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Abstract
This paper presents fault detection techniques, especially the motor current signature analysis
(MCSA) which consists of the phase current measurement of the electrical motor’s stator
and/or rotor. The motor current signature analysis consists in determining the frequency
spectrum (FFT) of the stator current signal and evaluating the relative amplitude of the
current harmonics. Sideband frequencies appear in the frequency spectrum of the current,
corresponding to each fault. The broken bar is a frequent fault in induction motors with
squirrel-cage rotor. It is presented the equivalent circuit for induction motors and the
equivalence between the squirrel-cage rotor and the rotor windings. It is also presented an
equivalent circuit model for induction motors with squirrel cage rotor, and based on this a
Simulink model was developed. It is shown how a broken rotor bar influences the magnetic
field around the rotor and through this the stator current. This modification is highlighted
through the developed model.
Key words: motor fault detection, simulation, motor model, equivalent circuit

1. Introduction
Induction motors are present in almost all
equipments and the motor reliability influences the
whole system working. Electrical motors and the other
components of the systems are bound in different ways
and react in different manner to external forces.
During operation electrical and mechanical systems
produce noise and vibrations. Vibrations caused by
motors and other equipments propagate in the
environment and influence the operation of other
systems. Unwanted vibrations lead to mechanical
usage, or electrical breakdowns. Vibrations are due to
imbalanced or misaligned components, corroded,
deformed or broken parts etc. These irregularities can
appear during operation due to the influence of the
environment (temperature, pressure, humidity,

corrosive air, etc.) or can be present from assembling
and during operation they can get worse.
Furthermore induction motors are consumers of
electrical power and they consume more than 50% of
the total electricity produced. For this reason they are
very important and their control and reliability are
improving. The sooner the faults are detected the better
and faster one can intervene to solve the problem and
reduce the losses. This motivates the development of
faster and more trustworthy maintenance and control
techniques.
Knowing the most important faults and having the
proper fault detection technique, the problem can be
solved without spending time and money. [1][2]
The fault detection techniques can be classified in
model-based techniques and signal-based techniques.
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The model-based techniques use mathematical
expressions which describe the relationship between
the electrical motor’s parameters at normal, ideal
functioning condition. By introducing disturbances in
these models the equations become complicated and
hard to use.
The signal-based techniques use different measured
signals (vibration or current) using different sensors
and transducers (accelerometers, current transducers).
Through these signals the electrical motor condition
can be estimated. In this case it is also required the
acquisition of signals which describe the the normal
function, and to which the further measurement signals
are compared. The signal-based techniques use timedomain analysis, frequency-domain analysis and timefrequency analysis. [3]
One of the signal-based techniques is the motor
current signature analysis (MCSA), which uses the
phase current measurement and analysis of the
electrical motor’s stator and/or rotor. But a simple
overcurrent and/or overvoltage detection by electrical
motors is not enough to predict the fault. In this case
the motor must be disconnected and the fault must be
examined.
A continuous surveillance of the electrical motor
parts using different methods allows an early detection
of an incipient fault. The shutdown of the motor cannot
be avoided, but shutdown time can be reduced and
serious consequences also.

existence of the fault can be detected by evaluating the
amplitude of the fifth harmonic f1(5-4s) and f1(5-6s).
The mechanical load affects the slip and so the
sideband frequencies. The probability of the fault is
influenced by the number of pole pairs.
The different motor faults induce different sideband
frequencies which can be expressed through equations
and require a good knowledge of the motor.
Analysing the harmonics’ amplitude leads to a good
result in case of the high power motors under constant
load. At variable speed, low load torque or low power
motors the amplitude of the harmonics is small and
difficult to detect. If the slip is low, the sideband
frequencies are close to the fundamental frequency so
a high frequency resolution is needed. [4], [6]
3. Induction motor equivalent circuit
The induction motor modeling and simulation are
commonly used methods to study and develop control
systems. Dynamic model is developed through
differential equations which suppose that stator and
rotor windings are symmetric and the emf
(electromagnetic field) is also sinusoidally distributed.
The general voltage equations for stator windings:
𝑑Φ
𝑢1𝑎 = 𝑖1𝑎 𝑅1𝑎 + 1𝑎
𝑢1𝑏 = 𝑖1𝑏 𝑅1𝑏 +
𝑢1𝑐 = 𝑖1𝑐 𝑅1𝑐 +

𝑑𝑡
𝑑Φ1𝑏

𝑑𝑡
𝑑Φ1𝑐

(1)

𝑑𝑡

Where 1 are the total fluxes of each stator phases
including the main flux of the windings, the mutual and
the leakage flux. R1 are the stator windings resistance
and i1 are the stator currents. Similar equations can be
written for the rotor also. [7], [8]
The self-phase inductance can be defined with the
flux, wich have main and leakage components too.
Considering these leakage inductances and the analogy
between the phases, the equations for stator and rotor
can be written as following:
𝑑𝑖
𝑑Φ
𝑢1 (𝑡) = 𝑅1 𝑖1 + 𝐿𝜎12 1 + 𝑤1 𝑘𝑤1 𝑢

2. Motor current signature analysis
The motor current signature analysis (MCSA)
involves the monitoring and analysis of the current
signal, and its characteristics which indicate the normal
or abnormal motor condition. The MCSA techniques
can be used to detect rotor asymmetry, stator winding
error, broken bar, bearing faults and air-gap
eccentricity. [3]
Motor current is influenced also by electric supply,
load condition, electrical and mechanical noise, faults,
so to detect a certain type of defect a lot of
measurements and different types of analysis
techniques are required.
The motor current signature analysis consists in
determining the frequency spectrum (FFT) of the stator
current signal and evaluating the relative amplitude of
the current harmonics.
Specific to each fault sideband frequencies appear
in the frequency spectrum. These depend on the slip
and the number of pole pairs of the motor.
In [4] and [5] it is shown that the sideband
frequencies due to broken bars appear at f1(1±2s),
where f1 is the motor rotation frequency and s is the
slip. The rotation frequency can be calculated from the
synchronism speed 1 and depend on the number of
poles p, 𝜔1 = 2𝜋𝑓1⁄𝑝 [rot/s]. If the amplitude of these
harmonics exceeds a certain value in relation to the
fundamental frequency a fault can be estimated. The

𝑑𝑖

𝑑𝑡

𝑑Φ

𝑑𝑡

0 = 𝑅2 𝑖2 + 𝐿𝜎21 2 − 𝑤2 𝑘𝑤2 𝑢
(2)
𝑑𝑡
𝑑𝑡
Where R1, R2 are the stator and rotor resistances,
L12, L21 are the leakage inductances, u is the useful
magnetic flux, w1, w2 are the numbers of turns of the
stator and rotor windings. The rotor windings are shortcircuited. [9]
Expressing these equations in complex form and
reducing the rotor circuit to the stator one, the
equations become:
𝑈1 = 𝑅1 𝐼1 + 𝑗𝑋𝜎12 𝐼1 − 𝐸1
𝑅2′ ′
′
𝐼 + 𝑗𝑋𝜎12
𝐼2′
𝑠 2
Where 𝑅2′ = 𝑅2 𝑘𝐸2 ,

0=

𝑘𝐸 =

𝑤1 𝑘𝑤1
𝑤2 𝑘𝑤2

+ 𝐸2′
′
𝑋𝜎12

(3)
=

𝑋𝜎21 𝑘𝐸2

, 𝐸1 = −𝑗2𝜋𝑓1 𝑤1 𝑘𝑤1

Φ𝑚𝑎𝑥
√2

The relation between the currents:
𝐼1 − 𝐼2′ = 𝐼10
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,

𝐼2′

= 𝐼2

1
𝑘𝐸

and

.
(4)

The equivalent circuit for the induction motor is
presented on figure 1. [10]

vibration appears also.
A fault which appears very often is the broken rotor
bar or the cracked rotor end rings. This can be caused
by different factors like thermal, electrical or
mechanical factors. During operation the temperature
is high and due to the rotation speed the solderings or a
bar can break. [6]
If a rotor bar is broken, no current will flow in the
bar and no magnetic field will appear around the bar.
The magnetic field and the force in this side will be
different from the opposite side and a magnetic
unbalance appears whose rotation speed is equal with
the rotational speed of the motor and modulates at the
frequency which depends on the slip and number of
poles. Likewise if a rotor bar has a different parameter,
a similar magnetic unbalance appears. Further this
change causes more heating in the rotor, the rotor can
bend and it creates an eccentric rotor and more
unbalance in the magnetic field and force.[11]
To highlight the magnetic field and flux changes
around the rotor, equations for the stator and rotor
voltage will be written similar to equation (2):

Fig.1. The equivalent circuit for an ac motor.

In case of squirrel-cage rotor the windings are
replaced with conducting bars embedded in the rotor
iron. The conducting bars are short-circuited at each
end of the rotor by conducting rings.
The squirrel-cage rotor and winding rotor can be
equal if the phase number m2 and bars number q2 are
equal, the current through the bars Ib is equal with the
phase current, number of turns per phase wc=w2/2.
The voltage induced in the rotor bars are equal and
between them there are a phase difference 2p/q2, and
for the bar k can be expressed: [9]
2𝜋𝑝
𝑒2𝑏𝑘 = 𝐸2𝑏 √2𝑐𝑜𝑠 [𝜔2 𝑡 − (𝑘 − 1) ]
(5)

𝑢𝑠 = 𝑖𝑠 𝑅𝑠 +

𝑞2

𝑢𝑟 = 𝑖𝑟 𝑅𝑟 +

The effective voltage value depends on the
maximum induction and flux:
𝜋
𝐸2𝑏 = 𝑓2 Φ𝑚
and 𝜔2 = 2𝜋𝑓2
(6)
√2
The currents through the bars are:
2𝜋𝑝
𝑖𝑏𝑘 = 𝐼𝑏 √2𝑐𝑜𝑠 [𝜔2 𝑡 − 𝛾2 − (𝑘 − 1)
]
(7)

𝑑Φ𝑠
𝑑𝑡
𝑑Φ𝑟

(9)

𝑑𝑡

Where ur=0 and the stator and rotor fluxes s , r
include both useful and mutual fluxes which can be
expressed as a function of inductances and currents.
For one rotor phase the flux is [12]:
Φ𝑟𝑎 = 𝑀𝑠𝑟 𝑐𝑜𝑠(−𝜃𝑚 )𝑖𝑠𝐴 + 𝑀𝑠𝑟 𝑐𝑜𝑠 (−𝜃𝑚 +

𝑞2

Considering a loop between two bars and the end
rings, the voltage equation in the loop is:
𝑑Φ
𝑅𝑏(𝑘−1) 𝑖𝑏(𝑘−1) − 𝑅𝑏𝑘 𝑖𝑏𝑘 + 2𝑅𝑒 𝑖𝑒 + 𝑟𝑘 = 0 (8)
𝑑𝑡
Where Rb is rotor bar resistance, Re is end ring
resistance, r is the flux induced in the loop. The
equivalent circuit model of induction motor with
squirrel-cage rotor can be adjusted like in figure 2.

2𝜋

4𝜋

) 𝑖𝑠𝐵 + 𝑀𝑠𝑟 𝑐𝑜𝑠 (−𝜃𝑚 + ) 𝑖𝑠𝐶 + 𝐿𝑟 𝑖𝑟𝑎 + 𝑀𝑟 𝑖𝑟𝑏 +
3
𝑀𝑟 𝑖𝑟𝑐
(10)
Similar equation can be written for each stator flux.
The flux expressions can be written in a simple and
compact form highlighting only the stator and rotor
inductivities and currents.
Φ𝑠 = 𝐿𝑠 𝑖𝑠 + 𝐿𝑚 𝑒 𝑗𝛼 𝑖𝑟
Φ𝑟 = 𝐿𝑚 𝑒 −𝑗𝛼 𝑖𝑠 + 𝐿𝑟 𝑖𝑟
(11)
From the equations (8) and (10) are deduced the
flux and current expressions:
𝑑Φs
= 𝑢𝑠 − 𝑖𝑠 𝑅𝑠
3

𝑑𝑡
𝑑Φr
𝑑𝑡

= 𝑢𝑟 − 𝑖𝑟 𝑅𝑟

𝑖𝑠 =
Fig.2. The equivalent circuit for squirel cage rotor
induction motor.

𝑖𝑟 =

1
𝐿𝑠
1
𝐿𝑟

(Φ𝑠 − 𝐿𝑚 𝑒 𝑗𝛼 𝑖𝑟 )
(Φ𝑟 − 𝐿𝑚 𝑒 −𝑗𝛼 𝑖𝑠 )

(12)

If us, ur and  are given, then these equations define
the motor currents.
Based on the equivalent circuit from the figure 2 the
following equations can be written:
𝑑𝑖
𝑢1 = 𝑅1 𝑖1 + 𝑋𝜎1 1 − 𝐸1

Where R2b=Rb/Nb, Re/Nb<<Rb. [13]
4. Broken rotor bar modeling
There are many sources of vibration in induction
motors due to electrical and mechanical forces which
act during the functioning of the motor. If for some
reason an unbalance of these forces appear then a

0 = 𝑅2𝑏 𝑖2 + 𝑋𝜎2
Where 𝐸1 = 𝐿𝑚
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𝑑𝑡
𝑑𝑖2

𝑑𝑡
𝑑𝑖0
𝑑𝑡

− 𝐸1
and 𝑖1 + 𝑖2 = 𝑖0

(13)

Based on equation (13) and using the expression for
𝑋𝜎1 , 𝑋𝜎2 , the currents equations are:
𝑑𝑖1
𝐿
𝑑𝑖2
𝑅
1
= 𝑚
− 1 𝑖1 +
𝑢1
𝑑𝑡
𝑑𝑖2
𝑑𝑡

=

𝐿1 −𝐿𝑚 𝑑𝑡
𝐿𝑚 𝑑𝑖1
𝐿2 −𝐿𝑚 𝑑𝑡

−

𝐿1 −𝐿𝑚
𝑅2𝑏

The sideband frequencies appear on the two sides of
the base frequency. The base frequency of the stator
current is equal to the power supply frequency. The
sideband frequencies are very close because the slip is
small.

𝐿1 −𝐿𝑚

𝑖
𝐿2 −𝐿𝑚 2

(14)

Using these equations a Simulink model was
developed, figure 3.

Fig.4. Stator current spectrum for broken rotor bar.

The smaller the slip is, the closer the sideband
frequencies are to the basic frequency.
The model and the simulation was done for one
phase, for the other two phases the result is similar only
there is a phase shift between them.

Fig.3. Simulink model of ac motor based on
the equivalent circuit.

The matrix form of the (14) equation is:
0
𝑖
[ 1 ] = [ 𝐿𝑚
𝑑𝑡 𝑖2
𝑑

1

[𝐿1 −𝐿𝑚] 𝑢1
0

𝐿2 −𝐿𝑚

𝐿𝑚
𝐿1 −𝐿𝑚

0

−𝑅1

]

𝑖
𝐿 −𝐿
[ 1] + [ 1 𝑚
𝑑𝑡 𝑖2
0
𝑑

5. Conclusions

0

𝑖1
−𝑅2𝑏 ] [𝑖 ] +
2

Induction motors are a very important part of
operation systems so their control and reliability are
improving. During operation they may fail due to
different factors. The sooner the faults are detected, the
faster can one intervene to solve the problem and
reduce the losses. Using the proper fault detection
techniques the problems can be solved in time.
One of the fault detection techniques is the motor
current signature analysis (MCSA) in which the phase
current of the electrical motor’s stator and/or rotor is
measured. The MCSA techniques can be used to detect
certain faults between them being broken bar too.
The induction motor voltage equations and
equivalent circuit was studied to show the similarities
between the squirrel-cage rotor and winding rotor in
order to develop an equivalent circuit for the squirrelcage rotor induction motor. In this equivalent circuit
appear the number of rotor bar, resistance of the bars
and of the end rings.
Based on the equivalent circuit and voltage and
current equations a Simulink model was developed and
through this was shown the influence of the broken
rotor bar, and the flux distribution modification around
the rotor on the stator current. Because the rotor’s
rotation speed is smaller than the speed of
synchronism, the modified flux distribution will have
the same frequency as the rotor (different from the

𝐿2 −𝐿𝑚

(15)

For no broken rotor bar the stator current i1 has
theoretically sinusoidal form, no harmonics are
present, on the spectrum a single component will
appear.
For broken rotor bar changes will occur, R2b is
increasing, X2 is descreasing, the rotor current and the
flux is changing too. The flux distribution will not be
uniform.
This irregularity can be modelled by modifying R2b,
L2 and Lm. Knowing the relationship between the flux
and the inductance, they can be described through the
same function of variation, which is introduced in the
model.
Based on the above the variation of the flux can be
estimated through a sinusoidal function with the
frequency proportional to the rotational speed of the
induction motor. The current induced by this flux
variation overlaps with the stator current and appears
in the stator current spectrum.
On figure 4 can be observed the sideband
frequencies which appears in the stator current
spectrum (only the positive side should be considered).
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stator flux) and it will induce voltage in stator
windings, and current harmonics will appear.
The flux modification was introduced in the model
and the appearance of the sideband frequencies was
shown. This sideband frequency depends on the slip.
This technique is indicated for large induction motors
where the slip is larger.
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