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Abstract. This paper examines the proper application  of  
three-phase induction motors when supplied by unbalanced and 
harmonics voltage.  The proposed is show that a poor power 
quality voltage have bad effects over the motor performance: 
loss, temperature rise, rated horsepower, efficiency , magnetic 
noise and reliability. Finally this paper present 
recommendations in order to increase the reliability of  
inductions motors operations. 
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1. Introduction 
 
Motor-driven systems use two-thirds of the total 
electricity consumed by industry.  By other side the 
increasing emphasis on overall power system efficiency 
has result in a continued  growth in the application of 
devices such as high-efficiency, adjustable-speed motor 
drives and shunt capacitor for power factor correction to 
reduce loss. This is resulting in increasing harmonic 
levels on power system.  Being the induction motor the 
most popular one in the industry, it is very important to 
carry out studies about the effects of power quality in the 
efficiency and reliability of three-phase induction motors.  
 
The paper present the proper application  of  three-phase 
induction motors when supplied by unbalanced and 
harmonics voltage, the effects of unbalanced voltage and 
harmonics voltages over efficiency and other operations 
characteristics are presented. The proposed is show that a 
poor power quality voltage have bad effects over the 
motor performance: loss, temperature rise, rated 
horsepower, efficiency , magnetic noise, current in 
bearings and reliability. Finally this paper present 
recommendations in order to increase the reliability of  
inductions motors operations. 

 
2. Influence  of Unbalanced Voltage 
 
When the line voltages applied to a three-phase induction 
motors are no equal, unbalanced currents in the stator 
windings will result. The effect of unbalanced voltages 
on induction motors is equivalent to the introduction of a 
“negative-sequence voltage”  having a rotation opposite 
to that occurring with balanced voltages. This negative- 
sequence voltages produces an air gap flux rotating 
against the rotation of the rotor, tending to produce high 
currents.  
 
Each set of positive and negative sequence voltages 
produce corresponding balanced currents  in the 
induction motors and the synthesis of the two sets of 
current vectors represents the actual currents produced in 
the three stator phase by the original unbalanced 
voltages. 
 
The behaviour of the machine to the positive sequence 
voltage is essentially the same as normal balanced 
operation. The negative sequence currents, however set 
up a reverse field, so that if the rotor slip is s with respect 
to the positive sequence field, it will be (2-s) relative to 
the negative sequence field. The equivalent circuits of the 
induction motors for each sequence are presented by 
many authors, (e.g. [6], [12]). The motor behaves as the 
addition of two separate motors, one running at slip s 
with terminal voltage equal to positive sequence voltage 
and the other running with a slip of (2-s) and a terminal 
voltage equal to negative sequence voltage. With this 
model it is easy to see that the flux of negative sequence 
is running at a speed that is approximately twice the 
synchrony speed  respect to rotor, then the loss in the 
rotor core are increase significantly.   
 
The equivalent circuit permit to explain why the motor 
torque is decrease. The positive sequence torque 
resembles the torque of an induction motor operating 
from a balanced supply. The counter rotating field 
produced by the negative sequence currents produces a 



negative torque. The magnitude of the negative sequence 
is not negligible, so that the net shaft torque produced by 
the machine will be somewhat less than that produced by 
balanced  supplied.   
 
 
A. Definitions of Voltage Unbalance 
 
The definition of voltage unbalance used by academic 
community is the ratio of the negative sequence voltage 

2abV to the positive sequence voltage 1abV .  
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This definition is adopted by IEC 60034-26, [8].  
 
For a set of unbalanced voltages, cabcab VVV ,,  the 
positive and negative sequence voltages 1abV  and 

2abV are given by 
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where  866.05.0 ja +−=  and  866.05.02 ja −−=  
 
 
However the NEMA Standard MG1.1993 and the IEEE 
community use the following definition: 
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NEMA definitions avoid the use of complex algebra. 
However both definitions give different results. 
 
For example if the three unbalanced line to line voltages 
are:

°∠=°−∠=°∠= 130405,44.1216.363,0450 cabcab VVV  
 
Then the positive sequence voltage 1abV is 89.2625.404 ∠  
and the negative sequence voltage  2abV  is 

98.23217.50 −∠ . Then  using the IEC definition, 
equation(1),  the % unbalance is : 

%41.12100
625.404

217.50% =∗=unbalancevoltage    

 
But if we use the NEMA definition, equation (2),  the 
average voltage is 406.2 and the maximum voltage 
deviation from average voltage is 450-406.2=43.8. Then 
the % unbalance is: 

%78.10100
2.406
8.43% =∗=unbalancevoltage    

 
Then we observed that there are a different results when  
we use each one of definition. An extensive analysis 
made by Pillay [12], revealed that the differences in the 

definitions do not result  significant differences when 
operated by unbalanced supplies in the 5% range. 
  
      
B.  Effects on Rated Horsepower 
 
A small percentage voltage unbalance will result in a 
much larger percentage current unbalance, then the 
temperature rise of the motor operating at a particular 
load and percentage voltage unbalance will be greater 
than for the motor operating under the same conditions 
with balanced voltages. 
 
Voltages preferably should be evenly balanced as closely 
as can be read on a voltmeter. Should voltages be 
unbalanced, the rated horsepower of the motor should be 
multiplied by the factor shown in Fig.1 to reduce the 
possibility of damage to the motor. If the unbalance is 
1% there is not problem, if the unbalance is 2% the 
derating factor will be 0.96, but if the unbalance is 5% 
the derating factor will be 0.76. Then the operation of the 
motor above a 5-percentage voltage unbalance condition 
is not recommended. 
 

 
Fig.1 Derating of  Rated Horsepower. 

 
 
 

C. Effects on others Operations Characteristics  
 
In previous  works, several authors and organism  
([3],[6],[8],[11]) given the negative effects of unbalanced 
voltage on operations characteristics.   
 
The locked-rotor and breakdown torque are decreased 
when the voltage is unbalanced, then if the voltage 
unbalance should be extremely severe, the torques might 
not be adequate for the application. 
 
The full-load speed is reduced slightly when the motor 
operates at unbalanced voltages. 
 
The locked- rotor current will be unbalanced to the same 
degree that the voltages are unbalanced, but the locked-
rotor KVA will be increase only slightly. 
 
The currents at normal operating speed with unbalanced 
voltages will be greatly unbalanced in the order of 
approximately 6 to 10 times the voltage unbalance.  
 



 
3. Influence of  Waveform Voltage 
 
When the waveform voltage supplied to induction motors 
is distortion then the wave voltage have harmonics 
voltages components. Harmonic voltage distortion at the 
motor terminals is translated into harmonic fluxes within 
the motor. Harmonic fluxes do not contribute 
significantly to motor torque, but rotate at a frequency 
different than the synchronous frequency, basically 
inducing high-frequency currents in the rotor. Thus, the 
harmonics voltages influence on loss, temperature rise, 
rated horsepower, efficiency and life time of bearing . 
 
By other side, harmonics currents are introduced when 
line voltages applied to a induction motor include 
harmonics voltages components.   
 
The speed of the synchronous rotating field of the 
induction motor stator is 1)/4( fpπ  where p is number of 
poles and f1 is the rated frequency.  For a slip s, the rotor 
speed is thus )1()/4( 1 sfp −π and the frequency of the 
rotor currents is  1fs   . 
 
The harmonics of stator currents produce harmonics of 
m.m.f. and these induce other  harmonics in the rotor 
depend of speed. Thus: 
A harmonic of order n in the rotor m.m.f. travels at a 
speed  )/)/4( 1 nfspπ±  with respect to the rotor. And 
travels at a speed )/)/4()1()/4( 11 nfspsfp ππ ±−  with 
respect to the stator. This harmonic induces an e.m.f. in 
the stator at a frequency equal to ( ){ }11 ±− nsnf , the 
positive sign being taken when the harmonic rotor m.m.f. 
travel in the opposite direction to the fundamental. 
 
 
A. Definition of Harmonic Voltage Factor (HVF) 
 
The harmonic voltage factor (HVF) is defined as follows: 
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Where: 
n = order of odd harmonic, not including those divisible 
by three. 

nV = the per-unit magnitude of the voltage at the n th 
harmonic frequency. 
 
For example if the line voltage have harmonics voltages 
component with per-unit voltages of 0.10, 0.07, 0.045 
and 0.036 ocurring at the 5,7,11, and 13th harmonics, 
respectively, the value of the HFV is: 
 

0546.0
13
036.0

11
045.0

7
07.0

5
1.0 2222

=+++=HVF       

 
The definition about the HVF give in the NEMA 
Standard MG1 [9], is the same that the HVF definition 
give by IEC [7]. 

 
A. Effects on Temperature Rise and Rated Horsepower 
 
The effect of harmonics on motor losses should consider 
the subdivision of losses into windage and friction, stator 
copper loss, core loss, rotor copper loss, and stray loss in 
the core and conductors, and the effect of harmonics on 
each of these components.  
 
The effective rotor and stator leakage inductance 
decrease and the resistance increases with frequency. The 
rotor resistance may increase four to six times dc value 
while leakage reactance may reduce to a fraction of the 
fundamental frequency value. The stator copper loss 
increases in proportion to the square of the total harmonic 
current plus an additional increase due to skin effect at 
higher frequencies. Major loss components influenced by 
harmonics are stator and rotor copper loss and stray 
losses.  
 
The increase in losses will also result in an increase in 
motor temperature and a decrease in the rated horsepower 
of motor. To avoid motor overheat, its rated horsepower 
should be also reduce  so as to maintain the temperature 
within thermal class limits. 
 
According to NEMA MG1.1993 Part 30 [11], it is 
possible to relate motor horsepower reduction, called 
Derating Factor (DF), with HVF in the graphic of figure 
2.      
 

Figure 2. Derating Factor with HVF 
 

If the voltage supplied to induction motors have a HVF 
equal to 3% there is not problem, if the HFV is 5% the 
Derating Factor (DF) will be 0.97, but if the HVF is 11% 
the DF will be 0.75 then the horsepower will de reduce in 
25% . Then the operation of the motor with a VHF above 
5% is not recommended. 
 
 
B. Effects on the Efficiency 
 
The efficiency of an induction motor when the voltage 
supplied have harmonics voltages components is reduced 
due to increase in loss caused by harmonics currents 
present in the motor winding. In order to estimate new 
efficiency of the motor as a function of the Derating 
Factor, the following formula is used. 
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η   is the motor efficiency used on a sinusoidal bus. 

cη   is the motor efficiency when the voltage supplied to 
motor have harmonics components. 
 
 
C. Effects on Bearing Due to Bearing Currents 
 
There are at least three mechanisms of bearing current 
generation, each mechanism may or my not occur, 
depending on the bearing electrical characteristics.  The 
mechanism are: bearing current due to discharge of 
airgap capacitor, bearing current due to dv/dt in common 
–mode voltages, and circulating bearing current due to 
magnetic flux resulting from zero sequence harmonics 
currents. The first two mechanisms are directly relate to 
the common-mode voltage and appear when the motor is 
operated by pulsewidth modulation (PWM) inverters. In 
this paper we only explain the third mechanism. 
 
The zero sequence harmonics currents, n = 0, 3, 6, 9,  etc. 
have a same characteristic,  they come from the three 
motor input terminals and are in phase in the time. 
Therefore, the sum all three phase currents supplied to 
the motor must not be zero, but equal to the total zero 
sequence current. This zero sequence currents will be 
produce a net flux enclosing the motor shaft. 
Consequently, a back e.f.m. will be induced in the 
conductive loop formed by the shaft, the bearing and the 
stator enclosure, as show in Figure 3.    The e.f.m. is 
usually very small, in the millivolt range, however when 
the impedance of this loop is sufficiently low, a 
circulating current will pass through the bearings.  
 
 
 
 

 
Fig. 3. Path of circulating bearing currents due to flux 

linkage caused by zero sequence harmonics 
current. 

 
A study realized by Macdonal [4] say that if shaft 
voltages exceeding 300mV require one bearing of the 
motor to be insulated to prevent circulating current 
damage to the bearing. Normally the opposite drive end 
(ODE) bearing is chosen, because if the drive end (DE) is 
insulated, the load can provide an electrical path that 
completes the loop to allow current to flow. 
 

4.  Conclusion 
 
In order to calculate the horsepower derating of motor 
produced by unbalanced voltage, it is advise to apply the 
IEC equation to calculate de percentage unbalanced 
voltage. However the differences in the definitions do not 
result in significant derating differences when operated 
by unbalanced supplies in the 5% range. 
 
It is not recommended the operation of the induction 
motor above  2%  of  voltage unbalance. If the unbalance 
voltage is above 2% the rated horsepower must be 
derated. It is dangerous to the motor if the unbalanced 
voltage is 5%  or more. 
 
The unbalanced currents could be caused also by a  rotor 
problem. But if the rotor is good, in the locked-rotor test, 
the locked-rotor current will be unbalanced to the same 
degree that the voltages are unbalanced. 
 
It is not recommended the operation of the induction 
motor if the HFV is more than 5%. If the HFV above 5% 
then the rated horsepower must be derated. Remember 
that with  a HVF of 11%  rated horsepower will be 
reduce in 25% .  
 
Shaft voltages exceeding 300mV require one bearing of 
the motor to be insulated to prevent circulating current 
damage to the bearing. It is strongly recommended to use  
the opposite drive end (ODE) bearing. 
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