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Abstract
This paper investigates an electromagnetic signature study of a closed loop
speed controlled three phase Induction Motor (IM) fed from a PWM (pulse
width modulated) inverter under single broken bar rotor fault using Finite
Element Method (FEM) analysis co-simulated with MATLAB Simulink
environment. As the electromagnetic field signatures of the IM contains the
entire information in relation to the position of stator, rotor and mechanical
parts of the machine, a continuous monitoring of airgap electromagnetic fields
can be used for the identification of rotor broken bar fault in IM. In this
direction, IM with a healthy and rotor broken bar model is created using
ANSYS Maxwell Finite Element Analysis (FEA) tool and various
electromagnetic field parameters like flux lines, flux density and radial airgap
flux density distribution are studied. In addition, a study is done on the voltage
induced in the end connection of the squirrel cage rotor for healthy and broken
bar IM. The power electronic converter with its control scheme is modeled in
MATLAB Simulink and co-simulated with ANSYS Simplorer and ANSYS
Maxwell to integrate all the components in one common simulation platform
environment for exact design and analysis for realistic simulation.
Keywords: Broken rotor bar, Closed loop speed control, Electromagnetic fields,
Finite element method, Radial airgap flux density.
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1. Introduction
Three-phase induction motors (IM’s) are universally used motors in all the industries,
which constitutes nearly 80% of the industrial motors due to its roughness and
versatility. In the current scenario, for variable speed applications, most of the IM’s are
operated from pulse width modulated (PWM) inverter drives, resulting in huge energy
and cost saving for the industries. Even though IM’s are very reliable, it is subjected to
various types of faults either in the machine or in the inverter when used for adjustable
speed applications. One of the important faults, which constitute nearly 7% of the entire
IM breakdown, is rotor bar fault [1]. The root cause of rotor broken bar in IM is due to
various stresses occurring on the machine namely thermal, electromagnetic, residual,
mechanical, dynamic and environmental due to wide variety of reasons. In addition to
the above stresses, when the machine is operated from PWM inverter, which is the
source for inherent noise, the stator winding is subjected to abrupt voltage transitions
accompanied by switching action of power electronic switches.
Extensive research is carried out since 1980’s for diagnosing the broken rotor
bar fault when IM is fed from mains. The most popular technique which is still
widely used in industries for finding rotor bar fault is the MCSA (Motor Current
Signature Analysis) based on the signature of stator current in the FFT spectrum.
When a bar breakage occurs in an IM, in addition to the forward magnetic field an
inverse component of magnetic field will be produced which will induce
oscillations in torque and speed of IM. The torque oscillations will be reflected in
the stator current at the frequencies (1±2s)f where s is per unit slip and f is line
frequency. However, MCSA technique is ineffective when the machine is operated
under a load torque that is oscillating and also when operated at variable speeds.
The load or coupling also produces components at the same frequencies, which
makes the fault difficult to detect. Several other indicative methods can be observed
in the literature [1] when the machine fed from mains is operated at constant load
torque and at constant speed. Not too many researchers have established
approaches for rotor faults under varying load torque conditions [2].
Recently in most of the industries due to widespread use of automation, speed
of the PWM inverter fed IM is controlled automatically by employing various
closed loop control approaches differing from basic closed loop v/f control to
complex behaviour drives based on DTC, FOC or other form of vector control
techniques. The diagnostic techniques developed for mains fed IM are not capable
in closed loop applications because the control strategy will tend to preserve normal
operation of the drive even when a fault occurs, masking the fault indicators [1].
Also, real-time monitoring approaches can flounder if the frequency changes
frequently for variable speed operation. The most simple and widely employed
method in industries for controlling the speed of inverter fed IM under oscillating
load conditions is the closed loop v/f control. Very few research works are spotted
in literature on diagnostic procedures for rotor faults in inverter fed IM operating
under closed loop v/f control strategy.
Although techniques based on lumped parameter equivalent circuit model and
winding function method are used to diagnose the rotor fault, they ignore various
parameters like spatial harmonics of the airgap flux, magnetic saturation, nonlinear behaviour of magnetic material etc. Therefore, the above said analytical
methods cannot show the real functioning of the IM under faulty condition. In
order to include the above mentioned parameters, FEM is used which is based on
electromagnetic field analysis that also incorporates actual representation of
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stator windings and rotor bars, magnetic circuit geometry and existing slots
around airgap.
A flux measurement procedure based on emf induced in a search coil wound on
the stator tooth is used to detect rotor bar fault in mains fed and inverter driven IM
based on FEM [3]. This is an invasive method since it requires a search coil to be
wound on the stator tooth. According to Gyftakis et al. [4], electromagnetic torque
spectrum around the frequency range of 300 Hz is used for detecting broken bar fault
in mains fed IM using FEM. A technique based on airgap torque profile data obtained
from FEM and processed in concurrence with a Bayesian classifier is used to
determine the rotor bar fault in mains fed IM [5]. Drawback of this method is the
offline training required for IM with datasets generated from FEM. An offline
inspection technique for closed loop inverter fed IM based on the variation of
impedance pattern under standstill condition is used as an index to detect rotor bar
fault [6]. Authors verified the results by using FEA simulation results, but it does not
provide continuous monitoring.
Radial airgap flux density is analysed for phase short-circuit fault of open loop
PWM inverter fed IM using FEM [7]. The electromagnetic field analysis based on
radial airgap flux density is done for broken rotor bar fault of open loop Sine PWM
inverter fed IM using FEA [8]. Bensalem and Abdelkrim [9] mentioned that the
modelling and simulation of IM is based on ANSYS Maxwell FEA, in which, it cosimulated with ANSYS Simplorer and with MATLAB Simulink for implementing
open loop v/f controlled PWM inverter for phase short-circuit fault and analytical
parameters like stator voltage, current and torque are analysed. As mentioned by
Godot et al. [10], closed loop speed controlled IM’s are popularly used in many
industrial applications and the control strategy affects the performance and cause
degradation in traditional fault diagnosis methods. Closed loop control changes the
nature of supply parameters and provides unreliable results unless the diagnosis
methods consider its impacts [11].
Based on studies by Nemec et al. [12], arithmetic mean duty cycle of the
modulated inverter output voltage is used for detecting broken bar fault in closed
loop controlled IM, but detecting the fault at the incipient stage is not possible as
this method is influenced by control technique. Abu-Elhaija et al. [13] proposed
that the disturbance created by the closed loop control strategy on the inverter
output voltage for diagnosing broken rotor bar fault. Hou et al. [14] reported that
the influence of closed loop control on the sideband components of stator current
is neglected for detecting broken bar fault in Ү connected IM.
Hou et al. [15] have used a fault severity factor to detect one and two broken
bars in a closed loop controlled IM, which shows large difference between
calculated and practical values due to negligence of parameters like magnetic
saturation, spatial harmonics and inter-bar currents. In this framework, the
proposed method includes all the above said factors in FEM, can be used to analyse
broken rotor bar fault at the incipient stage in a closed loop speed controlled IM.
In this paper, an electromagnetic signature study is conducted on a 3  squirrel
cage IM fed from closed loop speed controlled PWM inverter under broken rotor
bar fault condition using FEM. Various electromagnetic parameters like flux lines
and flux density distribution, radial airgap flux density and voltage induced in the
end-ring of rotor are analysed. ANSYS Maxwell FEA tool is used for modelling of
IM co-simulated with ANSYS Simplorer for loading the IM and ANSYS Simplorer
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co-simulated with MATLAB Simulink for modelling sine PWM inverter and
implementing closed loop v/f control strategy. It is also intended to integrate various
environments like Maxwell, Simplorer and Simulink in one collective platform, for
accurate design and analysis for realistic simulation.
The paper is formulated as follows: Section 2 supports the analytical framework,
followed by electromagnetic field investigation of broken bar motor in Section 3. The
analysis on airgap flux density and end-ring induced voltage of faulty motor is done
in Section 4 accompanied by concluding remarks in Section 5.

2. Analytical Background
According to Boldea and Nasar [16], the stator MMF of IM can be written as,

F1 ( , t ) 



F

v 6 k 1

1mv

Cos(v e  1t )

(1)

where F1mv is the stator amplitude fundamental MMF, v is the stator MMF spatial
harmonic, k is an integer, 1 is the stator frequency (angular) and  is the
geometrical angle given by,



x
p1

(2)

and e = p1 where x is the co-ordinate along stator bore periphery, p1 is the pole pair
numbers and  is spatial half-period of MMF ideal wave. The rotor MMF is given by,


F2 ( , t )   F2 m Cos(  e  1t    )

(3)

 1

where F2m is the amplitude of rotor fundamental MMF,  is the reference angle
between stator F1(, t) and rotor F2(, t) fundamental MMF’s and  is the rotor
MMF spatial harmonic given by,
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(4)

where Nr is the rotor slot number. The airgap permeance per unit area can be written
as sum of mean permeance, harmonics of permeance due to stator and rotor slots
and reciprocal effect of stator and rotor [16],
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where o is the airgap length, Kc is the Carter’s coefficient, Ns is the stator slot
number, 2 is the rotor angular frequency, k and  are integers associated with
stator and rotor slots and 1 and 2 are partial permeances. The airgap magnetic
flux density of IM can be computed by,

B( , t )  ( , t ).F ( , t )  ( , t )[ F1 ( , t )  F2 ( , t )]

(6)

The effect of magnetic saturation of stator and rotor cores should be considered to
analyse the fault precisely at the incipient stage. Boldea and Nasar [16] stated that in
FEM, the magnetic saturation of iron core of IM will be taken into account, in addition
to the permeance of airgap.
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 sat ( , t )   satCos(2 p1  21  2 s )

(7)

Therefore, the airgap flux density of IM due to saturation will be,

Bsat ( , t )   sat ( , t )[ F1 ( , t )  F2 ( , t )]

(8)

3. Electromagnetic Field Investigation of Rotor Broken Bar Motor
In this section, a study on electromagnetic characteristics of IM under healthy and
single broken rotor bar fault condition is done using ANSYS Maxwell FEA tool.
Simulation is performed on a 7.5 kW, 3 , 4 pole, 380 V IM with 44 rotor slots and
48 stator slots, the details of which are given in Table 1 [17].
Table 1. Three phase induction motor and FEM parameters.
General parameters
Voltage
380 V
No. of poles
4
Rated speed
1440 rpm
Supply frequency
50 Hz
Power output
7.5 kW
Stator parameters
Outer diameter
210 mm
Inner diameter
148 mm
Length of the core
250 mm
Steel type
M19_24G
No. of slots
48
Rotor parameters
Outer diameter
147.3 mm
Inner diameter
48 mm
Airgap
0.35 mm
Steel type
M19_24G
No. of slots
44
FEM Parameters
Boundary condition
Vector potential
Number of elements
18542
Time step
2*10-4 s
Number of time steps
20*103
Degree of freedom
1.8
The FE model of IM in ANSYS Maxwell is supplied from a PWM inverter
controlled by closed loop v/f speed control strategy modelled in MATLAB Simulink.
A block diagram used for co-simulation between ANSYS Maxwell, ANSYS
Simplorer and MATLAB Simulink for FE model of IM, loading arrangements and
PWM inverter with closed loop v/f speed control strategy is presented in Fig. 1.
With a special function AnsoftSFunction in Simulink, the data is exchanged
between Simplorer and Simulink. The three pole voltages (Va, Vb, Vc) of voltage
source inverter (VSI) modeled in Simulink is imported to the IM terminals (Phase A,
Phase B, Phase C) in Simplorer and the actual speed data required for speed control
is provided by Simplorer to Simulink through AnsoftSFunction. The FE model of IM
is started on no-load with a reference speed of 1440 rpm and is changed to 1300 rpm
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at t =1.0 s. The rated load of 40 Nm is applied to the machine at t = 2.0 s. Sinusoidal
PWM technique is used to control the inverter with a switching frequency of 2 kHz.
Figure 2 presents the speed of the IM for healthy and single broken bar
condition. The ripples in the speed of healthy and faulty IM under steady state can
be seen from the enlarged portion and no significant difference is seen except a
very slight increase in the speed ripple under faulty condition. The speed control
loop acting on the IM tries to keep the average speed in 1300 rpm on both the cases.

Fig. 1. Block diagram for closed loop v/f speed control by cosimulation between ANSYS Maxwell, Simplorer and Matlab Simulink.

(a) Motor without fault.

(b) Motor with fault (1 broken bar).
Fig. 2. Speed of IM.
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Figure 3(a) displays the flux line distribution of healthy motor, which is
symmetric, the magnetic axis of all the poles is located at 90˚ with respect to each
other and at any moment of time, the arc of circumference covering all the poles is
πD/p, where D is the stator internal diameter. When a bar gets broken, the magnetic
flux distribution becomes asymmetrical due to lack of induced current in the bar
broken and increases the current flow to the adjacent bar leading to saturation.
Hence, the fault causes a deformation in the magnetic field and produces a deviation
in magnetic pole axis as seen in Fig. 3(b). Figure 4 exhibits the distribution of
magnetic flux density of IM under healthy and broken bar condition. The deformity
in flux distribution near the broken bar leading to saturation in stator and rotor teeth
compared to healthy IM is indicated in Fig. 4(b).

(a) Motor without fault.

(b) Motor with fault (1 broken bar).
Fig. 3. Circulation of flux lines in IM.
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(a) Motor without fault.

(b) Motor with fault (1 broken bar).
Fig. 4. Distribution of flux density.

4. Radial Airgap Flux Density and Rotor End Connection Analysis
The airgap flux density radial component Br in cylindrical co-ordinate expressed as
an object of Bx and By [13], i.e., scalar and vector field,

B  B.ir  ( Bx i x  B y i y ).(Cos[ ]i x  Sin[ ]i y )

Br  Br ir  Br (Cos[ ]i x  Sin[ ]i y )
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where  is the anti-clockwise angle of a stator tooth center with respect to the
positive horizontal axis. The airgap flux density radial component of healthy and
faulty IM with respect to radial airgap distance at rated load is displayed in Fig. 5.
The radial flux density appears like a sinusoid with two electrical cycles for 4-pole
machine. The radial airgap field made up of fundamental constituent, stator MMF
and rotor MMF harmonics and permeances of stator and rotor slots. The
dissymmetry caused by the single broken rotor bar in radial airgap flux density
compared to healthy one is indicated in Fig. 5(b). The asymmetry in the magnetic
field rises with the austerity of the fault.
Figure 6 depicts the radial airgap flux density spatial FFT spectrum with respect
to distance harmonics for healthy and faulty IM at rated load. The healthy motor
spectrum Fig. 6(a) shows besides the fundamental constituent of radial airgap flux
density with amplitude of around 0.6, the other harmonics, which are having
appreciable magnitudes, are around at a distance of 100 mm and 200 mm. When a
bar breakage occurs the radial airgap field in addition to fundamental, stator and rotor
MMF harmonics will have new harmonic components as noise shown in Fig. 6(b)
due to fault. The harmonic noise content will increase with the severity of the fault.

(a) Motor without fault.

(b) Faulty motor.
Fig. 5. Airgap flux density (radial component).
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(a) Motor without fault.

(b) Faulty motor.
Fig. 6. Radial airgap flux density FFT spectrum (spatial).
Figure 7 illustrates the tangential component of airgap flux density under healthy
and single broken bar faulty condition and its spatial FFT spectrum is displayed in
Fig. 8. The tangential component of flux density is responsible for useful torque in
the IM and the radial components are responsible for unnecessary forces, which
causes magnetic noise. Hence, the tangential component of airgap flux density has
negligible contribution towards magnetic noise, which can be seen from Fig. 8. The
tangential FFT spectrum of healthy and faulty motor looks very similar.
In this paper, an attempt is made to analyse the voltage induced in the end
connection or end-ring of the rotor under healthy and faulty condition. Figure 9
displays the voltage induced in the end connection of squirrel cage rotor for healthy
and faulty IM.
For healthy rotor, the induced voltage at rated load appears to be in the order of
millivolts and looks sinusoidal in nature due to balanced operation whereas in the
faulty rotor due to lack of induced currents in the broken bar cause an imbalance in
the rotor induced voltage and increases its ripple content thereby start losing its
sinusoidal nature. The ripple content in the induced voltage of end connection in
the faulty rotor increases with the severity of the fault and also its nature can be
seen in Fig. 9.
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(a) Motor without fault.

(b) Faulty motor.
Fig. 7. Airgap flux density (Tangential component).

(a) Motor without fault.

(b) Faulty motor.
Fig. 8. Tangential airgap flux density FFT spectrum (spatial).
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(a) Rotor without fault.

(b) Rotor with fault (1 broken bar).

(c) Rotor with fault (2 broken bars).

(d) Rotor with fault (3 broken bars).
Fig. 9. Voltage induced in the end-connection of rotor.
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5. Conclusions
The electromagnetic field signatures of closed loop speed controlled IM under
single broken rotor bar fault were investigated using FEM. Induction motor with a
healthy and broken rotor bar model have been created and electromagnetic field
parameters are analysed. The radial component of flux density in the airgap of IM
is used to analyse the broken bar fault at the incipient stage in a closed loop speed
controlled IM. Compared to other fault diagnosis methods where several important
aspects like magnetic saturation, spatial harmonics and non-linear behaviour of
magnetic materials are neglected and its influence on the findings had certain
differences between calculated and practical values, the proposed method includes
all the above said aspects in determining the fault at the incipient stage with the
help of FEM. In addition, the impact of closed loop technique on the most fault
detection algorithm makes it vulnerable to diagnose the fault at the incipient stage.
The results show that the broken rotor bar fault produces a deviation in magnetic
pole axis causing dissymmetry in magnetic fields leading to saturation of flux density
near the broken bar. The airgap flux density radial component is compared and its
spatial FFT spectrum shows in addition to the fundamental, stator MMF and rotor
MMF components, new harmonic components as magnetic noise is introduced due
to broken rotor bar fault. The noise component in radial airgap flux density increases
with the severity of the fault. The tangential component of airgap flux density is
accountable for useful torque and hence it has negligible contribution towards the
magnetic noise caused by broken bar fault as seen from its FFT spectrum. In addition,
an analysis is made on the voltage induced in the end connection of squirrel cage
rotor, which was rarely mentioned in the literature, shows an increase in ripple
content and deformity of shape based on the severity of number of broken bars.
The future analysis includes the possibility of placing hall effect sensors in the
airgap of IM to extract the radial flux density wave for tracing the parameters
related to fault. Also radial flux density can be used for analysing and
discriminating other faults in IM like stator winding short-circuit fault, eccentricity
and bearing fault at the incipient stage.

Nomenclatures
Br
D
F
Kc
Ns
Nr
P

Radial flux density, Wb/m2
Stator internal diameter, mm
Magneto-motive force
Carter’s coefficient
Stator slot number
Rotor slot number
Number of pole-pairs

Greek Symbols
Airgap length, mm

Geometrical angle, deg.

Permeance


Rotor MMF spatial harmonic
v
Stator MMF Spatial Harmonic
τ
Spatial half-period of MMF ideal wave
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ϕ
φµ
ω

Stator tooth center angle with respect to horizontal axis, deg.
Reference angle between stator and rotor fundamental MMF
Angular frequency, rad/s

Abbreviations
DTC
FEA
FEM
FFT
FOC
IM
MMF
PWM
VSI

Direct Torque Control
Finite Element Analysis
Finite Element Method
Fast Fourier Transform
Field Oriented Control
Induction Motor
Magneto-motive Force
Pulse Width Modulated
Voltage Source Inverter
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