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ABSTRACT The search for more competitive equipment in the global market has led to the implementation
of new materials and technologies in the search for greater energy efficiency. This is certainly a guideline
followed by the electric motor industry that has introduced new technologies in rotating machines, such
as the permanent magnet motor, evolving into increasingly efficient motor classes. However, subjecting
these efficient motors under nonideal electric grid power conditions, such as voltage unbalance, can cause
these efficient machines to generate additional distortions in the voltage and current waveforms, which in
turn not only affect the performance of electric motors themselves but also that of the electrical system
in general. This work presents a comparison between energy efficiency gain and the corresponding power
quality degradation through a detailed harmonic analysis of the effects of voltage harmonics and voltage
unbalance in three 0.75-kW electric motors classes: IE2, IE3, and IE4, The results show that for increasing
percentages of a specific harmonic distortion, other harmonics are also increased in the higher efficiency
electric motors sample analyzed, and similar responses were also observed for large percentages of voltage
unbalance, mainly in the line-start permanent magnet motor class IE4. The results achieved are interesting
but rigorously reflect only the tested motor sample and cannot be generalized to all motors, in other power
ranges, of the respective motor classes tested. For generalization, exhaustive tests must be accomplished to
formulate general conclusions according to the electric motors’ classes commercially available.

INDEX TERMS Power quality, power system harmonics, voltage unbalance, energy conversion, electric
motors, permanent magnet motor, energy efficiency, public policy, economics, industry applications.

I. INTRODUCTION
Over the years, the interest in implementing energy efficiency
actions has been adopted by many countries, in search of
a green and sustainable future. Different national and inter-
national programs have implemented actions promoting the
search for greater operational efficiencies [1]–[3]. Actions
include energy performance certificates, minimum energy
performance requirements, mandatory energy audits, and
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financing for energy efficiency investments [4]–[6], among
others.

Technological advances have also allowed new loads
(devices, electric motors, etc.) to be more efficient, through
improvements in materials, manufacturing processes, as well
as the introduction of new technologies.

From the end user’s point of view, the main benefits
of energy efficiency actions in equipment must be seen
from the economic point of view through the reduction of
the energy bill, as well as more reliability and tolerance
than less efficient technologies. This justifies the fact that
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the new equipment are built based on the efficiency, mea-
sured through experimental tests in certified laboratories, and
through which different efficiency categories are defined.

Regarding electric motors, the reference parameter is effi-
ciency, first classified by IEC 60034-30-1 [7] in 2008. Cur-
rently, four efficiency classes are defined by the standard,
i.e., IE1, IE2, IE3, and IE4, and it is expected that the next
edition defines the IE5 efficiency class. From this classifi-
cation, manufacturers have presented different proposals to
achieve ever greater efficiencies in electric motors. Stud-
ies comparing different technologies in electric motors have
been presented in [8]–[12], synchronous reluctance motors,
permanent magnet motors and copper rotor motors are the
main alternatives to achieve higher efficiencies [13]. These
new technologies present constructive variations in relation
to their predecessors, as well as new components, such as
permanent magnets, which respond differently to the distur-
bances present in electrical systems.

Given the greater efficiencies in electric motors, as a
result of the implementation of new technologies, studies
comparing different efficiency classes have been presented
in [14]–[18], the economical, technical and ecological bene-
fits as well as the main operational challenges are discussed
in these works.

A study presented in 1997 reveals that harmonics caused
approximately 17% of the disturbances in demand-side elec-
trical systems [19]. Currently, a greater number of non-
linear loads are present in electrical systems due to the
growth of electronic devices. Harmonics impacts not only
depend on their magnitudes and orders in the electrical
supply waveform but also on the type of load connected.
Voltage harmonic distortion in the motor supply leads to
additional harmonic losses in the rotor and stator, torque
reduction, noise, slippage, and mechanical vibrations, all
of which contribute to the increase in the motor’s internal
temperature, particularly in the windings and core of the
stator [15], [20]–[23].

On the other hand, the effects of high-frequency harmon-
ics on losses have been analyzed in [24], highlighting how
high-frequency harmonics result in additional increases in
rotor and total losses as well as an increase in noise during
operation which in turn decrease induction motors (IM’s)
life. In [25], it is commented as these harmonics do not
depend on the percentage of motor load, other disturbance
present in all electrical systems is the voltage unbalance, and
whose negative impacts can result in a decrease in the useful
life of electrical equipment. Electric motors are also a load
sensitive to voltage unbalance, which can also be accompa-
nied by voltage magnitude variations. Studies relating both
phenomena and their negative impacts on electric motor’s
torque, power factor, and efficiency have been presented
in [14], [16], [26]–[32].

Other works presented in [33]–[35] have also considered
complex voltage unbalance, which, unlike scalar unbalance,
results in additional impacts such as torque pulsation and
increased losses.

The simulation and validation have also been presented
in [36], [37], where it is observed how the presence of voltage
unbalance results in increases in losses and consequently a
reduction in the useful life of themotor. The impact of voltage
unbalance and harmonics in the electrical power systems and
equipment has been presented in [20], [21], [38]–[40], where
equipment malfunction, temperature increases, and reduction
of useful life are the most considerable impacts, while those
related to the impacts on power quality have been presented
in [15], [16], [38].

Although the impacts of voltage harmonics (VH) and/or
voltage unbalances (VU) on IMs have already been exten-
sively investigated, the focus is mainly on performance and
temperature analysis, and few works address the impacts
of these phenomena on the increase or appearance of new
harmonics in the input waveform of induction motors without
a rigorous analysis of its own impacts on power quality.
In addition, new scenarios arise with the introduction of
new technologies as future substitutes for the conventional
induction motor, such as the permanent magnet motor, which
changes the paradigm of the conventional induction motor
and its operating characteristics.

The introduction of new technologies translates into lower
consumption and greater savings, making the substitution
between technologies attractive. Given this scenario, studies
on the performance of new technologies such as the line-start
permanent magnet motor must be carried out to evaluate the
advantages and points to consider in large-scale uses.

In this sense, this work presents a comparison between
energy efficiency gain and power quality degradation related
to electric motors. To that end, laboratory experimental tests
on three 0.75-kW induction motors belonging to classes IE2,
IE3, and IE4 were analyzed under ideal operating conditions,
as well as in the presence of voltage harmonics and voltage
unbalance with under- and overvoltage, with special focus
on the harmonics generated by each disturbance. The results
revealed that, for the motors sample analyzed in this work,
the more efficient motors are more sensitive to disturbances
in the electrical systems, also behaving as sources of ampli-
fication of existing harmonics in the presence of these distur-
bances, with which the doubt arises: Are the most efficient
motors less efficient in power quality terms?

II. ENERGY EFFICIENCY POLICIES
A. INDUCTION MOTORS ENERGY EFFICIENCY POLICES
Minimum Energy Performance Standards (MEPS) defines
the minimum efficiency class to be manufactured and mar-
keted based on national and energy targets. In Brazil, the min-
imum efficiency level for electric motors fromAugust 2019 is
the IE3 class. Despite commercially existing proposals in the
world to achieve higher efficiency classes, there is a global
consensus that the IE3 class is the appropriate efficiency class
at this time.

The main actions used to encourage the more efficient
motors in new installations as well as the replacement
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FIGURE 1. Steps toward the implementation of energy efficiency actions
on induction motor policies.

of old/non-efficient motors are listed below and depicted
in Figure 1.
• The creation of global standards such as IEC 60034-
30-1 and NEMA [29] to globally classify the efficiency
classes in IMs and define the minimum efficiency levels
to be within the classification [1], [7].

• The establishment of economic and environmental
objectives to be met in defined periods for the correct
implementation ofminimum efficiency requirements for
electric motors in accordance with national emission and
energy reduction targets.

• The establishment of local regulations and policies
by governments that define the minimum efficiency
requirements as well as their classifications through
departments destined for that purpose [1], [5], [41].

• The allocation of funds for the granting of incen-
tives, through bonus to reduce the initial value of new
motors, for the replacement of old/non-efficient motors
or the purchase of new electric motors, as well as for
research projects and development for the improvement
of materials as well as the study of new technolo-
gies [6], [42], [43].

• Industry plays a key role in obtaining results. It must
be the focus of regulations, motivating this sector to
implement new more efficient technologies, as well as
energy efficiency actions.

• The implementation of training and technical advice on
the best paths to greater efficiencies as well as constant
monitoring and verification.

• The constant verification and updating considering the
results obtained, the definition of new routes toward
greater efficiencies, considering the new technologies
present in the market and updating the standards accord-
ing to the indicators.

B. PROCESS TOWARD MORE EFFICIENT MOTORS
Modernization of industrial processes has also required
more efficient drive systems. Different manufacturers offered

higher efficiencies for the same nominal power, due to the
materials and processes used in the construction of these
rotative machines. However, it was not until 2008 that the IEC
defined three efficiency classes, namely, IE1, IE2, and IE3.

The motors that did not reach the efficiency class IE1 were
classified as IE0 and called unregulated motors, which by the
year 2000 represented 80% of global electricity consumption
by electric motors. With the implementation of policies and
regulations that promoted the substitution between technolo-
gies, as well as the end of their useful life, this percentage
went to be 30% of energy consumption in 2017. However,
in this year, consumption by electric motors seems to be
twice that of the year 2000 with which the IE0 class motors
consumption in 2017 was two-thirds of those that existed
in the year 2000, and there are still many opportunities for
substitution.

In 2014 the efficiency class IE4 was defined, with which
efficiencies greater than 96% can be obtained with IMs.
When these classifications were defined, the manufacturers
understood that they would have to go beyond conventional
induction motors to get higher efficiencies, and in this way
new technologies were explored and perfected, coming up
with proposals such as a copper rotor motor, the synchronous
reluctance motor, and the permanent magnet motor, the latter
present in this study.

FIGURE 2. High efficiency motors comparison: (a) Phase b total current
and (b) total power in IE2, IE3 and IE4 class motors [16].

C. COMPARISON BETWEEN TECHNOLOGIES
To compare the economy between technologies, measure-
ments were made under the same nominal load conditions,
considering the three 0.75-kW electric motors sample men-
tioned previously, which belongs to the efficiency classes IE2,
IE3, and IE4. Figure 2 shows the total current and power of
each technology. It is observed how the LSPMM presents
decreases of 14% and 5% in relation to the total current and
of 17% and 6% in relation to the total power comparing with
IE2 and IE3 class motors, respectively.

Even though the only constructive difference between
these technologies is the permanent magnets in the rotor,
the IE4 class permanent magnet motor presents the lowest
currents and consumption of the three technologies analyzed.
Permanent magnets influence both in the reduction of the
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total current, by reducing the magnetization current due to
the magnetic field of the magnets and consequently total
consumption. Moreover, synchronous operation results in
lower rotor losses and therefore lower internal and external
temperatures.

However, permanent magnets result in a more distorted
current waveform, as shown in Figure 3, compared with
SCIM. The predominant current harmonics found in the
LSPMM are those of the 3rd, 5th, 7th, 17th, and 23rd orders,
while for the IE2 and IE3 class motors, the current harmonic
content presents small percentages of 3rd and 7th orders
resulting in a visibly lower total distortion rate, as depicted
in Figure 4. It is observed how the LSPMM presents a
higher current total harmonic distortion when compared to
the IE2 and IE3 class motors.

FIGURE 3. Voltage (up) and current (down) in phases A-B-C for
(a) IE3 SCIM and (b) IE4 LSPMM [16].

FIGURE 4. Total harmonic distortion of current for IE2, IE3, and IE4 class
motors [16].

The implementation of high-quality materials translates
into higher initial costs; however, the initial cost represents
less than 5% of the operating cost of the electric motor
during its useful life. To better analyze the efficiency of
electric motors, estimates were made from the recorded mea-
surements presented in Figure 2, as well as the initial pur-
chase and operating costs throughout the useful life of each
motor, aiming to compare them from an economic and power
quality points of view, as presented in Figure 5 (a), so the
economy with the purchase of electric motors with different
efficiency classes must be observed considering the reduction
in consumption and the estimated useful life according to the
motor’s nominal power.

Figure 5 (b) shows a detailed comparison between ini-
tial cost, operational costs throughout its useful life, and its

impact on power quality for the three 0.75-kW, IE2, IE3,
and IE4 electric motors classes, considering the consumption
measured and presented in Figure 2, with 8,000 operation
hours, and an electric energy cost of USD 0.08/kWh.

FIGURE 5. Cost-benefit-impacts relation for efficient motors: (a)Technical
(power quality) and economical comparison for IE2, IE3, and IE4 class
motors and (b) quantitative comparison in economic and technical
terms [16].

It can be seen how at an economic point of view the
implementation of more efficient electric motors results in
greater long-term savings, regardless of their initial cost.
This is undoubtedly the main motivation for replacing less
efficient motors by more efficient ones. However, their
impacts on a large scale, including issues related to power
quality regulation, must also be analyzed to verify if the
industrial installation complies with current legislation with
respect to energy quality indicators, such as total harmonic
distortions of current and voltage at the point of com-
mon coupling with the electrical network. To better clar-
ify this point, the IE4 class LSPMM is cited, as presented
in Figures 2, 3, 4, and 5, as being the most efficient but the
most impacting with respect to harmonic distortion.

III. VOLTAGE UNBALANCE AND VOLTAGE HARMONICS
A. VOLTAGE UNBALANCE
Voltage unbalance in the motor energy supply results in
large negative impacts according to the unbalance degree.
The presence of voltage unbalance results in three main
components: positive, negative, and zero sequences. Because
most motors are connected in delta or ungrounded wye,
there is no path to neutral for zero sequence components to
flow. From there, both resulting components (positive and
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FIGURE 6. Balanced and unbalanced voltage conditions diagram.

negative) produce different impacts, one contributing to the
resulting torque while the second creating opposite magnetic
fields, resulting in greater oscillations and speed reduction as
a resulting lower torque [44]. The presence of VU also results
in unbalanced currents in the stator windings. Normally, the
current unbalance is 6–10 times the voltage unbalance, which
causes the winding to overheat [17], [39]. To better analyze
this fact, see Figure 6 for an ungrounded wye connected
motor. The line voltages at the electric motor’s terminals are
given by

VAB = VAN − VBN

VBC = VBN − VCN

VCA = VCN − VAN (1)

The phase voltages, in blue lines, are 120◦ out of phase
with each other. The phasor sum of the components results in
the line voltages, as presented in (1). When added together,
it is observed that the line voltages are

√
3 times the phase

voltages and are also 30◦ ahead. Within the same diagram,
the currents are observed, out of phase of the line voltages
a phi (Ø) + 30◦ angle, which corresponds to the load power
factor, and in this case an angle of 60◦ was assumed.

Under equilibrium conditions, the sum of both voltages and
currents results in zero, as can be seen in the gray inverted
triangle formed with the phase voltage phasor sum and line
voltages. Voltage unbalance can occur by several factors, one
of which is the unbalance of phase voltages due to unequal
phase loading conditions. It can be seen how the phase mag-
nitude unbalance results in variations in both the magnitude
and the angle of the line voltages, resulting in a phase shift of
the triangle, as observed in red lines.

To analyze this condition, the voltage unbalance fac-
tor (VUF) concept will be analyzed as follows:

From (2) it is stated that

VUF (%) = kv =
VN

VP
(2)

where VN and VP are negative and positive sequence volt-
ages, respectively.

Positive and negative sequence currents can be calculated
using the ohm law between positive and negative sequence
voltages and impedances, as shown in (3) and (4)

IP =
VP

ZP
(3)

IN =
VN

Zn
(4)

In this way, the line currents will be the sum of the positive
and negative sequence components, as shown in (5):

IA = IP + IN
IB = a2 IP + a IN
IC = a IP + a2 IN (5)

where a = 1]120◦

As noted in (5), the stator currents are the respective sum of
the positive and negative sequence components. Furthermore,
in (3) and (4), it is observed that these parameters depend on
the positive and negative sequence voltages and impedances,
respectively.

Moreover. the degree of current unbalance (current unbal-
ance factor) can be calculated in the same way as the VUF,
as presented in (6):

CUF
(
%
)
= kc =

|IN |
|IP |
=
VN/ZN
VP/ZP

=
ZP
ZN

kv (6)

In amotor with balanced voltages, only a positive sequence
component exists; thus, the presence of voltage unbalance is
a condition in which the negative and zero sequence com-
ponents impact the positive sequence component. In motors
with a delta connection, themain cause of the unbalance is the
negative sequence component. It was also observed in (6) that
the relationship ZP/ZN represents the variation in the current
unbalance in relation to the voltage unbalance. Section IV
presents the test bench and methodology used to analyze the
impacts of VU on power quality.

B. VOLTAGE HARMONICS
The joint impact of all harmonics in a waveform is known
as total harmonic distortion (THD), which is one of the most
used parameters to evaluate the voltage or current quality. The
mathematical expression is given by (7):

THD% =

√∑hmax
h=2 V

2
h

V1
∗ 100 (7)

where Vh is the hth order harmonic voltage, V1 is the fun-
damental measured voltage, and hmax is the order of the
maximum harmonic considered.
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TABLE 1. Induction motors parameters [16].

Harmonic effects on induction motors vary according to
the harmonic order, as well as the harmonic percentage
present in the supply voltage, and they are classified as
harmonics of positive, negative, and zero sequence. As most
motors are connected in a delta connection, or non-grounded
star, there is no way for the zero sequence harmonics to
circulate and therefore do not result in any negative impact.
Positive sequence harmonics on rotating machines result in
positive torque and small increase in line current. The nega-
tive sequence harmonics turn out to be the most damaging
for rotating machines, by producing a contrary torque to
the resulting one, which results in a reduction of the total
torque, vibrations, increase in the line currents, and decreases
in the power factor and efficiency. Aiming to observe the
impact of voltage harmonics on power quality, the following
section shows the methodology used to assess the impacts of
harmonics in induction motors.

IV. METHODOLOGY AND RESULTS
A. METHODOLOGY
Measurements were performed in the Amazon Energy Effi-
ciency Center (CEAMAZON) located at the Federal Univer-
sity of Pará (UFPA) in Belem City, Brazil, to analyze the
influence of voltage unbalance with under- and overvoltage
and voltage harmonics on the power supply of the three induc-
tion motors classes, i.e., IE2, IE3, and IE4. Figure 7 shows the
general test setup.

The balanced and pure sinewaves as well as the volt-
age unbalances and harmonics were generated using a
three-phase AC source model FCATHQTM (1), capable of
generating a pure sine voltage waveform as well as voltage
unbalances, sags, swells, and harmonics (up to the 50th order)
with different distortion magnitudes. The IM’s input param-
eters were measured using the class ‘‘A’’ quality analyzer
HIOKITM (2) model PW3198-90. The electric load used in
this work then consists of an electromagnetic brake or Fou-
cault brake (3). For the study, a torque of 3.8 Nm was applied
to the Foucault brake, representing 92–95% of the IE2 class
motor nominal torque. (4). Table 1 presents the nominal data
of each motor.

At first, the induction motors were subjected to a 220-V
perfect three-phase sine voltage for 1 h and 10 min so
that they reached their thermal equilibrium. In a second
moment, the value of each voltage harmonic (2nd, 3rd,
5th, and 7th) was increased by 2% every 10 min, until it
reached 25%.

FIGURE 7. General test setup used for the experimental tests [16].

In relation to voltage unbalance, after reaching the ther-
mal equilibrium, voltage unbalances with 1%, 3%, and 4%
according to NEMA definition with under- and overvoltages
were inserted separately in each of the motors for a period
of an hour until the thermal equilibrium was reached again.
It should be noted that only voltage magnitudes were varied;
the phase angles remained constant. Table 2 presents voltage
magnitudes for each voltage unbalance.

TABLE 2. Voltage unbalance magnitudes [16].

Regarding the methodology used for the treatment of mea-
surement data and obtaining the results, Figure 8 presents the
steps performed in the present work. At first, the tests with
VH and VU were performed separately on the test bench for
each of the motors analyzed, and then the measurements were
made using the Power Quality analyzer equipment. The next
step was to transfer themeasurement data from the equipment
to the analyzer (HIOKI) software. After data analysis, they
were converted to CSV format files, compatible for reading in
Minitab (Minitab 18) statistical software. In Minitab, the data
were processed for plotting the results related to harmonic
analysis.

B. VOLTAGE HARMONICS IMPACTS
The presence of voltage harmonics results in the decrease
of the rotation speed for the electric motors analyzed.
Figure 9 shows the speed variations in the presence of 2nd
and combined 2nd, 3rd, 5th, and 7th voltage harmonics for
the three IM classes.

It is observed that the second negative sequence harmonic
results in greater decreases for the IE2 class SCIM, falling
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FIGURE 8. Flowchart of the methodology used in the work.

FIGURE 9. Speed variation for IE2, IE3, and IE4 class motors in presence
of 2nd and combined 2nd, 3rd, 5th, and 7th voltage harmonics.

from 1752 rpm to speed values of 1738 rpm, while the
IE3 class motor decreases from 1753 rpm to 1744 rpm with
25% distortion. The combination of all the harmonics then
results in the greatest decreases in speed, the IE2 class SCIM
again being the most affected. For the LSPMM, once the
synchronism is reached, the presence of these disturbances
does not result in any variation of speed both in the presence
of VH and VU.

Figure 10 shows the impact of the 5th and 7th voltage
harmonics of positive and negative sequence, respectively.
It is observed how both harmonics result in decreases in the
speed of SCIM, the 5th harmonic being the most damaging.
It should be noted that despite the 7th harmonic being of
positive sequence (produces a positive torque), it also results
in a decrease in speed.

To explain this phenomenon, an analysis considering the
harmonics present in the waveform was developed for the
three IMs analyzed and is shown in Figure 11. It was observed
that when the voltage distortion percentage of 7th order har-
monic was increased, the 5th-order harmonic current com-
ponent also increased mainly for distortions greater than

FIGURE 10. Speed variation for IE2, IE3, and IE4 class motors in the
presence of 5th and 7th voltage harmonics.

FIGURE 11. Harmonic currents present in IMs with varying harmonic
voltage distortion of (a) 2nd harmonic order; (b) 5th harmonic order; (c)
7th harmonic order; (d) 2nd, 3rd, 5th, and 7th harmonic order combined.

8%, as shown in Figure 11(c). As it is a negative sequence
harmonic, it can result in contrary torques, which reduces the
speed in the motor shaft.

This situation was also observed for the 2nd and 5th
negative sequence harmonics. When the percentage of 5th
harmonic of negative sequence is increased, the 7th har-
monic current component also increased accordingly, as seen
in Figure 11(b), while when the 2nd harmonic is increased,
the 4th- and 5th-order harmonic current components become
significant. The 4th order also appeared in the presence of all
the harmonics analyzed. Despite the fact that these harmonics
appear in the three analyzed motors, the percentages found
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FIGURE 12. Speed variation for IE2, IE3, and IE4 class motors in the
presence of 0–4% voltage unbalance conditions with under- and
overvoltages.

were higher for the line-start permanent magnet motor class
IE4, however, without impacting its speed.

FIGURE 13. Fifth harmonic current variations for phases a-b-c for the
IE3 class motor for (a) 1% VU with undervoltage; (b) 4% VU with
undervoltage; (c) 1% VU with overvoltage; (d) 4% VU with overvoltage.

C. VOLTAGE UNBALANCE IMPACTS ON HARMONICS
Despite many studies that focused on the impact VU has on
IM’s operation, the impact that this disturbance has on voltage
and current harmonics in electric motors has not been deeply
analyzed. In this way and aiming to analyze the impact of
this disturbance on the power quality, this section analyzes
the relationship that exists between the voltage unbalance,
the harmonics already existing, and those that arise with the

FIGURE 14. Fifth harmonic current variations for phases a-b-c for the
IE4 class motor for (a) 1% VU with undervoltage; (b) 4% VU with
undervoltage; (c) 1% VU with overvoltage; (d) 4% VU with overvoltage.

presence of this disturbance in the electric motors presented
in this study.

Unbalanced voltages also result in decreases in the speed of
electric motors according to the type of technology, as well as
the loading percentage. Figure 12 shows speed variations due
to six VU conditions with under- and overvoltage. In general,
it is observed that the voltage unbalance with undervolt-
age (UV) results in greater decreases in speedwhen compared
to the voltage unbalance with overvoltage (OV).

In addition, voltage unbalance also results in increases
in the harmonics currents according to the voltage mag-
nitude, the VU degree as well as the IM technology.
Figures 13 and 14 show the variation of the 5th-order har-
monic current percentage for the IE3 and IE4 motors, respec-
tively, for 1% and 4% VU with under- and overvoltage.
The class IE2 motor presented percentages like those of the
IE3 class motor.

Initially the voltage supply is perfectly balanced for phases
A-B-C. An abrupt variation in the 5th harmonic current mag-
nitude is then observed for both technologies, when inserting
the VU, being more accentuated for the LSPMM, as seen
in Figure 14.

It can also be observed that for IE2 and IE3 class motors,
the VU with under- and overvoltage results in similar distor-
tion degrees, while for the LSPMM theVUwith undervoltage
results in distortion degrees of up to twice that found in the
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FIGURE 15. Seventh harmonic current variations for phases a-b-c for the
IE3 class motor for (a) 1% VU with undervoltage; (b) 4% VU with
undervoltage; (c) 1% VU with overvoltage; (d) 4% VU with overvoltage.

condition with overvoltage, as shown in Figure 14. Despite
the increase in this negative sequence harmonic, it does not
impact on the motor synchronous operating speed, for the
unbalance degrees analyzed, as presented in Figure 12.

The variation of the 7th positive sequence harmonic current
was also analyzed for the three tested electric motors and
is presented in Figure 15. Lower percentages of harmonic
currents, when compared to the 5th negative sequence har-
monic current, are observed. Moreover, this harmonic current
did not follow the 5th harmonic growth pattern, undergo-
ing significant abrupt variations when inserting the voltage
unbalance. For the IE2 and IE3 class motors, the increase in
VU results in a decrease in the harmonic percentage, both for
the under- and overvoltage unbalance conditions.

Regarding the LSPMM, presented in Figure 16, voltage
unbalance also resulted in a variation of the 7th-order har-
monic currents. It is observed that in the case of VU with
undervoltage, increases in one of the phases are observed for
1% and 4%, respectively. VU with overvoltage resulted in
an increase in two of the phases for 1%, while it resulted
in a decrease for 4%. It is further observed that like the 5th
negative sequence harmonic, the 7th positive sequence har-
monic also presents significant initial abrupt variation in the
harmonic magnitude when inserting these voltage unbalance
conditions.

FIGURE 16. Seventh harmonic current variations for phases a-b-c for the
IE4 class motor for (a) 1% VU with undervoltage; (b) 4% VU with
undervoltage; (c) 1% VU with overvoltage; (d) 4% VU with overvoltage.

FIGURE 17. Phase ‘‘a’’ harmonic current variation for 4% voltage
unbalance with undervoltage for (a) IE3 and (b) IE4 class motors.

It has been observed that using permanent magnets results
in a higher harmonic content, as can be noted for the LSPMM,
mainly with higher-order harmonics. To exemplify this point,
Figures 17 and 18 present the main current harmonics found
for the IE3 and IE4 class motors for 4% voltage unbalance
with under- and overvoltages, respectively.

As shown in Figure 17(b), the 19th-, 21st-, and 23rd-order
harmonics are present in the waveform before the motor is
subjected to VU. Then applying 4% VU with under voltage,
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FIGURE 18. Phase ‘‘a’’ harmonic current variation for 4% voltage
unbalance with overvoltage for IE3 (a) and IE4 (b) class motors.

FIGURE 19. Total current harmonic distortion for under- and overvoltage
unbalance conditions for (a) IE2 SCIM, (b) IE3 SCIM, and (c) IE4 LSPM.

it is observed that the 7th harmonic order component suffers
a decrease, while the 5th-, 19th-, 21st-, and 23rd-order com-
ponents undergo increases, highlighting the 21st order that
became very significant with voltage unbalance. Figure 18(b)
then shows that with VU and overvoltage, the harmonics
in the LSPMM tend to decrease, except for the 21st-order
harmonic that increased with this VU condition.

This scenario occurs only for the LSPMM, while the
IE2 and IE3 class motors present similar variation pattern,

varying only 5th and 7th current harmonics as shown
in Figures 17(a) and 18(a).

As a consequence of the current harmonic variation result-
ing from the voltage unbalance, the total current harmonic
distortion also undergoes variations in relation to ideal power
conditions. Figure 19 shows the THDI of each motor for
each analyzed unbalance condition. In general, the voltage
unbalance results in an increase in the total current harmonic
distortion rate, which is worse for the LSPMM, which ini-
tially shows THDI of up to four times that of classes IE2 and
IE3 motors. With the presence of voltage unbalance, these
percentages then reach values of up to 24% THDI; more
than double that of the IE2 and IE3 class motors. The worst
scenarios observed are 4% VU with under- and overvoltage,
as shown.

V. CONCLUSION
The search for efficiency in electric motors has led to the
implementation of new technologies, resulting in consider-
able savings in relation to consumption and greater tolerance
to the disturbances present in electrical systems in oper-
ational terms. The substitution of old/non-efficient motors
with high-efficiencymotors represents a key aspect in ecolog-
ical and economical terms. To that end, policies, regulations,
incentives, and training represent key elements. The intro-
duction of new technologies also plays a fundamental role
to achieve greater efficiencies.

However, in parallel, the IM’s response in nonideal power
conditions should be observed, in addition to the operational
efficiency, considering the common disturbances present in
electrical systems. Based on that, the present work presented
a comparison of the harmonic response of three different
efficiency classes’ electric motors in the presence of voltage
harmonics and voltage unbalance with voltage variations.

The results showed that the presence of voltage harmonics
may result in amplification of current harmonics in electric
motors for distortion percentages greater than 8% as well
as in significant variations of other harmonic currents in
the analyzed electric motors including negative and positive
sequence harmonics, which ends up increasing the total har-
monic distortion rate of the network. It was also observed
how these new harmonics presented higher percentages for
the higher efficiency motor analyzed (line-start permanent
magnet motor).

This work also presented how the voltage unbalance results
in an increase in the current total harmonic distortion for the
three technologies, with higher percentages for the LSPMM.

Finally, from the results presented, it is possible to estab-
lish some general guidelines that may be considered as
recommendations:

• Replacing old/non-efficient electric motors with higher
efficiency motors results in better economic benefits for
the end user.

• New technologies can represent a challenge for electric
utilities mainly in terms of power quality and large-scale
uses.
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• Regulatory institutions must also observe the power
quality impacts of higher efficient motors, so that manu-
facturers implement solutions to the challenges that the
implementation of new technologies in inductionmotors
can bring to the electric power systems.

Despite the observed impacts of voltage unbalance and
voltage harmonics on power quality, the analyzed sample
(three electric motors) only allows us to conclude in relation
to this output power (0.75 kW). In this way, it is important
to analyze the effects observed in this work with a larger
sample of motors of different powers in accordance with IEC
60034-30-1 to make more general conclusions.
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