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Abstract— Induction motors are the most widely used motors due to their reliability, robustness,
low cost, easy operation, high efficiency and having simple control gear for starting and speed
control. The usefulness of this motor has given rise to a lot of studies including the transient behavior
of the machine. This paper presents detailed modeling of an induction machine using dq0 axis
transformations of the stator and rotor variables into arbitrary reference frame because of the highly
coupled nature of the machine, especially the inductances within the windings. While other
methodologies are feasible with MATLAB/Simulink, an embedded MATLAB toolbox is utilized in
this paper due to its uniqueness in offering the user the opportunity of programming the differential
equations rather than obtaining the complete block diagram representation of those equations.
Equations in the natural reference frame, derivation of machine inductances, transformation of stator
and rotor variables to arbitrary reference frame, as well as torque equations are presented. The model
is used to ascertain the effects of electrical fault conditions such as unbalanced voltage, single
phasing, over load, phase reversal and under voltage conditions on the dynamic performance of the
motor. The proposed model has been developed and simulated using MATLAB/Simulink and the
results are similar to those obtained elsewhere [1]-[3].
Keywords— Arbitrary reference frame, dq0 axis transformation, Electrical faults, Induction Motor
(IM), MATLAB/Simulink.
I. INTRODUCTION
Electrical Machinery is more than 100 years old. While new types of machines have emerged
recently, bulk of the electrical energy conversion systems is still dominated by classical induction
machines (motors and transformers). The productivity of the industrial systems based on these drives
is very critical. While reliability of this operation is of paramount importance, it is frequently
impaired by faults. The study of performance of these machines under fault conditions gives better
idea of their performance, which may assist engineers in making their choice while designing. The
induction motors are by far the most used electro-mechanical device in industry today due to the
advantages they have over other types of motors. They are cheap, rugged, easily maintainable and
can be used in hazardous locations [1], [4]-[6]. However, induction motors are susceptible to many
types of electrical faults such as over voltage, over current, overload, temperature rise, single
phasing, phase reversal, voltage unbalanced and under voltage in industrial applications.
A motor fault that is not identified early may become catastrophic, leading to severe damage.
These faults in three phase induction machines heat both stator and rotor windings and if undetected
may cascade into motor failure, which in turn may cause production shutdown. Such industrial
shutdowns are costly in terms of lost production time, maintenance costs and wasted raw materials.
Even though faults on induction motor can be either mechanical or electrical faults [7]-[9], electrical
faults are usually influenced by power quality that is supplied by ac grid, such as variations of
frequency and unbalanced voltage.
This paper models the common electrical faults such as voltage unbalanced, over voltage,
under voltage, single phasing, phase reversal and overload that occur in three phase induction motor
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and analyses their effects on the operation of the motor. The MATLAB/Simulink approach is used in
this paper for solving the differential equations rather than obtaining their block diagram
representation. Modeling of three-phase induction motor using Park’s Transformation is hereby
presented.
II. MODELING OF THREE PHASE INDUCTION MOTOR
The winding arrangement of a symmetrical induction machine is shown in Figure 1. The
stator windings are identical and sinusoidally distributed, displaced 120˚ apart, with equivalent turns
Ns and resistance rs per winding per phase. Similarly, the rotor windings are also considered as three
identical sinusoidally distributed windings, displaced 120˚ apart, with equivalent turns Nr and
resistance rr per winding per phase.

Figure 1. Three Phase Winding Arrangement
A. Voltage equations
Using Kirchhoff’s Voltage Law, the voltage equations for each winding on the stator and
rotor can be determined.
Stator Windings:
(1)
(2)
(3)
Rotor Windings:
(4)
(5)
(6)
The subscript ‘a’, ‘b’, ‘c’ refer to the phases, ‘s’, ‘r’ refer to stator and rotor variables, while ‘V’, ‘I’,
and ‘ ’ referring to instantaneous voltage, current and flux linkage respectively.
It is very convenient to first refer all rotor variables to the stator by applying the appropriate
turns ratio. Equations (7)-(9) represents all rotor variables and is expressed in a simplified way
including the variables of all the rotor phases in one equation.
(7)
(8)
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(9)
B. Inductances
The flux linkages as seen in equations (1)-(6) are functions of inductance and therefore the
inductances within the motor must be determined. The inductances within the motor consist of selfinductance, leakage inductance, magnetizing inductance and mutual inductance. The flux linkage
equation is shown in equation (10) and contains the inductance matrix [L].

(10)
[

]

[

]

[

]

where the inductance is defined by the subscript,
refers to the inductance between winding
and winding , meaning self-inductance in winding ; and
refers to the inductance between
winding and winding , meaning mutual inductance.
The self-inductance in the stator windings consists of magnetizing and leakage inductances.
The windings are identical and therefore the self-inductance of all the stator windings will be
identical.
(11)
The magnetizing inductance (
) can be expressed as in equation (12) [10].
(12)
The self-inductance in the rotor windings is similar to that of the stator windings.
(13)
With the magnetizing inductance expressed as in equation (14) [10]
(14)
Where
and
are the effective number of turns of the stator and rotor windings, r is the radius of
the motor cross-section, is the length of the motor cross-section and g is the air-gap radial length.
Stator-stator mutual inductance can be expressed as equation (15) [10].
(15)
Where
and
are the inductance and angle between any stator winding ‘x’ and any other
stator winding ‘y’.
Using equation (12), equation (15) can be modified to be:
(16)
Considering the winding distribution in Figure 1, it can be seen that the only possible
displacement between two stator windings are
and
in both directions. This implies that
in equation (16) can be evaluated as follows:
(
)
(
)
(17)
From equations (16) and (17) the expression describing the mutual inductance between any two
stator windings can be simplified to equation (18).
(18)
The rotor-rotor mutual inductances are similar to that of the stator-stator mutual inductances and can
be expressed as:
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The stator-rotor mutual inductances depend on the position of the rotor according to the following
relationship [11].
(19)
where
is the mutual inductance between any stator winding ‘x’ and any rotor winding ‘y’; and
is the angle between them.
The expression for
in equation (19) is given by equation (20).
( )( )
(20)
The expression for the stator-rotor mutual inductances can be deduced using equation (19) and
Figure 1.
(21)
(
)
(22)
(

)

(23)

)

(24)
(25)

Likewise, rotor-stator mutual inductances are:
(
(

)

(
)
The inductance matrix equation (10) is divided into four sub-matrices.
[

(26)

]

(27)

Where
is the inductance within the stator windings,
is the inductances within the rotor
windings,
is the inductances between stator and rotor windings and
is the inductances
between the rotor and stator windings.
Using the inductances in equation (10) as divided in equation (27) and substituting derived
inductances yield the following:
(28)
[

]
)

(

[

(

)

(

)

(

)

(

)

(

)
]

(29)
(30)
[
]
Equations (29) and (30) are the mutual inductances and inductances within the rotor windings
referred to the stator.
The flux linkage can now be expressed as:
[

]

[

]

[

]

(31)

Equation (31) can be transformed to the arbitrary reference frame as indicated in equation (32) [10].
[

]

[
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Where;

(

)
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)
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(33)

(34)
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(36)
]

Where;
(37)
and
is the transformation and inverse transformation matrix respectively for stator
parameters,
and
is the transformation and inverse transformation matrix respectively for
rotor parameters.
Evaluating equation (32) with equations (33)-(36) yield the flux linkage in the arbitrary reference
frame as shown in equation (38).

(38)
[ ] [
] [ ]
Comparing equation (38) with (28)-(30), it is clear that has been eliminated from the flux linkage
equations by using arbitrary reference frame transformation. It means that the flux linkage is no
longer a function of rotor position.
C. Voltage equations in arbitrary reference frame
Taking the stator voltage equations as in equations (1)-(3) and only considering the resistive
part, it can be transformed to the arbitrary reference frame as follows:
(39)
[

]

(40)

Therefore;
(41)
Where;
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[

]

(42)

The superscript ‘res’ refers to the resistive part of the voltage equation.
Now considering only the inductive part of the voltage equation as in equations (1)-(3) which can be
transformed to the arbitrary reference frame as follows:
[
]
(43)
Expanding equation (43) using the product rule:
[
]
(44)
Evaluating parts of the terms in equation (44) separately, knowing that;
( )
(45)
∫ ( )
where is a dummy variable for integration.
[

]

[

[

]

(

)

(

)

[

(

)
(

]

(46)

)

]

[

]

(47)

Using equations (45)-(47) to evaluate equation (44) yields;
[

]

[

]

(48)

The superscript ‘ind’ refers to the inductive part of the voltage equation.
Now adding the voltage equations for the resistive and inductive parts gives the full stator voltage
equations in the arbitrary reference frame.
[

][

]

[

]

[

]

(49)

Using the same method, the rotor voltage equation can be determined.
[

][

]

(

)[

Where , is the rotational speed of the reference frame and

]

[

]

(50)

is the rotational speed of the rotor.

The electromagnetic torque in d-q-0 quantities is given as
( )( )(

)

(51)

Substituting inductances in equation (51) with the expression given in equation (38), equation (52) is
achieved as an alternative form of expressing electromagnetic torque in arbitrary reference frame.
( )( )

(

)
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III. SIMULINK IMPLEMENTATION OF INDUCTION MOTOR
MATLAB/Simulink is a tool used to simulate dynamic systems. The Sim Power system is
one of the toolboxes in Simulink used to analyze the three-phase induction machine performance
under different electrical fault conditions [1]. The dynamic model of three phase induction motor is
implemented using MATLAB/Simulink environment as shown in Figure 2. The inputs of a squirrel
cage induction motor are the three phase voltages ( ,
,
), their fundamental frequency and
load torque. The outputs are stator currents, rotor currents, electrical torque and rotor speed.

Figure 2: Simulink Block of Induction Motor using Embedded MATLAB Function
IV. SIMULATION RESULTS
The simulation is set to run for a minute. The rated load torque of 14Nm was set to be applied
at 1 second when the machine has attained full speed and all the transients had died down. The
parameters of 5.5HP motor used for this simulation are shown in Table 1.
Table 1: Machine Parameters
Parameter

Value

Parameter

Value

Rated Voltage

380V

1.1570
2890rpm
14Nm

Poles

P=2

Magnetizing
inductance
Speed

Rated frequency

F = 50

Maximum load

=

Stator
winding
resistance
0.1895
Rotor
winding
= 0.0231
resistance
Stator self-inductance
= 0.1130
Rotor self-inductance

= 0.1130
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Speed (rad/sec)

Torque (Nm)
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Figure 2: Torque and speed during full rated load (T = 14 Nm)

Time (sec)

Current (A)

Figure 2 shows the rotor speed and torque responses with respect to time for the induction
motor at full rated load condition. It is seen that prior to the application of the rated load torque, the
speed settled at 314 rad/sec (3000 rpm) but on application of rated load, the speed oscillates between
2950 rpm and 2847 rpm before it settled at full load rated speed of 2890 rpm. The torque, in a similar
manner, oscillated at the beginning but settled at zero and with the application of full-load after one
second, some oscillations were noticed before the torque finally settled down at the rated value.

Figure 3: Stator currents during full rated load (T = 14 Nm)

Time (sec)

Speed (rad/sec)

Torque (Nm)

Figure 3 shows the stator currents responses with time. On application of the rated load
torque, the currents rose rapidly but again settled at the rated full load current of 9A per phase.
Similar current waveforms were observed for the rotor.

Figure 4: Torque and speed during unbalanced voltage at rated load (T = 14 Nm)
Time (sec)

Figure 4 depicts the speed and torque during unbalanced supply voltage at the rated load of
14Nm. Speed ripple and pulsating torque is observed. The speed ripple and fluctuation increased
slightly on application of rated load due to uneven distribution of phase currents which could result
to vibration of the motor.
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Figure 5: Stator currents during unbalanced voltage at rated load (T = 14Nm)

Time (sec)

Current (A)

Figure 5 depicts the stator currents responses with respect to time during unbalanced voltage
supply at rated load. Uneven distribution of stator phase currents is seen to be visibly high on
application of rated load at one second with phase A having 25A, phase B having 13A and phase C
having 9A. These excessive and unbalanced phase currents increase stator losses, reduce the motor
efficiency and increase temperature rise, which could damage the windings of the motor.

Figure 7: Torque and speed during single phasing at full rated load (T = 14 Nm)
Time (sec)
Figure 7 is the torque and speed characteristics during single-phasing. It can be
inferred that
the ripples and oscillations in the torque produced and fluctuations in the speed are seen visibly high
compare with the torque and speed produced during voltage unbalanced condition as shown in
Figure 5. This implies that single phasing is a worst case of voltage unbalanced.

Current (A)

Speed (rad/sec)

Torque (Nm)

Figure 6: Rotor currents during unbalanced voltage at rated load (T = 14Nm) Time (sec)
Figure 6 depicts the rotor currents increment on application of rated load during unbalanced
voltage supply of up to 2 times the rated current at balanced condition.

Figure 8: Stator currents during single phasing at full rated load (T = 14Nm)
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Figure 9: Rotor currents during single phasing at full rated load (T = 14Nm)

Time (sec)

Speed (rad/sec)

Torque (Nm)

From Figure 8 and 9, it is observed that during single phasing; more currents flows through
the coil of the cut down phase (Phase A) and more heat will be generated in the stator winding.

Figure 10: Torque and speed during phase reversal condition at rated load (T = 14 Nm).

Time (sec)

Speed (rad/sec)

Torque (Nm)

From the torque and speed simulation results of phase reversing shown in Figure 10, it is
observed that the motor rotates in opposite direction, i.e. the motor runs with negative speed.

Time (sec)

Current (A)

Figure 11: Torque and speed during over load condition (T = 17 Nm).

Figure 12: Stator currents during over load condition (T = 17Nm)
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Figure 13: Rotor currents during over load condition (T = 17Nm)

Time (sec)

Speed (rad/sec) Torque (Nm)

From the simulation results of overload fault condition shown Figure 11, 12 and 13, the following
observations are made:
 Increase in phase currents up to a value five times rated current.
 Rapid decrease in the rotor speed to 2599 rpm.
 Harmful effects on machine insulation due to excessive current.

Current (A)

Figure 14: Torque and speed during under voltage condition at full load (T =14Nm) Time (sec)

Current (A)

Figure 15: Stator currents during under voltage condition at full load (T = 14Nm) Time (sec)

Figure 16: Rotor currents during under voltage condition at full load (T = 14Nm) Time (sec)
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From the simulation results of under voltage fault condition shown Figure 14, 15 and 16, the
following observations are made:
 It can be seen that the stator and rotor phase currents are twice the rated current.
 There is rapid decrease in rotor speed to a value of 2860 rpm.
V. CONCLUSION
An implementation of the dynamic modeling of various fault conditions of a three-phase
induction motor using MATLAB/Simulink is presented in a step-by-step manner. The simulated
results in terms of the currents, torque and speed characteristics, are satisfactory [1]-[3]. The model
was tested at rated full load condition and different fault conditions. The results show that the
MATLAB/Simulink is a reliable and sophisticated software for analysis and prediction of the
behavior of induction motor using the reference frames theory.
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