the motor by the absence of sideband

components (1 ± 2s)f1.

The presence of (1 ± 2s)f1 sideband components in the

spectra of Figs. 6 and 7 for (a) a mains-fed induction motor

and (b) a converter-fed one demonstrate the existence of

BRBs, especially at 80 % of rated load, where it is obvious

an important increase of the (1 ± 2s)f1 sideband compo-

nents as compared to the healthy state. This increase is

more pronounced in the case of 80 % of rated load.

Figure 8 shows the stator current spectra for an induc-

tion motor driven with a 30 Hz output frequency con-

verter: (a) with 20 % of rated load and (b) with 80 % of

rated load. From the stator current spectra analysis it can

concluded that the MCSA is still effective as a diagnosticFig. 1 View of the experimental test rig

Fig. 2 The used rotors
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technique for this speed range. The lower and upper

sideband components are clearly shown at 28 and 32 Hz,

respectively.

The current spectra for a 10 Hz output frequency con-

verter for 80 and 20 % rated load are presented in Fig. 9a,

b, in which the (1 ± 2s)f1 sideband components cannot be

observed.

They are overlapped by the mains frequency at 10 Hz.

The diagnosis becomes very difficult in this speed range.

Being the amplitude of the (1 ± 2s)f1 sideband com-

ponents directly related with the extension of the fault, a

severity factor (SF)—defined as the ratio of (1 ± 2s)f1
amplitudes sum and the main component at f1—can be

used to evaluate the extension of the fault and the

effectiveness of the MCSA at different speed ranges

(Bellini et al. 2001). Table 1 and Fig. 10 show the

numerical values and the SF evolution, respectively. It can

be concluded that this SF gives results in accordance with

Fig. 3 Stator line current time-

domain waveforms for a healthy

motor with 80 % rated load:

a mains-fed; b converter-fed

Fig. 4 Stator line current

spectra for a healthy motor with

80 % rated load: a mains-fed

(s = 2.8 %); b converter-fed

(s = 2.9 %)

Fig. 5 Stator current spectra for

a healthy motor with 20 % rated

load: a mains-fed (s = 0.8 %);

b converter-fed (s = 0.8 %)

Fig. 6 Stator current spectra for

the case of one broken bar, with

80 % rated load: a mains-fed

(s = 3.8 %); b converter-fed

(s = 3.9 %)
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the theory, for the case of a broken rotor bar, e.g. the SF

increases with the load and speed. Obviously, the SF also

increases with the motor fault extension.

For example, at 10 Hz, the SF increases from 0.24 % for

the healthy state to 0.39 % for the case of one broken rotor bar

at 20 % rated load and from 0.58 % for the healthy state to

0.92 % for the case of one broken rotor bar at 80 % rated load.

4.2 Motor electromagnetic torque spectra

In this section, the results of motor electromagnetic torque

spectral analysis are presented for a healthy motor at 80 %

rated load (Fig. 11), faulty motor with one broken rotor bar

at 80 % rated load (Fig. 12) and faulty motor with one

broken rotor bar at 20 % rated load (Fig. 13). In all cases,

Fig. 7 Stator current spectra for

the case of one broken bar, with

20 % rated load: a mains-fed

(s = 0.9 %); b converter-fed

(s = 0.9 %)

Fig. 8 Stator current spectra for

the case of 30 Hz of frequency

converter output: a 20 % rated

load (s = 0.83 %); b 80 %

rated load (s = 3.33 %). Black
line: healthy rotor; red line: one

broken rotor bar. (Color figure

online)

Fig. 9 Stator current spectra for

the case of 10 Hz of frequency

converter output: a 20 % rated

load; b 80 % rated load. Black
line: healthy rotor; red line: one

broken rotor bar. (Color figure

online)

Table 1 SF for different speed and load levels for the case of one

broken rotor bar

Load

(%)

10 Hz

(%)

20 Hz

(%)

30 Hz

(%)

40 Hz

(%)

50 Hz

(%)

20 0.39 0.6 0.79 0.88 1

80 0.92 1 1.24 1.51 1.53

Fig. 10 SF for different speed and load levels for the case of one

broken rotor bar
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(a) refers to a mains-fed machine and (b) to a converter-fed

one. The aim is to analyze the 2sf1 component in the

electromagnetic torque spectra. Figure 11, does not present

any relevant components which confirms the healthy state

of the machine. In Fig. 12a 2sf1 and 4sf1 components at 3.8

and 7.6 Hz are presented for the case of a mains-fed

machine, while 2sf1 and 4sf1 components at 3.9 and 7.8 Hz

are also presented in Fig. 12b for the case of a converter-

fed machine. These components are clearly visible and

they demonstrate the faulty state condition of the motor.

Figure 13a, b presents the electromagnetic torque

spectra for the cases of an induction motor fed from the

mains and from a frequency converter, respectively, at

20 % rated load, where the 2sf1 components are not visible

for this load level.

Figure 14 presents the electromagnetic torque spectra

for the induction motor driven at 20 Hz of frequency

converter output. The observation of the 2sf1 component is

very difficult and the broken rotor bar diagnosis becomes

impossible for this speed range.

Fig. 11 Electromagnetic torque

spectra for a healthy motor, with

80 % rated load and 50 Hz of

frequency converter output,

a mains-fed (s = 2.8 %),

b converter-fed (s = 2.9 %)

Fig. 12 Electromagnetic torque

spectra for the case of one

broken bar, with 80 % rated

load and 50 Hz of frequency

converter output, a mains-fed

(s = 3.8 %); b converter-fed

(s = 3.9 %)

Fig. 13 Electromagnetic torque

spectra for the case of one

broken bar, with 20 % rated

load and 50 Hz of frequency

converter output, a mains-fed

(s = 0.9 %), b converter-fed

(s = 0.9 %)

Fig. 14 Electromagnetic torque

spectra with 20 Hz of frequency

converter output: a 20 % rated

load (s = 1.75 %), b 80 % rated

load (s = 3.25 %). Black line:

healthy rotor; red line: one

broken rotor bar. (Color figure

online)
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5 Conclusions

The work presented in this paper deals with the application

of the spectral analysis of current and electromagnetic

torque for an induction motor driven by an industrial fre-

quency converter. The experimental work was performed

for different speed levels (from 10 to 50 Hz) and with a

frequency converter working in an open-loop V/Hz control.

From the experimental results, it was concluded that BRBs

diagnosis via the current and electromagnetic torque

spectra analysis is very difficult at low speeds (especially at

speeds less than 20 Hz), since the current and torque sig-

nals are very noisy and an overlap effect occurs in the

spectra. Using a switching frequency lower than the chosen

one (12 kHz) will even increase the diagnosis difficulties

and the use of other diagnostic approaches and/or advanced

signal processing techniques is therefore necessary.
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