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Abstract

This work presents ideally the behavioral characteristics of induction motor (IM) when subjected to different loading conditions. The
task is achieved via mathematical modeling of the process using the Simulink tool of the Matlab. Dynamic model is generally used to
study the steady state and transient behavior of induction motor. Here, Clarke and Park’s transformation of stator and rotor parameters on
the synchronously rotating reference frame is applied to the developed mathematical model of the induction motor. First, the differential
equations of voltages, currents and flux linkages between the stationary stator and rotating rotor are developed, followed by the mechani-
cal equation of torque and speed. Thereafter the mathematical model developed with the help of the software is generally used to study
the variation in parameters value on the dynamic performance of the induction motor as variable load is driven. The obtained simulated
results apart from the exhibited performances still suggests that the synchronously rotating reference frame theory is actually a shrewd
process to validate the dynamic behavior of the induction motor.
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1. Introduction

It is now common to say that asynchronous machines are the work-horse of the modern industry because of their simplicity, rugged con-
struction, reliability, low cost, high efficiency and good self-starting capability [1- 3]. In recent years the control of high-performance
induction motor drives for general industrial applications and production automation has received widespread research interests. In an
electric drive system the machine is a part of the control system elements. To be able to control the dynamics of the drive system, dynam-
ic behavior of the machine need to be considered. The dynamic behavior of induction motor can be described using dynamic model of
the induction motor [4].

The voltage and speed equations that describe the dynamic behavior of an induction motor are time-varying. Therefore, a change of vari-
ables can be used to reduce the complexity of these time-varying parameters by eliminating all time-varying inductances, due to electric
circuit in relative motion, from the voltage equations of the machine. By this approach, a poly phase winding can be reduced to a set of
two phase windings (d-q) with their magnetic axes formed in quadrature. In other words, the stator and rotor variable: voltages, currents
and flux linkages, of an induction machine are transferred to a reference frame, which may rotate at any angular velocity or remain sta-
tionary. Such reference frame includes:

i) Rotor reference frame (we = wr): In this frame, the d-q axes rotate at rotor speed and is used when both the stator and rotor volt-
ages are unbalance or discontinuous.

i) Stationary reference frame (we = 0): In this frame, the d-g axes do not rotate and is used when the stator voltages are unbalanced
or discontinuous and the rotor voltages are blanched or continuous.

iii) Synchronously rotating reference frame (we = wh): In this frame, the d-g axes rotates at synchronous speed and it is used when
both the stator and rotor voltages are balanced and continuous [5-9]. In [10], the computer simulation for the operating conditions
was obtained from the non-linear differential system of equations which describe the symmetrical Induction machine in the sta-
tionary reference frame. Here in, the synchronously rotating reference frame is rather used in this work with the following assump-
tions:

i)  The slotting in the stator and rotor produces negligible variation in respective inductances.

ii) Mutual inductances are equal.

iii) Each stator winding is distributed so as to produce a sinusoidal mmf along air gap i.e. space harmonics are negligible.

iv) Saturation, hysteresis and eddy current effects are negligible [11].

It should be noted that variable load machine encompasses the pumps which belong to the class, the torque of which changes as a func-
tion of speed. They develop a reduced torque when driven at speeds well below the rated level and an increased torque as the speed
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grows. The properties of the pump as a motor load are often discussed from the viewpoint of the drive design as well as the pump start-
up behavior, response to pump overload, and losses of priming fluid as well as their characteristics as the control system elements [12-
15].

2. Dynamic model of the induction motor
The induction machine in d-q or dynamic equivalent circuit is shown below:
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Fig. 1: Dynamic Equivalent Circuits [16], (A) Q-Axis Base (B) D-Axis Base.

From the above dynamic equivalent circuits, the modeling equations in flux linkage form are as follows:
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For a squirrel cage induction motor as used in this work, ¥gr and Vdr are set to zero since the rotor bars shorted. Therefore, the model-
ing equations of a squirrel cage induction motor become:
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The currents in the d-g axes are given as:
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Based on the above equations, the torque and rotor speed can be determined as follows:
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The three-phase stator voltages of the induction motor under balanced conditions can be expressed as:
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These three-phase voltages are transferred to a synchronously rotating reference frame in only d-g axis transformation (two-phase) using

the following two equations.
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The instantaneous values of the stator and rotor currents in the three-phase system are calculated using the following transformation for-

mulae [6-8].
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3. MATLAB/Simulink implementation

The three-phase induction motor model is implemented using the same sets of equations derived above and simulated using the
Matlab/Simulink. Figure2 below shows the complete Simulink model of the required induction motor.

Dynamic Simulation
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Fig. 2: The Complete Simulink Model of the 3-Phase IM Model.
4. MATLAB/Simulink sub system

A subsystem is a set of blocks that is replaced with a single subsystem block. As the model increases in size and complexity, it can be
simplified by grouping blocks into subsystems. As it is built there is a kind of established hierarchical order, where a Subsystem block is
on one level and the blocks that make up the subsystem are on another level. It has the advantage of keeping functionally related blocks
together and ultimately reduces the number of blocks displayed in the model window. The sub-models of the equations used in the com-
plete Simulink model are shown below:

Fig. 3: B) Sub-Model of Equations (6).
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Fig. 3: C) Sub-Model of Equations (7)
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Fig. 5: Sub-Models of Equations (11) — (14).
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Fig. 6: Sub-Model of Equation (16).
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Fig. 7: Sub-Model of Equation (15).
5. Analysis of the simulation results

In table 1, the parameters of the motor are presented followed by the graphical representation used for the analyses.

Table 1: Parameter for the Three Phase Squirrel Cage Induction Motor [7], [17]

Parameters Values
Rated Power 10Hp
Rated Line Voltage 400V
Supply Frequency 50Hz
Rated Speed 1440rpm
Inertia 0.0343Kg.m?
Number of Poles 4
Stator Resistance 0.7384Q
Rotor Resistance 0.7402 Q
Rotor Inductance 3.045mH
Mutual Inductance 0.1241H
Stator Inductance 3.045mH
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Fig. 8: Phase Current Against Time at No-Load.
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Fig. 9: Torque Against Time at No-Load.
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Fig. 10: Speed Against Time at No-Load.
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Fig. 11: Phase Current Against Time When Driving Load.



24 International Journal of Engineering & Technology

50
0 05 1 15 2 25

time (sec)
Fig. 12: Torque Against Time When Driving Load.
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Fig. 13: Speed Against Time When Driving Load.

With the application of the rated voltage, the current, torque and speed increases to a very high value (as shown in Figures 8, 9 and 10
respectively) and eventually returns to its rated values. This increase may be as a result of disturbances in the power lines and it is the
drawback of direct-on-line starting of the induction motor. Therefore, it is advisable to use a reduced voltage method of starting such as
star-delta, auto-transformer method, etc. to reduce these high values during starting [3]. In Figure 11 specifically, as the motor is loaded,
the tendency of the motor to respond to the loading will be such that more inertia will be exerted for the system to continue. At 0.12s, the
associated high current or surge dropped giving rise to steady state. However, the cases of Figure 11 and Figure 8 are different. The high
current shows that more work is done when the load is introduced than when it is not experiencing external load. From Figure 10 and
Figure 13, there is this attendant reduction in speed with the introduction of load. From Figurell, when a variable load is applied, the
phase current increases from 25A at 40N-m to 52A at 80N-m, the torque in Figure 12 also increases from 46N-m at 40N-m to 120N-m at
80N-m but in Figure 13, the speed decreases from 300rad/sec at 40N-m to 245rad/sec at 80N-m.

6. Conclusion

This work has presented the performance of the 10hp squirrel cage induction motor in response to the driven variable load. In terms of
the electromagnetic torque and rotor speed behaviors, the model which was simulated at no-load and at variable loads of 40N-m and
80N-m, gave satisfactory responses. It was found that at the initial stage of load introduction, the machine is capable of attempts to adjust
to new load-ability condition. With the proper incorporation of power semi-conductor devices, a better response is to be expected. The
results obtained would indeed provide vital information to the motor manufacturers, Plant Electrical Engineers and Engineering research-
ers on the motor performance with respect to its design.
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