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Chapter 9a AC Induction Motors  

Dr. Lutfi R. Al-Sharif (Rev 3.0, 14/1/2010) 
 

1. PRINCIPLE OF OPERATION 
The principle of operation of the induction motor is based on generating a rotating 
constant magnetic field.  Within a 3 phase motor, this is achieved by orientating the 
three coils 120 physical degrees apart in space, and imposing 3 phase voltages on 
the windings also separated in time by 120 electrical degrees.  As will be shown later, 
this results in a constant amplitude magnetic flux rotating at the frequency of the 
supply for a two pole motor. 
 
This rotating magnetic field interacts with a set of conductors arranged on the rotor, 
and short circuited at the ends with two rings.  These are shown in Figure 1, and as it 
looks like a squirrel cage, it gives the motor its name (Squirrel cage induction motor, 
SCIM).  This interaction between the magnetic field and the conductor induces a 
current in the bars.  This induction action is what gives the motor its names, and 
makes it similar to the transformer action, in the fact that a voltage is induced into the 
rotor (sometimes called secondary) by current flowing in the stator (sometimes called 
the primary).  A current flows in the conductors of the rotor, through the short 
circuiting rings at the end.  This current in turn produces a magnetic field.  It is the 
interaction between the rotor magnetic field and the squirrel cage bars that induces 
the torque and causes rotation. 
 

 
Figure 1:  Squirrel cage rotor construction. 

1.1 The rotating magnetic field (graphical approach) 
The concept of a rotating magnetic field can be illustrated graphically as follows.  
Each of three coils for each phase is fed with an alternating current.  The three 
phases are 120 degrees spaced electrically.  The current induced in each phase will 
a magnetic field intensity, H, and this in turn will cause a flow of magnetic flux, 
leading to a value of magnetic flux density, B.  The relationship between these two 
parameters is the permeability of the material, µ. 
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Figure 2:  Physical orientation of the three magnetic fields. 

 
The orientation of three magnetic fields is shown in Figure 2, and the electrical time 
diagram of the waveforms is shown in Figure 3. 
 

 
Figure 3:  Graphical plot of the three phase waveforms. 

 
By inspecting Figure 2 and Figure 3 the following is noticed: 
 
1- At 0°, the R waveform (or U waveform) is zero; the S waveform (or V waveform) 

is  of Vmax; and the T waveform (or W waveform) is  of Vmax.  Although 

Figure 2 shows the orientation of the three fields generated at 120°, they will not 
reach their maximum positive values at the same time as shown in the diagram.  
When plotted vectorially, the T waveform, is plotted in its positive direction (i.e., 
pointing south-east, while the S waveform is plotted in its negative direction 
(i.e., north-east).  The resultant magnetic field is a vector pointing to the right, as 
shown the figure here. 
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2- At 60°, the T (or W) waveform is zero, the R (or U) waveform is  of Vmax; 

and S (or V) is  of Vmax.  In the same way, the three quantities can be 

plotted on a vectorial diagram, and the resultant vector plotted (which in this 
case point to 60° to the horizontal). 

 
 

By following the same procedure for angles 120°, 180°, 240°, 300°, it can be seen 
that the resultant vector is a constant vector rotating at the same frequency of the 
supply voltage.  This is shown in Table 1. 
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Table 1:  Graphical plotting of the resultant magnetic field inside a two pole stator. 
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INTERLUDE 
ELECTROMAGNETIC CIRCUITS 

 
The two basic quantities in magnetic circuits are the magnetic field intensity, usually 
denoted as H, and the magnetic flux density, usually denoted as B.  In a magnetic 
circuit, H represents the magnetic driving force (similar to voltage in an electric 
circuit), and B represents the flow of magnetic flux (similar to current in an electric 
circuit).  The value of resulting B in a circuit for a specific value of H represents the 
property of the material to pass magnetic flux, called permeability, and is denoted by 
the Greek symbol µ.  However, this relationship is not linear, and suffers from 
saturation at some point, as shown in Figure 4. 
 

 
Figure 4:  Relationship between B and H for a magnetic material. 

 
 

1.2 The rotating magnetic field (analytical approach) 
In the last sub-section, it was shown graphically that the resultant magnetic field has 
a constant magnitude and rotating at the frequency of the supply, for a two pole 
machine.  In this sub-section, the same result will be proved using an analytical 
approach. 
 
If we assume that the three resulting magnetic fields, can be represented in time as 
follows: 
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The orientation of the three fields has been plotted on an x-y plane to help with the 
following derivation, as shown in Figure 5. 

 
Figure 5:  Orientation of three fields plotted on an x-y plane. 

 
By resolving each of the three magnetic fields in the x direction gives: 
 

 

 
By noting that: 
 

 
 
...the above equation can be expanded, as follows: 
 

 

 
Carrying out the same procedure for the y axis, gives: 
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If we assume that is a unit vector in the direction of the x axis, and that is a unit 
vector in the direction of the positive y axis, then the tip of the magnetic field can be 
expressed as: 

 
 
From this result, it can be proved that the resultant vector, which is the summation of 
x(t) and y(t), is actually a rotating constant length vector.  To prove this, it is important 
to remember that the equation for a circle is: 
 

 
 
Where R is a constant, and is equal to the radius of the circle.  In the same is can be 
shown that: 
 

 
Noting that adding the square of the sin to the square of the cosine is always 1. 
 
 

2. SYNCHRONOUS SPEED AND SLIP 
The speed at which the magnetic field rotates is called the synchronous speed.  This 
is the maximum speed that the rotor can rotate at.  In fact, it is a theoretical 
maximum, because if the rotor rotated at that speed, no interaction will take place 
between magnetic field and the rotor, and thus no torque will be induced.  For this 
reason, the rotor will usually rotate at a speed slightly below the synchronous speed.  
This difference between the actual speed and the synchronous speed is called the 
slip. 
 
The number of coils from each phase in the stator decides the number of poles in the 
machine, and thus the synchronous speed.  Figure 6 shows a two pole machine, 
where each phase has one four coils for each pole.  The Figure also shows the 
orientation of the resulting magnetic fields. 
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Figure 6:  A two pole machine, showing the coils of the three phases and the resulting 

magnetic fields. 

 
If each phase is fitted with two coils, and they are separated equally around the 
stator, as shown in Figure 7, then the magnetic field will rotate at half the original 
physical speed, at the same electrical frequency.  As shown in the figure, the 180 
physical degrees correspond to 360 electrical degrees.  Thus, the larger number of 
poles, result in a lower physical synchronous speed, and thus a lower running speed 
of the motor. 
 
From this it can be seen that the synchronous speed is proportional to the frequency 
and inversely proportional to the number of poles. 
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Figure 7:  A four pole machine, showing the relationship between electrical degrees and 

physical degrees. 

 
In the following sub-sections, we examine the synchronous speed in more detail, and 
look at the frequency of current in the rotor. 
 

2.1 The slip and the synchronous speed 
As discussed earlier, the rotor will run at a speed slightly less than the synchronous 
speed.  The rotating magnetic field is rotating at the synchronous speed.  This leads 
to a relative speed between the magnetic field and the rotor, which is termed the slip. 
 
As discussed earlier, the synchronous speed of an induction motor is: 
 

 

 
The synchronous speed is the speed at which the magnetic field is rotating.  The 
rotor could be rotating at a lower speed, usually referred to as n.  The difference in 
speed between the synchronous speed and the actual rotor speed, is referred to as 
the slip, s.  The slip is represented in several ways.  One of those is to express it as a 
percentage of synchronous speed: 
 



Chapter 9a:  AC Induction Motors 0908531 Mechatronics System Design 
 

Source URL: http://www.ju.edu.jo/sites/Academic/l.sharif/Material/Forms/AllItems.aspx  
Saylor URL: http://www.saylor.org/courses/me302 
 
Attributed to: [Dr. Lutfi R. Al-Sharif]   www.saylor.org 
   Page 10 of 10 

 

 
The slip effectively represents the relative motion of the rotor in relation to the 
magnetic rotating field.  It is thus proportional to the induced voltage into the rotor 
from the stator. 
 

2.2 The frequency of the current in the rotor 
The frequency of the currents and voltages in the rotor, is scaled down by the value 
of the slip.  If the motor is at standstill, the frequency in the rotor is equal to the 
frequency in the stator; if the motor is running exactly at synchronous speed, the 
frequency is zero.  In general, the frequency of voltage and current in the rotor is: 
 

 
 
Figure 8 shows a diagram illustrating the interaction between the rotating magnetic 
field and the rotor. 
 

 
Figure 8:  The interaction between the rotating magnetic field and the rotor. 

 

3. POWER LOSSES IN AN INDUCTION MOTOR 
As in any machine, there are losses incurred within the motor before useful power is 
delivered at the shaft.  The total power into the machine is: 
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The first loss encountered is the stator copper losses, referred to as SCL: 
 

 
 
Where, IS is the stator current, and R1 is the equivalent stator resistance. 
 
Eddy current losses and hysterisis losses in the core are collectively called core 
losses, and referred to as PC. 
 
Subtracting the stator copper losses and the core losses from the input power gives 
the so-called air gap power.  This is the power transferred across the air gap to the 
rotor.  Some of this power is used as rotor copper losses.  The power left is 
converted to mechanical power and is thus termed converted power, Pconv.  From this 
is subtracted the rotational losses, which include friction and windage losses.  This 
leaves the output power. 
 
These powers are shown diagrammatically in Figure 9. 
 

 
Figure 9:  Power relationships in an induction motor. 

 
The power relationships in the induction machine can be summarised by the 
following equation: 
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Example 1 
A 415 V 35 kW three phase induction motor draws 64 A at 0.85 PF lagging.  The 
stator copper losses are 1.5kW, and the rotor copper losses are 600 W.  The friction 
and windage losses are 500 W, and the core losses are 1200 W.  Calculate the 
following: 
 
(a)  The air gap power PAG. 
(b)  The converted power. 
(c)  The output power. 
(d)  The efficiency of the motor. 
 
Solution 
The input power to any three phase load, is: 
 

 
Where: 
V is the terminal voltage, 
I is the line current, 
and cos(θ) is the power factor of the load. 
 
Thus, the total input power to the motor is: 
 

 
 
Notice that the input to the motor is higher than the rating of the motor.  This is due to 
the losses within the motor.  The rating of the motor is usually the output it will 
deliver. 
 
Using Figure 9, it can be seen that the air gap power, is the input power less the 
stator copper losses and the core losses. 
 

 
 
Thus, the air gap power is: 
 

 
 
The power converted, which is mechanical power, is equal to the air gap power less 
the rotor copper losses: 
 

 
 
Note that the rotor copper losses are also equal to the air gap power multiplied by the 
slip: 
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Thus, the converted power, is equal to: 
 

 
 

This converted power is used to overcome friction and windage losses, and the rest 
is the useful power at the output shaft of the motor, which is the output power: 
 

 
 
The efficiency of the motor, is the output power divided by the input power: 
 

■ 

 
4. Derivation of speed torque equation for an induction motor 
The model of an induction motor (with the rotor components reflected onto the stator) 
is shown in the figure below. 
 

Figure 10:  Model of the induction motor. 

 
This model can be approximated by moving the magnetisation reactance and core 
losses resistors to the left nearer to the voltage source. 
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Figure 11:  Approximate induction motor model. 

 
Based on the approximate model in the figure above, the formula for torque in an 
induction motor, at a fixed frequency can be calculated as follows: 
 

 

 

 
The air gap power is equal to the rotor copper losses and the converted mechanical 
power: 

 

 

 
But the converted power is equal to the torque multiplied by the rotational speed: 
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This gives us the torque per phase.  Substituting the value of I in the equation above, 
and multiplying by 3 to find the total torque, gives us: 
 

 

 
Where: 
V is the rms value of the voltage per phase; 
R1 is the primary resistance; 
R2 is the secondary resistance; 
X1 is the primary reactance at rated frequency; 
X2 is the secondary reactance at rated frequency; 
s is the slip; 
ωsynch is the synchronous speed in rad/s. 
 

5. TYPES OF INDUCTION MOTORS 

5.1 Squirrel Cage induction motor 
Sometimes referred to as SCIM, this is the workhorse of the modern industry.  It is 
robust; virtually maintenance free, and with the advent of modern power electronics, 
can be used to deliver excellent speed torque performance. 
 

5.2 Slip ring induction motor (Wound rotor induction motor) 
Sometimes referred to as WRIM, this motor has slip rings which connect to the 
wound rotor.  Resistors are sometimes used in series with the rotor, to improve 
starting characteristics. 
 

5.3 Double cage induction motors for lifts 
Lifts require high starting torques, and for this reason the standard squirrel cage 
motor is not suitable.  The speed torque characteristic of a standard induction motor 
can be improved by using two cages, one with high rotor resistance and one with low 
rotor resistance.  By adding the two speed torque characteristics of both, a high 
starting torque characteristic results, as shown in Figure 12.  All lift motor today are 
double cage rotors.  The use of variable voltage variable frequency drives might 
change the need for double cage rotors, as these drives provide good starting torque 
characteristics even from standard motors.  
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Figure 12:  Speed-torque characteristic for a double cage rotor induction motor. 
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Problems 
1- Discuss the principle of operation of the three phase induction motor.  What are 

the advantages and disadvantages of the AC induction motor compared to the 
DC motor. 

 
2- The direction of rotation of a 3 phase induction motor can be reversed by 

interchanging any two phases.  By following the same method in the Chapter 
used to prove that the resultant magnetic field is constant and rotating, prove 
that the magnetic field will rotate in the opposite direction if any two phases are 
reversed. 

 


