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RESUMO 
Os motores elétricos continuam a ser a maior carga de maior uso final de energia elétrica do 

mundo. Com os avanços tecnológicos, suas aplicações se expandiram para abranger novas 

categorias como ser os veículos elétricos, transporte, navegação, entre outros. A Europa iniciou o 

processo de transição para as classes de motores de eficiência IE4, diante disso, espera-se que 

outras regiões sigam a transição para classes de motores de maior eficiência. Em algumas regiões, 

a tensão operacional pode ser diferente da nominal, de acordo com a norma IEC 60038-2009, isto 

somado a outros distúrbios como ser o desequilíbrio e harmônicos de tensão pode resultar em 

impactos no desempenho dessas novas tecnologias. Nesse contexto, esforços significativos têm 

sido dedicados à manutenção preditiva, com o objetivo de aprimorar as técnicas existentes com 

novas propostas que aumentem sua eficácia no diagnóstico da saúde das máquinas rotativas na 

presença de diferentes distúrbios presentes nos SEP. Este trabalho avalia o impacto da variação 

de tensão, harmônicos de tensão e diferentes porcentagens de desequilíbrios com sub e 

sobretensão na temperatura e desempenho de motores elétricos de indução de baixa potência 

classes IE2, IE3 e IE4. O estudo incorpora uma análise técnica, econômica, estatística e térmica 

para obter indicadores importantes relacionados ao consumo de energia, à eficiência, ao fator de 

potência e à temperatura. Na busca por técnicas inovadoras e complementares, este estudo 

também apresenta um novo Indicador de Degradação de Motor Elétrico (EMDI) baseado na análise 

no domínio da frequência das formas de onda da corrente do motor elétrico para diagnosticar a 

integridade das máquinas rotativas. Os resultados mostram que em condições ideais de operação 

o motor de ímãs permanentes classe IE4 apresenta melhor desempenho em termos de consumo 

e temperatura, porém apresentando características não lineares. Logo na presença dos diferentes 

distúrbios o cenário muda ao apresentar um menor desempenho quando comparado com os 

motores de indução gaiola de esquilo nas mesmas condições de operação. A análise realizada 

permitirá estabelecer e quantificar os impactos dos diferentes distúrbios presentes nos sistemas 

elétricos de potência no desempenho das novas tecnologias de motores elétricos a serem 

introduzidos posteriormente. Com relação ao indicador de diagnóstico de saúde do motor 

proposto, os resultados apresentados apoiam fortemente a eficácia da abordagem proposta para 

facilitar a implementação de práticas de manutenção preditiva. Outra importante contribuição da 

presente tese, é que seus resultados serão base para a implementação de uma nova regulação 

para a introdução de requisitos mínimos de eficiência dos motores elétricos em Honduras 

 

Palavras-chaves: Variação de tensão, desequilíbrio de tensão, harmônicos, temperatura, 

classes de eficiência, motor de imãs permanentes, manutenção preditiva.  



 

 
  

ABSTRACT 
 

Electric motors remain the largest end-use of electricity in the world and a fundamental part of the 

industrial sector. In addition, with technological advances, their applications have expanded into 

new categories such as electric vehicles, transportation, and navigation, among others. Europe has 

started to upgrade to IE4 efficiency motor classes, and it is expected that other regions will follow 

the transition to higher efficiency motor classes. In some regions, the operating voltage may differ 

from the nominal voltage according to IEC 60038-2009. This, together with other disturbances such 

as unbalance and voltage harmonics, can affect the performance of these new technologies. In this 

context, significant efforts have been made in predictive maintenance to improve existing 

techniques with new proposals that increase their effectiveness in diagnosing the health of rotating 

machines in the presence of different disturbances present in SEPs. This work evaluates the impact 

of voltage variations, voltage harmonics, and different percentages of under and over-voltage 

unbalances on the temperature and performance of low-power induction motors of IE2, IE3, and 

IE4 classes. The study includes technical, economic, statistical, and thermal analysis to obtain 

important indicators related to energy consumption, efficiency, power factor, and temperature. In 

the search for innovative and complementary techniques, this study also presents a new Electric 

Motor Degradation Indicator (EMDI) based on frequency domain analysis of electric motor current 

waveforms for the diagnosis of rotating machinery integrity. The results show that under ideal 

operating conditions, the permanent magnet motor of the IE4 class has a better performance in 

terms of power consumption and temperature, but it has a non-linear characteristic. Then, in the 

presence of certain disturbances, the scenario changes, with lower performance compared to 

squirrel-cage induction motors under the same operating conditions. The analysis performed will 

allow to identify and quantify the impact of the different perturbations present in the electrical 

power systems on the performance of the new electric motor technologies to be introduced. 

Regarding the proposed motor health diagnostic indicator, the results presented strongly support 

the effectiveness of the proposed approach in facilitating the implementation of predictive 

maintenance practices. Another important contribution of this thesis is that its results will form the 

basis for the implementation of a new regulation for the introduction of minimum efficiency 

requirements for electric motors in Honduras. 

 

Keywords: Voltage variation, voltage unbalance, harmonics, temperature, efficiency 

classes, permanent magnet motors, predictive maintenance.  



 

 
  

ACRONYMS AND ABBREVIATIONS. 
 

SCIM: Squirrel cage induction motor; 

IM: Induction Motor; 

LSPMM: Line-start Permanent magnet motor; 

VU: Voltage unbalance; 

VH: Voltage Harmonics; 

VV: Voltage Variation; 

MEPS: Minimum Energy Performance Standards; 

IEC: International Electrotechnical Commission; 

IE: International Efficiency; 

IR: Efficiency index (Índice de rendimento) 

EMDI: Electric Motor Degradation Index; 

THD: Total Harmonic Distortion rate% 

AC: Alternating Current; 

NEMA: National Electrical Manufacturers Association; 

ANEEL: National Electric Energy Agency 

THDI: Total Harmonic Distortion of Current; 

FEMM software: Finite Element Method Magnetics 
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Global Overview of Electric Motors 
Europe has started the transition process towards IE4 motor class. 
By setting a precedent, it is expected that other regions will follow 
these implementations toward higher efficiency motor classes. This 
chapter presents a national (Brazil) and global overview related to 
energy efficiency in electric motors. Then, a review of the literature 
related to the impact of different power quality disturbances in 
electric motors is presented. The objectives and contributions of this 
thesis are also presented. 

 

 General Considerations 
 

In 2015, the Paris Agreement represented a significant global step in addressing climate 

change. Since then, it has driven the implementation of policies and regulations focused on 

energy efficiency, playing a key role in achieving environmental goals and promoting sustainable 

practices internationally. In this context, Induction motors (IMs) represent an important category 

for energy savings with about 53% of the world's final electrical energy consumption [1]. 

In Brazil, according to the Ministry of Mines and Energy in the document “National Energy 

Efficiency Plan” [2], the industry consumes 36% of the total national electricity and the driving 

systems in operation consume 68% of this electricity. Therefore, it is reported that approximately 

35% of the country's total electrical energy is consumed by electric motors.  

The three-phase squirrel-cage induction motors were the first and only equipment to be 

regulated by presidential decree in Brazil, with the publication of Presidential Decree No. 4.508 

of December 11, 2002. This led to a major transformation of the electric motor market in Brazil. 

First, the regulations established the minimum power ratings for classes IR1 (standard motors)1 

and IR2 (high-efficiency motors). Motors (with the characterization shown in Appendix 1 of the 

decree) with powers lower than those of class IR1 could not be manufactured, marketed, or 

imported. This decree was backed up by Law No. 10,295 of October 17, 2001, which establishes 

the National Policy for the Conservation and Rational Use of Energy, known as the "Energy 

Efficiency Law", enacted following the energy crisis that occurred at the time, popularly known as 

the "Blackout". 

 
1 IR is equivalent to IE, in BRAZIL, IR= Índice de rendimento 
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Later, the Interministerial Decree No. 553 of December 8, 2005, was published, which 

established IR2 as the new efficiency class but also set a deadline for the market to adapt to it. 

According to this decree, as of 2010, the manufacture, import, and sale of squirrel-cage induction 

motors in Brazil had to meet the minimum efficiency requirements of class IR2. 

In June 2017, following the evolution of the regulation based on the Impact Study of the 

Premium Motor Regulation prepared by Eletrobras (2015), Interministerial Decree No. 1 of June 

29, 2017, was published. This decree established that three-phase squirrel-cage induction 

motors sold in Brazil, as well as imported motors, must have an efficiency equal to or greater than 

the minimum efficiency for the premium class (IE3), with a deadline for the market to adapt 2 

years after its publication. In addition to raising the minimum efficiency from IR2 to IR3, the scope 

of electric motors covered has been expanded to include motors with a fractional commercial 

power rating of less than 500 hp [3], [4]. The next section presents the minimum energy 

performance standards and their relationship to IEC 60034-30-1 for electric motor efficiency. 

 Minimum Energy Performance Standards 
 

Each year, approximately 30 million new electric motors are sold worldwide for industrial use, 

and approximately 300 million motors are in use in industry, infrastructure, and large buildings 

[5]. To help realize the huge potential for cost-effective energy savings, many countries around 

the world have established local regulations known as MEPS (Minimum Energy Performance 

Standards). MEPS are regulations that set a floor for the efficiency class of motors and motor-

driven equipment that can be sold in a market, whether domestically manufactured or imported, 

and currently exist in more than 80 countries around the world. Substitution between efficiency 

classes can lead to great savings in economic and energy terms. However, the efficiency and 

performance of IMs depend not only on their design and technology but also on the operating 

conditions. Since the power quality in real electrical systems is far from ideal, the efficiencies of 

electric motors also deviate from their ideal value depending on the operating conditions. 

The super-premium efficiency IE4 class motor was introduced in 2008 by the IEC standard 

60034-30-1. This fact encouraged the transformation of a competitive market for even more 

efficient motors and made manufacturers go beyond AC induction motor technologies to achieve 

the required minimum full-load efficiency values. Figure  1-1a shows the efficiency classes 

according to the IEC standard [3] for four-pole 50/60 Hz motors [6]. The IE5 class technologies 
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are not yet defined in detail but are planned for a future edition of the standard. The goal is to 

reduce IE5 losses by about 20% compared to IE4 efficiency class.  

 
(a) 

 
(b) 

Figure  1-1 – Energy efficiency classes classification and consumption : (a) IEC 60034-30 nominal 
efficiency class limits, for four-pole motors (0.12-1000-kW power range) [6]; (b) Energy consumption of 

electric motor systems by efficiency level, 2000-2017 [7]. 

The average life of three-phase electric motors varies from 12 to 20 years, depending on the 

rated power, operating conditions, and power supply. In industry, many motors do not even meet 

the IE1 efficiency class. In 2017, approximately 30% of the world's electricity consumption was 

associated with unregulated electric motors classified as IE0. IE1 class induction motors cover 

about 40% of global electricity consumption, with IE2 and IE3 motors taking an increasing share, 

as shown in Figure 1.1 (b) [7]. It is estimated that almost three-quarters of the world's electricity 

demand for all motors is consumed by medium-sized induction motors (0.75-375 kW) [8]. Thus, 

there is still a huge energy savings potential that can be increased by adopting energy-efficient 

motor policies and programs. 

Establishing a legal and institutional framework for MEPS, adopting international standards, 

and collecting information on the baseline data of the motor market, including information on 

tariffs and carbon emission factors, current, historical, and projected. Hypothetical scenarios 

should then be developed for the energy, economic, and environmental impacts. Typically, IE2 

with a timetable for graduation to IE3 is recommended for countries with a domestic motor 

manufacturing industry, and IE3 is recommended for countries without a domestic motor 

manufacturing industry. Finally, monitoring, verification, and enforcement must be established 

to ensure the success of MEPS. Figure  1-2 shows countries around the world that have adopted 

MEPS. In the EU, all electric motors with a rated power between 0.75kW and equal to or less than 

1000kW must meet the IE3 level from July 2021 and motors between 75kW and 200kW must meet 

the IE4 level from July 2023 [9], [10]. 
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Figure  1-2 - Countries with MEPS for electric motors in 2024.  

 Brazilian Induction Motor Regulation 

In August 2019, the new Energy Efficiency Law for Electric Motors came into force, which 

establishes the minimum level of performance in IE3, according to Interministerial Regulation No. 

1 [4]. With the implementation of high-efficiency motors, it is expected to save more than 11 TWh 

of electricity between 2019 and 2030, in addition to $4.7 million in energy costs by 2020 and $172 

million by 2050 [7]. Although the new law is positive, the requirements published in the regulation 

do not include the electric motors already installed. On average, 20.1 million three-phase motors 

are installed in Brazil [11]. A study carried out in Switzerland showed that in industries there are a 

large number of motors operating beyond their life expectancy [12], this is because they have 

probably been repaired more than once, studies show that the efficiency losses can vary from 3 

to 7.5 percentage points with each rewinding if the proper procedure is not used  [11], however, 

with the correct winding process, there is evidence of increases in motor efficiencies, as shown 

in [13], [14].  

To maintain or even increase productivity in the industrial sector by consuming less electricity, 

Public Call No. 002/2015 [15] promotes the replacement of old or reconditioned electric motors 

with more modern and efficient motors, through a limited bonus system for the replacement of 

three-phase induction electric motors manufactured until 2009 and with a power between 0.75 

kW and 250 kW, and single-phase electric motors with a power equal to or greater than 0.75 kW. 
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It is important to note that the bonus percentage is defined by the concessionaire, who must 

submit the amounts for approval by ANEEL [16]. 

The initial cost of the electric motor represents approximately 5% of the cost of operation 

throughout its useful life, efficiency improvements come with increases in the initial value of 

electric motors, especially when new technologies are implemented, as is the case of the IE4 

class permanent magnet motor, although initially the value of these motors was up to 2 times 

the value of the IE3 SCIM [17], which increase the payback of the investment, over the years its 

value has been decreasing until reaching values of 1.3 times the cost of the SCIM [18], being 

more profitable for replacement in the industry. 

 Methodology for the Literature Review 

For the development of the literature review, the work in [19], based on the PRISMA (Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses) statement, was used as a reference 

[20]. The methodology, shown in Figure  1-3, includes a bibliometric analysis that aims to map the 

scientific production, identify the research patterns, and evaluate the influence of the journals 

and the institutions in the field of electric motors. 

 
Figure  1-3 - Methodology for literature review based on the PRISMA statement. 
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For the study, the most relevant keywords defined on the basis of the subject of this thesis and 

used for the search were: "induction motors" AND "permanent magnet motors" OR 

"asynchronous motors" OR "synchronous motors" AND "energy" AND "efficiency" AND "power 

quality" AND "diagnostics" AND NOT "electrical" AND "vehicles" AND NOT "traction motor". 

Searches were conducted using the academic platform Scopus. Inclusion and exclusion criteria 

were used to filter and exclude the documents related to other fields of knowledge. After analyzing 

the data, a systematic analysis was carried out, separating, and grouping them according to the 

approach used. Finally, techniques for visualizing the synthesized data are used to graphically 

present the results of the proposed previous study. 

Considering that the authors have previously conducted literature reviews on medium and 

long-term forecasting, a section of previous studies and studies identified through other methods 

was considered to complement the methodology applied according to the first (1st), fourth (4th), 

or fifth (5th) methodological step. The snowball method, which consists of using the reference list 

of an article or its citations to identify other articles on the analyzed topic, was also used in this 

previous study. The selected papers are also classified according to the methodological stage to 

complement the systematic review [5]. 

 Bibliometric Analysis 

A survey of publications related to energy forecasting was conducted over the last 24 years, as 

shown in Figure  1-4. The figure shows that the highest peak of publications for the defined string 

was reached in 2009. However, the values were almost reached in 2023. In 2024 it will be possible 

to observe if there is a repetitive pattern or if the trends continue to increase, surpassing the 2009 

values with more than 139 publications. 

Research on electric motors is led by China, the United States, and Japan, as shown in Figure  

1-5. India, Canada, Italy, the United Kingdom, the Russian Federation, Germany and South Korea 

are the top 10 countries with the most publications on this topic. Brazil, where this study was 

carried out, is in 15th place, according to the survey.  
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Figure  1-4 - Publications related to electric motors in recent years. 

 
Figure  1-5 - Distribution of publications related to energy forecasting worldwide. 

Figure  1-6 shows the fields of study related to electric motors. It can be seen that engineering 

and energy are the dominant fields, with a significant proportion of the research undertaken in the 

field of computer science, but also including other categories such as mathematic, materials 

science and decision sciences.  
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Figure  1-6 - Distribution of studies by subject area. 

An important analysis based on the collected information is the relevant keywords within the 

analyzed studies. For this purpose, the VOSViewer software was used to generate a thematic map 

of the keywords according to the number of times they were cited in the studies, as well as the 

connections with other studies and keywords, as shown in Figure  1-7.  

To define and classify the universe of keywords, a clustering process was performed in the 

software, which resulted in three main areas: Induction Motors, Fault Diagnosis, Synchronous 

Motors, Permanent Magnet Motors, Power Quality and Energy Efficiency, all of which will be 

discussed in the systematic review in the following subsections. 

 

Figure  1-7 - Thematic map of keywords separated by relevant categories.  
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 Systematic Review 

1.6.1. Efficient Electric Motors 

The introduction of different efficiency classes has come as a consequence of studies and 

tests carried out by researchers and manufacturers in order to identify the losses in induction 

motors and the ways to reduce them. An analysis of the technical and economic benefits of 

substitution between these technologies has been presented in [17], [21], [22], [23], [24], [25], 

[26], [27], [28], [29]. In addition, the studies in [23], [24], [27], [28], [30], [31], [32], [33], [34], 

[35], [36], [37], [38] include the main design features, weaknesses and strengths related to the 

LSPMM. Then, from a regulatory and policy point of view, different analyses comparing the 

challenges and projections related to efficient motors have also been presented in [5], [39], [40], 

[41], [42]. In [17], an example of field replacement of a squirrel cage induction motor by a line 

start permanent magnet motor (LSPMM) is presented. A good performance and lower 

consumption are obtained with these technologies; however, the harmonic losses seem to be 

higher in the LSPMMs at no-load conditions. 

New higher efficiency motors are built according to the IEC 60034-7 standard [43]. This 

standard specifies the requirements concerning the classification of construction types, 

mounting arrangements, and terminal box position, which contribute to the substitution between 

technologies. Studies have shown that the higher initial cost of higher efficiency motors can be 

amortized in a short period due to energy savings and initial financial incentive programs; higher 

efficiency, power factor, and thermal behavior are also some of the benefits obtained with these 

technologies. However, a cost-benefit analysis, taking into account the type of application and 

supply conditions, must be developed before substitution. 

1.6.2. Voltage Unbalance state of art 

The effect of voltage unbalance on the performance of IMs has been studied extensively. Its 

negative effects on torque, power factor, and efficiency have been documented in [6], [44], [45], 

[46], [47], [48], also voltage unbalance results in higher current unbalance, increased losses, and 

consequently temperature rise.  

Given the multiple damages that this disturbance represents in the IMs, different standards 

have defined the maximum limits allowed for this phenomenon. Currently, there are four 

definitions of voltage unbalance, defined by NEMA, IEEE, CIGRÉ and [49], [50], [51], each with 
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different considerations and interpretations, mainly because the same percentage of unbalance 

can be obtained for different voltage magnitudes, with undervoltage and overvoltage. In [52], a 

complete analysis of the effect of voltage unbalance is developed. This includes under- and over-

voltage. According to the experimental results, an undervoltage unbalance will usually cause the 

worst temperature rise, and a higher positive sequence voltage will also lead to a higher motor 

efficiency and a lower power factor. 

Concerning temperature, voltage unbalance (VU) induces an uneven increase in current, 

amplifying joule losses and consequently elevating operating temperatures [6], [44], [46], [47], 

[49], [53], [54]. Additionally, various voltage unbalance configurations can coexist within 

electrical systems. Experimental findings in [55], experimental results show that unbalance with 

undervoltage results in the greatest temperature increases. In general, for every 10°C increase in 

winding temperature, the life of the motor is reduced by half [55].  

According to Yaw-Juen Wang [56], in addition to the magnitude of the voltages, the angle of the 

unbalance is also necessary to fully analyze the effects of unbalance in electric motors. Related 

studies considering the complex voltage unbalance factor are presented in [56], [57], [58], [59]. 

A summary of the literature review related to VU and electric motors, classified according to the 

approaches analyzed in this work, is presented in Table 1-1. 

Table 1-1. Review of literature regarding induction motors and voltage unbalance 

Paper Main Subject Relevant Literature 

Induction motors comparison [17], [21], [22], [24], [25], [26], [28], [31], 
[55], [60], [61], [62] 

Voltage Unbalance impacts on induction motors [6], [44], [45], [46], [47], [48] 
Standards related to Voltage Unbalance [49], [50], [51] 

Economic substitution studies [17], [29] 
Line-start permanent magnet motor (LSPMM) [5,17,18,21, 22, 24–28,31,32,43,45–51] 

Temperature increases due to voltage unbalance [6], [44], [72], [47], [46], [49], [53], [54] 
 

1.6.3. Voltage Harmonics State of the Art 

The effects of poor power quality caused by voltage harmonics in industry have been studied 

to analyze their main effects on the performance of induction motors. Continuous operation of 

motors on a polluted harmonic system results in higher temperatures in the stator and rotor 

windings and in the core due to additional harmonic losses, torque reduction, noise, and 

mechanical vibrations, according to the literature [22], [63], [73], [74], [75]. The close interaction 
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between current harmonics, saturation and mechanical problems such as bearing failure and 

static eccentricity can lead to premature failure and consequently reduced service life as 

presented in [76], [77], [78]. 

The presence of nonlinear loads in electrical systems results in current and voltage 

distortions that can have detrimental effects depending on the type of load and its interaction with 

other system components. According to [79], harmonic distortion is commonly found in disturbed 

power distribution systems and in most cases includes 3rd, 5th, 7th, 9th and 11th order 

harmonics. 

Due to the synchronous speed, no currents are induced inside the LSPMM rotor (neglecting 

spatial and time harmonics), so the rotor temperature of these motors is about 30% lower than 

that of the induction motors with the same output power [31]. In [83], the rated load winding 

temperature rise of IE4 IMs is lower when compared with IE3 class and that of IE3 class is lower 

than the IE2 class IMs. Fifth and seventh voltage harmonics are analyzed in [60], [61], showing 

that fifth harmonic results in higher temperature increases when compared with the seventh 

harmonic, mainly due to the counter-rotating field with respect to fundamental frequency 

produced by the fifth negative sequence harmonic.  

Concerning temperature, thermography has been one of the most used methods in the 

industry for the identification of faults in electric motors, as well as predictive maintenance. The 

works presented in [7,14–18], show theoretical and practical studies of electric motor monitoring 

techniques including statistical and computational intelligence analysis with useful results for 

the identification of faults of different natures such as electrical, mechanical, thermal, and 

environmental. According to [84], temperature rise of IMs due to harmonics is approximately 

between 4–6 °C. 

 

In the literature, many works have focused on evaluating motors’ performances and losses 

using techniques based on numerical-computation-based models. The works presented in 

[19,20] use the same LSPMM technology used in this work to model and validate the LSPMM 

model through experimental tests. The studies use the parameters of the LSPMM equivalent 

circuit calculated empirically, as well as numerical methods that are later validated by means of 

experimental measurements, however without considering harmonics in the motor supply.  

A summary of the literature review related to harmonics and electric motors, classified 

according to the approaches analyzed in this work, is presented in Table 1-2. 
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Table 1-2. Review of literature regarding induction motors and harmonics. 

Paper Main Subject Relevant Literature 
Harmonics impacts on induction motors [5,6,22,34,35,36,39–44] 

Harmonics presence and diagnosis in power systems [11,12,44] 
Fault diagnosis in induction motors [78], [80], [81], [91] 

Temperature increases due to harmonics [3,5,34–36,52] 
 

1.6.4. Voltage Magnitude Variation in Induction Motors 

The literature on voltage-variation (VV) conditions disturbances and permanent-magnet 

synchronous motors is limited. Early studies assessing the effects of VV were documented in the 

late 1920s when the authors of [93] conducted a detailed evaluation of a 5-hp motor under VV 

conditions, revealing the detrimental effects of this disturbance on efficiency, power factor, and 

torque. The study [93] also found that core losses are directly proportional to voltage magnitude 

when assessing torque, efficiency, and power factor. However, Joule losses considerably 

increase under undervoltage conditions compared with those under overvoltage conditions, 

although both cases result in losses higher than those obtained under nominal conditions. Similar 

results regarding efficiency and losses were found in [94] using an SCIM model. 

In [95], VV was analyzed based on a dynamic motor model constructed in Simulink. In this 

model, core losses varied with voltage magnitude and, to a lesser extent, with load variations. 

However, Joule losses decreased with the decreasing voltage magnitude. In [96], the efficiency in 

an SCIM model varied proportionally with the voltage magnitude up to values of 1.05 p.u., after 

which it began to decrease.  

Other studies analyzing this disturbance, including temperature assessment, have also been 

presented [96], [97], [98], [99], [100], [101], [102], [103], [104]. Furthermore, techniques for 

reducing losses and increasing efficiency in brushless DC (BLDC) motors have been reported in 

[17,18]. 

Electric motors play a crucial role in the global consumption matrix [107]. To minimize carbon 

emissions, considerable efforts have been devoted to increasing the efficiency of electric motors, 

with numerous studies and analyses exploring innovative technologies [10], [108]. Despite the 

thermal evolution of magnets in recent years, different disturbances present in power electrical 

systems still affect the performance of LSPMMs by increasing losses and temperature [109], 

[110]. When combined with magnitude variation, voltage imbalance intensifies its effects on 

electric motors in terms of efficiency and temperature. Furthermore, it even more adversely 
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affects emerging technologies such as permanent-magnet synchronous motors [111], [112]. 

These findings reveal that a voltage imbalance combined with overvoltage considerably increases 

power consumption, reduces the power factor, and elevates temperatures.  

1.6.5. Diagnosis of Electric Motors 

Predictive maintenance continues to be a subject of study to put an end to unintentional stops 

in production processes and their economic consequences. Studies on electric motor diagnosis 

have increased in the last 20 years, as shown in Figure  1-8, obtained from a bibliometric analysis 

on electric motor diagnosis and predictive maintenance. Fault Diagnosis, IMs and condition 

monitoring stand out as the most used words in the literature. The main techniques currently used 

in fault detection for induction motors are thermal monitoring [113], [114], [115], [116], [117], 

[118], [119], vibration analysis (mechanical monitoring) [120], [121], acoustical analysis [122], 

[123], speed and torque oscillations [124], [125], partial discharges [126], [127], [128], flux 

monitoring [129], optical monitoring, electrical monitoring, and computational intelligence 

techniques [130], [131].  The primary failures in electric motors predominantly occur in the 

bearings, accounting for over 40% of the total faults. This is followed by the stator with 37% and 

the rotor with 12%. 

 
Figure  1-8 - Publications related to electric motors diagnosis in the last 20 years. 

The leading causes of these failures include insufficient maintenance, improper installation, 

misalignment, overloads, and damage to the rotor bars or rings [130], [132]. Given the significant 

proportion of mechanical issues contributing to these faults, many techniques have traditionally 

relied on mechanical concepts. However, in recent years, new approaches have emerged and 

can be broadly classified into three main categories [133]:  

 

  

1  

1  

2  

2  

3  

3  

2 
 3

2 
 4

2 
  

2 
  

2 
  

2 
  

2 
  

2 
1 

2 
11

2 
12

2 
13

2 
14

2 
1 

2 
1 

2 
1 

2 
1 

2 
1 

2 
2 

2 
21

2 
22

2 
23

  
  

  
  

  
  

    



Chapter 1 – Global Overview of Electric Motors 

36 
 

• Model-based methods: These techniques are grounded in mathematical models that 

generate predictions for comparison with experimental measurements.  

• Signal-based models: These methods utilize various analyses such as time-domain 

analysis, frequency-domain analysis, enhanced frequency analysis, and time-frequency 

analysis to extract relevant information from the signals.  

• Knowledge-based techniques: This category encompasses both supervised and 

unsupervised learning systems that leverage accumulated knowledge to detect and 

diagnose faults in electric motors.  

A bibliographic review on fault diagnosis using signal processing techniques in induction 

motors is presented in [78]. The review indicates that current signature acquisition and 

processing can be used to characterize the failure nature in electrical machines. The review also 

shows that mechanical and electrical failures of induction motors exhibit explicit harmonic 

component in stator current. Work in [76] also presents a methodology to detect harmonics in 

power systems using wavelet transform.  

However, in real applications, a preprocessing step is necessary before applying the 

proposed harmonics wavelet method due to the high noise levels. In [77], a systematic literature 

review of recent failure prognosis systems is provided, including the main approaches and some 

of the most prominent application domains for failure diagnosis. The works in [75,79] also show 

alternatives for the fault diagnosis in electric motors. The presence of harmonics in fault 

conditions are also mentioned in these studies. 

Real-time detection studies have been presented in [133], [134], [135], [136], using statistical 

and machine learning techniques to predict faults in electric motors. The data used are normally 

obtained from sensors and cloud-based motor condition monitoring systems, and then, 

processed for further analysis using different techniques such as artificial neural networks (ANN), 

fuzzy logic, and support vector machines (SVM’s) among others. The study in [133] presented a 

novel motor condition monitoring system using 1-D convolutional neural networks, the learning 

of the motor data characteristics allows one to classify the variability of the current signatures for 

different types of faults, with the data obtained from the current signals reducing the iteration time 

considerably and with efficiencies greater than 97% based on experimental results. 

Thermography continues to be a highly reliable technique for detecting motor faults, including 

misalignment, cooling problems, bearing damage, connection problems, and others. Works 
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using thermography have been presented in [113], [114], [115], [116], [117], [118], [119], the 

study in [113] presents the compilation of some industrial cases obtained in a petrochemical 

plant, and the authors show how infrared thermography can provide useful information about the 

presence of faults in IM´s, but also the authors highlight the importance of the thermographer's 

experience when interpreting the results. Despite the diversity of existing techniques for fault 

prediction, their effectiveness has also been questioned according to the technique used and the 

type of fault in question [131].  

 Test Bench Description 
 

The effects of voltage harmonics, voltage unbalance, and voltage magnitude variations were 

evaluated using the test benches shown in Figure  1-9 and Figure  1-10. The bench comprises a 

three-phase alternating current (AC) programmable source (1), in which different voltages 

applied to the IE2, IE3 and IE4 Class Induction motors (4) were configured. The induction motors 

input parameters were measured using a class “ ” power-quality analyzer (2), and an 

electromagnetic brake (3) was used as the electric load. The rated data for each motor is 

presented in Table 1-3 and photographs of the nameplates of each motor are presented in the 

Appendix. The tests were conducted at the Amazon Energy Efficiency Center (CEAMAZON) of the 

Federal University of Pará (UFPA). At first, the induction motors were subjected to a perfect three-

phase sine voltage of 220 V for 1 h and 10 min so that they reached their thermal equilibrium2, 

and, in a second moment: 

• The value of each voltage harmonic (2nd, 3rd, 5th, and 7th) increased by 2% every 10 minutes 

until it reached 25%; 

• Each motor was individually subjected to 1 hour and 10 minutes of 1%, 3%, and 4% NEMA 

voltage unbalance until thermal equilibrium was restored; 

• The LSPMM was supplied with a nominal voltage of 220V (1.00 p.u.), which was used as the 

base voltage to define the undervoltage and overvoltage values per unit. The LSPMM was then 

subjected to VV conditions of 0.90, 0.95, 1.0, 1.05 and 1.10 p.u. with loads ranging from 0% 

to 125%. 

 
2 Thermal equilibrium is defined by the Standard IEC 60034-1:2010 as the state where the several parts of the 
machine do not vary by more than a gradient of 2 K per hour.  
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Figure  1-9 - General test setup for the power quality disturbances tests. 

 
Figure  1-10 - General test setup for the electric motor degradation index tests. 

 

Table 1-3. Induction motor parameters. 

IM Class  IE2 IE3 IE4 
Technology  SCIM SCIM LSPMM 
Power (kW)  0.75 kW 0.75 kW 0.75 kW 

Voltage (Volts)  220/380 V 220/380 V 220/380 V 
Speed (rpm)  1730 1725 1800 
Torque (Nm)  4.12 4.13 3.96 
Current (A)  2.98/1.73 2.91/1.68 3.08/1.78 

Efficiency (%)  82.6 82.6 87.4 
Power Factor  0.80 0.82 0.73 
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A FLIRTM model T620 infrared camera with a calculated emissivity of 0.94 was used to 

measure the induction motor frame temperature. The thermographic images of the motor were 

taken at two angles every 2 minutes from thermal equilibrium to the end of the experiment for 

each disturbance analyzed in order to analyze the temperature variation in each motor class. 

Figure  1-11a and Figure  1-11b shows the angles taken during the experiments. 

  

(a) (b) 
Figure  1-11 – Thermographic images of the LSPMM with: (a) 25% of 5th harmonic voltage distortion; (b) 

10% of 5th harmonic voltage distortion. 

 

 Research Goals 
 

Based on a literature review, this study contributes considerably to the field by analyzing the 

impact of power quality disturbances on IE2, IE3 and IE4 class motors. Therefore, the general 

purpose of this work is to present a technical, thermal, and economic evaluation of the impact of 

voltage magnitude variation, voltage harmonics and voltage unbalance on the behavior of IE2, IE3 

and IE4 efficiency class induction motors. Then, by means of a degradation indicator proposed in 

this work, the impact of these disturbances on the motor health is analyzed. In the light of this 

general goal, the following specific goals have been outlined: 

• Determination of the orders and magnitudes of the harmonic voltages to be evaluated in 

accordance with current literature and electrical standards. 

• Determination of the voltage unbalance percentages as well as the magnitudes with 

under and over voltage according to the current literature and electrical standards. 

• From the literature and standards, define the voltage magnitudes to be evaluated on 

electric motors. 
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• Analysis of the individual impact of each voltage harmonic, voltage magnitude, and 

voltage unbalance in the performance and temperature for the 0.75 kW output power of 

the IE2, IE3 and IE4 efficiency motor classes. 

• Statistical analysis using multiple regression and least squares to generate temperature 

models for low power electric motors from the thermographic captures. 

• Technical-economic analysis considering the current costs of each technology and the 

paybacks as well as the technical considerations derived from the experiments carried 

out. 

• Search for methodologies that can be applied to the predictive maintenance of electric 

motors subjected to conditions of low power quality. 

 

 Thesis Contributions 

This work presents a series of methodologies aimed at analyzing the performance of 0.75 

kW output power electric motors in the presence of different disturbances present in current 

electrical systems, such as voltage variation, voltage harmonics and voltage unbalance, in order 

to establish conclusions and guidelines to be considered by specialists in the substitution 

between technologies. In this sense, the main contributions of this work are detailed below: 

1. Analysis of the main improvements in relation to savings and performance in the IE2, IE3 

and IE4 class technologies at a 0.75 kW output power, under ideal operating conditions, 

to analyze the main operational characteristics of each technology, with a special focus 

on the line-start permanent magnet motor (LSPMM), to obtain key factors and 

conclusions to be considered for the substitution between technologies. 

2. A comparison of the responses of electric motors classes IE2, IE3 and IE4, the latter 

being a hybrid motor with squirrel cage and permanent magnets, when subjected to 

voltage harmonics of second, third, fifth, seventh order and a combination of all in the 

supply voltage. In addition, a statistical study using correlation matrices between the 

temperature and the input parameters of each motor is presented to analyze behavioral 

patterns for the temperature increase for each harmonic in the study. The thermal 

modeling and validation of the LSPMM in the FEM software when subjected to negative 

sequence voltage harmonics is also presented. 
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3. Technical, thermal, and economic evaluation of voltage unbalance (VU) impacts: A 

comprehensive evaluation of the effects of VU under different load conditions is 

conducted. This study identifies the voltage magnitudes that exert the most substantial 

influence on motor behavior depending on the type of application and load conditions by 

assessing different non-nominal voltages. This analysis provides valuable insights into 

decision-making processes and offers guidance to specialists in optimizing motor 

performance; 

4. A comparison between energy efficiency gain and power quality degradation related to 

electric motors, with special attention to the harmonics generated by each disturbance, 

in order to verify the hypothesis: Are the most efficient motors less efficient in terms of 

power quality? 

5. Technical, thermal, and economic evaluation of voltage variation (VV) impacts: A 

comprehensive evaluation of the effects of VV under different load conditions is 

conducted. This study identifies the voltage magnitudes that exert the most substantial 

influence on motor behavior depending on the type of application and load conditions by 

assessing different non-nominal voltages. This analysis provides valuable insights into 

decision-making processes and offers guidance to specialists in optimizing motor 

performance; 

6. In the search for innovative and complementary techniques, this study introduces a novel 

methodology based on the frequency-domain analysis of electric motor current 

waveforms. The approach utilizes spectral analysis of the motor's load current during 

online operation. To accomplish this, the Contact Degradation Indicator (CDI), originally 

developed for predictive diagnosis of failures in electric power substation bays [4], will 

be adapted to create the Electric Motor Degradation Indicator (EMDI). By utilizing a 

degradation coefficient, this methodology aims to provide a reliable reference for 

assessing the health state of electric motors.   
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 Thesis Structure 

This work is structured as follows: 

✓ Chapter 1 - Introduction: This chapter presents the initial considerations of the work, the 

contextualization of induction motors in the world and in Brazil. A bibliometric and 

systematic review on the topic of study proposed in this doctoral thesis. The motivations 

and the goals to be achieved with this research, a bibliographic survey of the related 

works found in the literature, and, finally, the original contributions of the thesis. 

✓ Chapter 2 – Evolution of Electric Motors: This chapter reviews the evolution of electric 

induction motors, the constructive improvements they have undergone over the years, 

up to the introduction of new technologies such as Line Start. Permanent Magnet Motor 

(LSPMM), finally, a comparison between the IE2, IE3 and IE4 class motors is presented. 

✓ Chapter 3 –Voltage Harmonics: This chapter will present the main effects of voltage 

harmonics on the performance and temperature of induction electric motors classes 

IE2, IE3 and IE4. Statistical correlation and temperature models will be also presented. 

✓ Chapter 4 – Voltage Unbalance: This chapter presents through experimental tests, the 

temperature and performance response of IE2, IE3 and IE4 electric motors classes in the 

presence of different unbalanced voltages. 

✓ Chapter 5 – Power Quality and Energy Efficiency: In this chapter a discussion on the 

relationship between power quality and energy efficiency applied on electric motors in 

the presence of harmonics and voltage unbalance will be presented. 

✓ Chapter 6 – Voltage Magnitude Variation: The impacts of voltage variation on the 

response of synchronous motors will be discussed in this chapter, a discussion of the 

impacts on temperature and an economic and statistical analysis will also be presented. 

✓ Chapter 7 – Electric Motor Degradation Index: In this chapter a methodology for the 

predictive diagnosis of the motor is proposed from the analysis in the frequency domain. 

The methodology is validated in the field in a pumping system. 

✓ Chapter 8– Author Publications: The publications made during the doctoral period are 

listed as well as other achievements. 

✓ Chapter 9 – Final Considerations: This chapter discusses the overall conclusions and 

future work. 
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Evolution of Electric Motors 
This chapter presents the basics of electric induction motors, the 
main losses that occur during power conversion, and the design 
improvements made over the years up to the introduction of new 
technologies such as line-start permanent magnet motors 
(LSPMMs). Finally, to analyze the main improvements achieved at 
the power levels analyzed, a comparison is made between IE2, IE3, 
and IE4 class motors under the same operating conditions, with a 
view to future substitution. 

 

 The Induction Machine 
 

Nowadays, the induction machine is by far the most widely used electrical machine in 

electrical drives, its several advantages in line starting capability, and simple and robust 

construction have led to the widespread use of IMs as the main end users of electrical energy, 

with more than 50% of the world's electrical energy and almost 70% of the industrial related 

electrical power consumption according to the International Energy Agency [1]. Figure  2-1 

presents the components of an induction motor. 

 

Figure  2-1 - Induction Motor components [2]. 

The function of a motor is to convert electrical energy into mechanical energy to perform 

useful work [3]. Most of the electrical input power is converted into mechanical energy with 

inevitably a certain amount of losses that depend on the motor technology, materials, design, 

environmental conditions, Operations and Maintenance (O&M), etc.  
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Induction motors have been the subject of numerous studies to evaluate the components of 

losses and the technical and economic means to reduce them. Due to their importance in 

industry, many improvements have been made in their design and construction over the last 20 

years to achieve greater operating efficiency. Two types of losses occur in induction motors: fixed 

losses, which occur whenever the motor is energized and remains constant for a given voltage 

and speed, and variable losses, which increase with the motor load [4]. Figure  2-2 presents the 

distribution of IM losses. 

 
Figure  2-2 - Distribution of motor losses and percentage of losses for 0.75 kW – 160 kW IM’s. 

Core, friction, and wind losses are the constant losses. The core is the most expensive part of 

an induction motor, providing the flux with a low reluctance magnetic path. Core losses 

represent the energy required to overcome the resistance to changing magnetic fields within the 

core material of the stator and rotor (hysteresis) and Foucault currents. Friction and wind losses 

are zero at startup and increase with speed due to bearing friction and air resistance. Since the 

motor speed is usually constant, these losses are nearly constant. 

Variable losses are also known as copper losses. They consist of resistance losses in the 

stator and rotor and miscellaneous stray load losses. Copper losses in the stator and rotor 

windings are proportional to the square of the current and directly proportional to the rotor and 

stator resistances (conductor and bar cross sections). Stray load losses, on the other hand, 

result from various sources such as leakage fluxes induced by load currents, surface, slot 

conditions, etc. For years, they have been associated with harmonics as well as practical 

limitations in the machine [5]. As the load changes, so does the current flowing in the rotor and 

stator windings, and so both the stray load losses and the stator and rotor losses change. 

 

Both constant and copper losses can be obtained by performing no-load and blocked rotor 

tests on the three-phase induction motor.  The standards in [6], [7] can be used. Losses in IMs 
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depend on motor load and power, for low power induction motors, ohmic losses represent about 

80% of the total losses, while for large machines they are reduced to about 50%, as shown in 

Figure  2-3a [8]. Variations in losses due to motor load are shown in Figure  2-3b [9]. 

 

 

(a) 
 

(b) 

Figure  2-3 - Typical fraction of losses in 50-Hz, four-pole squirrel cage induction motors for (a) Losses 
variation as a function of output power [8]; (b) Losses variation as a function of load [9]. 

The authors in [10], presented an updated, more realistic distribution of modern induction 

motor loss components as a function of rated power and efficiency class classification. The 

results show that IE4-classified motors had the largest share of stator copper losses and the 

rotor copper losses decreased with increasing efficiency. Core losses increased with efficiency, 

while friction, windings, and auxiliary load losses remained relatively constant. 

 

 Improvements in Induction Motors 
 

Due to the various sources of losses in induction motors, several classifications have been 

developed in terms of their origin and impact, resulting in a ranking of the main efficiency 

improvement factors. These are shown in Figure 2.4 [11], where each level represents the impact 

of that area on efficiency. In the next section, we will review the major improvements that have 

been made to induction motors over the past 20 years in each of the areas shown in Figure 2.4. 
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Figure  2-4 - Impact of possible areas of improvement for induction motor performance [11]. 
 

2.2.1. Active Materials 

 

The materials involved in the conversion of electrical energy are called active materials. They 

are the core, rotor, and stator assembly (stator windings and rotor cage) [11]. Improving the 

active materials has the greatest impact on reducing losses and thus increasing the efficiency of 

IMs. By increasing the use of active material (i.e. more copper wiring in the stator and higher slot 

fill), the efficiency of standard motors can be increased, e.g. by about 8 percentage points in the 

case of 1 kW and 1.5 percentage points in the case of 100 kW [12]. To reduce the main losses in 

the stator windings, the manufacturer in [13] replaced the winding diagram with concentric coils 

by a winding diagram with equal, offset coils, which resulted in a reduction of almost 8% of the 

initial resistance. 

New developments to reduce rotor winding losses are the emerging technologies of LSPMM, 

IM using die-cast copper rotors, switched reluctance (SR), and synchronous reluctance (SynRM) 

motors. These technologies are commercially available in many countries and can achieve 

efficiencies significantly higher than premium efficiency induction motors (IE3 classes). 

Copper rotor motors significantly reduce rotor losses due to the volumetric conductivity, 

which is approximately 66% higher than aluminum [14]. Constructed with prefabricated copper 

bars that are typically driven into the rotor slot and soldered to the shading rings at both ends of 

the rotor, copper-rotor induction motors have reduced RI2 losses, resulting in a lower operating 

temperature. A lower temperature means that a smaller cooling fan can be used, resulting in 

reduced friction and wind losses [9]. 
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A definition of LSPMMs is presented in the next sections. In induction motors, rotor losses 

include two components, i.e. core losses and rotor cage losses (end rings and rotor bars). In 

LSPMMs, due to the synchronous speed, no currents are induced inside the rotor (neglecting 

spatial and time harmonics), so the rotor temperature of these motors is about 30% lower than 

that of induction motors with the same output power [15].  

To reduce core losses, high-quality magnetic materials can be used. Generally, two types of 

commercial magnetic steel are used in electric machines, M400-50A and M800-50A [15]. The 

first number indicates the specific iron loss in W/kg at a peak induction of 1.5 T. For M400-50A 

the specific iron loss is 4W/kg. The second number indicates the thickness of the lamination, for 

M400-50A the thickness is 0.5mm. In [13], it is presented that the use of the electromagnetic 

steel sheet M270-50 with specific losses (2.7 W/kg) results in a reduction of 70% and 35% 

compared to M800-50A and M400-65 losses for a 7.5 kW IM. 

Amorphous metals (AM) are a promising material for high-efficiency motors; when AM are 

used for the iron core, losses are reduced by up to a tenth of the losses of normal iron [16]. 

However, amorphous metals are hard and brittle, making them difficult to machine and process, 

increasing their cost. 

2.2.2. Windage and Friction Losses 

 

Windage and friction losses can be reduced by properly designing the fan and reducing 

bearing/seal friction. In [17], two cooling fans of different sizes are tested for a 3.7 kW IM. In order 

to reduce mechanical losses, the size of the cooling fan must be reduced, but reducing the size 

of the cooling fan results in higher efficiencies but also higher temperatures. The use of low-

friction bearings can also reduce friction losses in IMs. The authors in [18] present a comparison 

between six bearings from five different manufacturers, where it is observed that a reduction of 

40-70% in friction losses can be achieved thanks to several design features, such as the internal 

geometry of the raceways, the type of grease as well as the polymer material of the cage, which 

features a lower coefficient of friction than the conventional steel cage [19].  

Higher-efficiency motors also present a decrease in line currents, which results in a decrease 

in the operating temperature. Experimental tests performed on a 7.5 kW four-pole motor show 

that at full load, an IE3 class SCIM and an IE4 class SCIM have an end shield temperature near 
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the shaft/bearing housing that is 10 and 15 ºC (approximately) lower, respectively, than that of 

an IE2 class SCIM. For insulation, the National Electrical Manufacturers Association (NEMA) [20] 

provides acceptable temperature rise for fully loaded motors. Three classes of insulation are 

commonly used in IMs, these are Class B (maximum temperature of 130°C), Class F (maximum 

temperature of 155°C), and Class H (maximum temperature of 180°C). Manufacturers use F/H 

class insulation in most motors, as this offers a clear advantage in terms of heat dissipation and 

temperature rise [21]. 

 Permanent Magnet Motors 
 

In addition to the induction motors shown in Section 2.1, there are permanent magnet motors 

which, unlike SCIM, have magnets attached to the surface (Surface Permanent Motor, SPM) or 

inside the rotor (Internal Permanent Magnet Motor, IPM) to create a permanent magnetic field. 

This design replaces the IM squirrel cage and significantly reduces rotor I2R losses. Figure  2-5  

shows the two common categories of permanent magnet motors [9], [22]. In SPM motors, the 

magnets are attached to the outside of the rotor surface. Because of this mechanical 

attachment, their mechanical strength is weaker than that of IPM motors. IPM motors have a 

permanent magnet embedded in the rotor itself. 

 

 

 

 

(a) (b) 

Figure  2-5 – Permanent magnet motors: (a) Surface mounted permanent magnet motor (SPM)[22] [23]; 
(b) Interior permanent magnet motor (IPM) [22] [24]. 
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Despite the reduction in losses and consumption, the PM motor is designed for variable 

speed operation and must be controlled by a specially designed inverter or variable speed drive 

(VSD) to properly start and synchronize the PM motor. Although a VSD can provide great savings 

and benefits when operating an IM, there are many other applications where the need for greater 

operating efficiency does not justify the additional investment in a VSD, such as fixed-speed 

applications. Given this scenario, the Line Starts Permanent Magnet Motor (LSPMM) becomes 

one of the best candidates, being present in this study, the following sections describe the main 

design and operational characteristics.  

 Line Start Permanent Magnet Motor LSPMM 
 

The line-start permanent magnet motor (LSPMM) combines the advantages of induction and 

synchronous machines, using a stator as one of the IMs and a hybrid rotor with a squirrel cage 

and pairs of permanent magnet poles. Due to the bar-shaped conductors in the rotor, LSPMMs 

have self-starting capability, and no additional devices are required, but there are still difficulties 

with the high starting torque [25]. The LSPMM offers many advantages over the IM: higher 

efficiency and power factor at different load levels, synchronous constant speed, and lower 

operating temperatures. In terms of reactive power (Q) due to the magnetic field generated by 

permanent magnets, the LPMSM absorbs significantly less reactive power [26]. Also, as standard 

IMs, LSPMMs are built according to IEC 60034-7 [27, pp. 60034–7], which facilitates substitution 

between these technologies. Figure  2-6 shows the main components and configuration of a 

four-pole LSPMM. 

 

Figure  2-6 - Structure of a four-pole LSPMM [28] 
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Manufacturers have used different combinations of magnets in the rotor, some of which are 

shown in Figure  2-7. The type of configuration depends on the manufacturer as well as on the 

characteristics of the magnets used. In [29], different permanent magnet types and 

configurations are analyzed; the authors conclude that rotors with internal magnet types provide 

higher efficiency and that V-type rotors (Figure  2-7d) and magnet material type NdFe35 provide 

better efficiencies and power density in LSPMMs. 

   
(a) (b) (c) 

   

(d) (e) (f) 

Figure  2-7 - Typical rotor configurations for LSPMM’s :(a) Spoke rotor; (b) W Type magnetic circuit 
structure; (c) Swastika magnetic circuit structure; (d) V-type magnetic circuit structure; (e) U-type 
magnetic circuit structure; (f) Series-type magnetic circuit structure [29], [30]. 

 

2.4.1. LSPMM Starting  

 

The LSPMM starts as an induction motor by the interaction between the fundamental fields 

generated by the stator winding and the rotor winding, which generates an asynchronous 

electromagnetic torque used to start the motor. However, a braking torque occurs due to the 

interaction between the fundamental fields generated by the stator winding and the permanent 

magnets (PM) in the rotor. The behavior of torque vs. speed during startup for an LSPMM is shown 

in Figure  2-8a. 
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The top curve represents the cage torque, which is the torque that would be obtained without 

the PM. The lower curve represents the average net torque, which is the sum of the cage torque 

and the magnetic braking torque. It can be observed that the presence of the magnets results in 

a decrease of the cage torque, this is due to the generating action of the magnets, which gives 

rise to a component of the stator current that produces resistive losses in the stator circuit 

resistance [31]. The torque-speed curves also vary according to the PM configuration inside the 

rotor [32]. Figure  2-8b shows a comparison between the starting torque of an IM and an LSPMM. 

 

(a) 

 

(b) 

Figure  2-8 – Starting torque in LSPMM and SCIM: (a) Starting behavior of torque components for 
LSPMM´s [31]; (b) Torque behavior for IM and LSPMM during starting [26]. 

Figure  2-8b shows the torque response for IM and LSPMM, and it can be seen that the LSPMM 

exhibits significant oscillations during start-up compared to the IM. This oscillation behavior is 

due to two principal components, one with the double slip frequency due to reluctance variation 

with rotation, and the other with the slip frequency due to magnetic saturation [33]. In [34] 

different curves during start-up of different permanent magnet motors are presented, as well as 

solutions to reduce oscillations and braking torque in these technologies. This fact should be 

considered when changing between IM's and LSPMM's, especially in applications with frequent 

start/stop cycles.  
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 Comparison of IE2, IE3 & IE4 Motor Efficiency Classes 
 

In order to analyze the main strengths and weaknesses of the new technologies, this section 

shows a comparison of the performance of three 0.75 kW motors, IE2, IE3 and IE4, under ideal 

power conditions and the same load conditions, with a view to future substitutions. 

 

2.5.1.  Input Current Distortion 

With respect to the input current, it can be seen in Figure  2-9a that the LSPMM current is 

significantly reduced compared to the IE2 and IE3 classes of IMs. The stator current in IMs is the 

sum of two components: the magnetizing current, which is necessary to create the magnetic 

field in the air gap, and the current due to the load connected to the motor output. The 

magnetizing current is present at all times during motor operation and, in some 4-pole motors, 

can reach 50% of the nominal motor current [35]. In the LSPMM, the amplitude of the input 

current shows a decrease in its value with respect to the IE2 and IE3 technologies for the same 

percentage of load, due to the presence of permanent magnets in the rotor, which contribute 

significantly to the reduction of the magnetizing current of the machine. 

 

(a) 

 

(b) 

Figure  2-9 -  Comparison between IE2, IE3 and IE4 efficiency class motors (a)Stator currents; 
(b) Total Harmonic Distortion of Current. 

Although the IE4 LSPMM presents lower currents, it also presents a distorted sinusoidal 

waveform compared to the IE2 and IE3 classes of IM, this is [36]. To quantify the percentage of 

distortion present in each current sinusoid, the Total Harmonic Distortion of Current (THDI) was 

obtained for each of the motors. Figure  2-9b shows that the percentage THDI of the IE4 class 

permanent magnet motor is almost four times higher than that of the IE2 and IE3 motor classes. 

The current waveform of the LSPMM has 5th and 7th order harmonics, as well as higher order 
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harmonics (17th and 23rd). This distortion in LSPMMs has been previously documented in [26] 

[37] [38]. 

Harmonics, depending on their order and percentage, have different effects on electrical 

system components and loads. While both motors have even, odd and intermediate harmonics, 

the LSPMM has higher proportions and more harmonics, including high-frequency harmonics up 

to order 50. Researchers and manufacturers see the LSPMM as a possible replacement for the 

SCIM in the future, but studies should be carried out first and foremost for large-scale 

applications. 

 

2.5.2. Total Power and Power Factor 

In terms of total consumption, the IE3 and IE4 motors show a reduction in active and reactive 

power compared to the IE2 motor class, resulting in a significant reduction in total power, as 

shown in Figure  2-10a. The observed reduction leads to a lower consumption, which can lead to 

great savings in the energy bill and a lower payback time according to the operating hours. The 

power factor of the IE3 class motor also shows a considerable increase with respect to the IE2 

class, as shown in Figure  2-10b, going from 0.64 to 0.72, with which considerable benefits can 

be obtained in the industrial sector in terms of losses, delay in investments in capacitor banks 

and general efficiency of the system. Regarding the IE4 class motor, although it shows an 

improvement compared to the IE2 class motor, it presents a lower power factor compared to the 

IE3 class motor. 

 

(a) 

 

(b) 

Figure  2-10 -  Consumption in IE2, IE3 and IE4 class motors (a) Total Power; (b) Power F. 
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The low power factor in synchronous motors has already been discussed in [30], [39], [40] 

and is related to the rotor magnetic saliency ratio (𝜀 = 𝐿𝑑 𝐿𝑞)⁄  which describes the ratio 

between the main rotor flux inductance (d axis, 𝐿𝑑) and the main torque producing inductance 

(q axis, 𝐿𝑞), [22], [41]. Due to the permanent magnet motor, having the magnets inside the rotor 

result in a larger magnetic saliency, for which manufacturers still need to analyze ways to reduce 

this ratio. 

 

2.5.3. Electric Motor Temperature 

The synchronous speed of the LSPMMs allows a quieter operation and a reduction in the 

current, active, and reactive power consumption, thanks to the permanent magnets, when 

compared to the IE2 and IE3 classes of IMs. In addition, these motors have lower operating 

temperatures due to the reduction of the current in the windings and the practically zero rotor 

current (neglecting the harmonic currents). Figure  2-11a shows the front temperature rise of 

each IM in one hour interval, it is observed how the hybrid motor presents a higher initial 

temperature, but with smaller increments until reaching 36°C, below the other motors. 

 

(a) 

 

(b) 

Figure  2-11 - Temperature rise for IE2, IE3 & IE4 IM´s classes: (a) Graphics from measurements and (b) 
LSPMM captured angle.  

The temperature reduction can be explained by the design and operating characteristics of 

the LSPMM. When the rotor reaches synchronous speed, resulting in zero slip, there is no 

electromagnetic field generated in the rotor bars to produce rotor current, except for harmonic 

currents.  
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This significantly reduces the temperature of the shaft and consequently other components 

[15], [35]. In  [42] it is reported that this temperature reduction is approximately 30% lower. In 

addition, these emerging technologies exhibit an increase in active materials [43], which 

contributes to reduced temperature variations due to the increase in area for the flux path in 

these technologies. 

 

 Chapter Conclusion 

The aim of this chapter was to provide a brief description of the electric motor, its main losses 

and the means used by manufacturers and researchers to reduce them, as well as the evolution 

of these machines until the introduction of new technologies such as the LSPMM. Finally, a 

technical comparison was made between the IE2, IE3 and IE4 classes of IM with 0.75 kW output 

power, considering the new law on the energy efficiency of electric motors, which increases the 

minimum efficiency values for the IE4 class motor. Then, based on experimental measurements, 

the three technologies were compared under the same operating conditions with the aim of 

substituting between efficiency classes. The results show that the IE3 class motor achieves 

lower currents and power factor, but with a higher operating temperature compared to the IE2 

class motor. The IE4 class permanent magnet motor shows the lowest currents, consumption, 

and operating temperature, as well as quieter operation, but with a higher percentage of 

harmonic distortion and a lower power factor compared to the IE3 class motor at the same load. 

In general, the results observed show that the transition to the IE3 efficiency class will result 

in great benefits in terms of energy, economy, and environment, both for Brazil and for the 

neighboring countries, since it is a major exporter within the region. 

The following chapter will show the main effects of voltage harmonics on electric motors 

classes IE2, IE3 and IE4.  
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Voltage Harmonics Impacts on Efficient 
Electric Motors 
Currently all electrical systems present waveforms with the 
presence of harmonic distortions, the distribution companies supply 
the loads with currents at the fundamental frequency and inevitably 
with currents at higher frequencies. However, only fundamental 
frequency current can provide real power. The main effects of 
voltage and current harmonics on the performance and temperature 
of low-power class IE2, IE3, and IE4 induction motors are presented 
in this chapter. 

 

 Harmonic Distortion 
 

The introduction of new types of electronic power sources has increased distortions in the 

waveforms of power systems over the last few decades. These power sources act as non-linear 

loads. Harmonic distortion exists due to the presence of these non-linear loads and devices in 

the power system. Currently, all electrical systems present waveforms with the presence of 

harmonic distortion, the distribution companies supply the loads with currents at the 

fundamental frequency and inevitably currents at higher frequencies. However, only the 

fundamental frequency current can deliver real power [1]. All harmonics present in a waveform 

are known as total harmonic distortion (THD), which is one of the most commonly used 

parameters to evaluate voltage or current quality. The mathematical expression is given by: 

                                                 𝑻𝑯𝑫% =  

√∑ 𝑽𝟐
𝒉

𝒉𝒎𝒂𝒙

𝒉=𝟐

𝑽𝟏
∗ 𝟏𝟎𝟎                                                 (𝟏) 

Where Vh is the harmonic voltage of the order h, V1 is the fundamental measured voltage and 

hmax is the order of the maximum harmonic considered.  

Since a perfectly sinusoidal voltage is practically impossible due to technical limitations, 

many studies have been developed to analyze the impact of distorted voltages and currents on 

electric motors, but with the introduction of new technologies, it is necessary to know their 

response to the presence of these disturbances in electrical systems. 
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 Harmonics Limits 
 

Harmonics have been present in power systems since the first generators. The first AC 

sources were highly distorted until AC generator designers succeeded in building units that 

delivered near sinusoidal voltages [1], [2]. In 1893, only eight years after the first AC power plant 

was built, engineers conducted a harmonic analysis to identify and solve a motor heating 

problem. A year later, one of the first documents in which the word "harmonic" was printed and 

used in the context of the Fourier series applied to electrical systems is an 1894 paper by Edwin 

J. Houston and Arthur E. Kennelly [2], [3].  

However, the harmonic components were so small that their effects on the systems were 

negligible and became widespread especially after power electronic devices significantly 

penetrated the power systems and resulted in an increase in the harmonic and interharmonics 

content in the sinusoidal wave, prompting the need to pay more attention to them. 

To ensure a supply with acceptable power quality limits and losses, voltage distortions must 

be limited to certain values defined by international standards. Standard IEEE 519-2014 [4], sets 

limits of 5% and 8% for individual and total harmonic distortion at the point of common coupling 

(PCC) for voltages below 1 kV. The IEC 61000 [5] series includes harmonics and interharmonics 

as one of the conducted low-frequency electromagnetic phenomena. The IEC 61000-2-4 series 

[6] provides harmonic and inter-harmonic compatibility levels for industrial plants and it defines 

values ranging from 0.2% to 6% for individual harmonics and 8% for the THD. 

In Brazil, the National Electric Energy Agency (ANEEL) [7] is responsible for the regulation and 

supervision of the generation, transmission, distribution, and sale of electric energy, by the law 

and the guidelines and policies of the federal government. The PRODIST module 8 [8], 

establishes the limits or reference values applicable to the total and individual harmonic 

distortions. For voltages of less than 1 kV, it sets 10% for the THD, while for the individual 

components, it sets 2.5% for even components not multiples of three, 7.5% for odd components 

not multiples of three, and 6.5% for components multiples of three. 

 Losses due to Harmonics in Induction Motors 
 

The presence of harmonic voltage distortion in the motor supply leads to additional harmonic 

losses in the rotor and stator, torque reduction, noise, slippage, and mechanical vibrations, all 
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of which contribute to an increase in the internal temperature of the motor, particularly in the 

windings and stator core [9], [10] [11], [12], [13].  

The harmonics are divided into positive sequence harmonics, negative sequence harmonics, 

and zero sequence harmonics as shown in Table 3-1. According to the literature, negative 

sequence harmonics result in greater negative effects due to their opposite rotating magnetic 

field, unlike positive sequence harmonics which result in positive torque, while zero sequence 

harmonics do not result in significant effects because most motors are connected in a delta or 

ungrounded star connection. 

Table 3-1  Harmonic order sequences 

Harmonic Sequence  

Sequence Sequence Sequence 

Positive (+) Negative (-) Zero (0) 

Harmonic order Harmonic order Harmonic order  

1 2 3 

4 5 6 

7 8 9 

10 11 12 

13 14 15 

 

Harmonics are also divided into time harmonics and space harmonics, the latter being more 

related to motor geometry and mainly considered by design engineers. Losses caused by space 

harmonics result in additional losses that are usually grouped with stray load losses. Although 

they cannot be eliminated due to the magnetic interaction of the conductors in the slots, they 

can be reduced by good motor design. 

The presence of positive, negative, and zero-sequence harmonics results in additional losses 

in each of the components, as shown in Figure  3-1. A similar scenario occurs with unbalanced 

voltages, as discussed in Chapter 4. The following subsections show the effects of each 

component. 
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Figure  3-1 – Additional Negative and zero sequence losses in induction motors. 

As shown in Figure 3.1, the harmonic orders cause additional losses, depending on the 

harmonic order, the percentage present in the waveform, and the induction motor technology, 

as will be discussed later. Core losses will be influenced by harmonics, harmonic stresses will 

result in a higher induced voltage and consequently a higher magnetizing current. In [14] it is 

shown that for IM the magnetizing losses are a function of the magnitude of the harmonic, the 

order, and the phase angle of the peak induction. In [15]the authors conclude that the influence 

of the harmonic phase angle is similar for LSPMM and IM in terms of magnetization losses. 

The increase in voltage and current due to harmonics causes additional losses in the stator 

and rotor windings, resulting in higher temperatures, especially in lower-power motors where 

copper losses account for nearly 80% of the total losses. In terms of the effect on motor torque, 

negative sequence harmonics produce a reverse field concerning the fundamental, resulting in 

reduced torque. Positive sequence components produce a forward rotating field that adds to the 

torque. The positive and negative sequence torque components cause vibration and reduce 

motor life. Zero sequence harmonics (3, 6, 9, 12) produce a stationary field, but because the 

harmonic field frequencies are higher, magnetic losses are increased and the harmonic energy 

is dissipated as heat.  
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 Voltage Harmonics Impacts on IE2, IE3 and IE4 IMs classes. 
 

3.4.1. Methodology 

This section analyzes the main improvements in terms of savings and performance of 

electric motors, presenting through experimental tests a comparison of the responses of IE2, IE3 

and IE4 induction motors classes of 0.75 kW output power when subjected to harmonics present 

in current electrical systems, of second, third, fifth, seventh order and a combination of all in the 

supply voltage. Furthermore, a statistical study is presented, using correlation coefficients 

between the temperature and the input parameters of each motor, to analyze the behavioral 

patterns for the temperature increase for each of the harmonics studied. With regard to the 

methodology used for the treatment of the measured data and obtaining the results, Figure  3-2 

presents the steps carried out during this work. 

In the first step, the induction motors were subjected to nominal voltages until achieve the 

motors thermal equilibrium. In a second moment, the value of each voltage harmonic (2nd, 3rd, 

5th, and 7th) was increased by 2% every 10 minutes until it reached 25% of voltage distortion. 

The motor input measurements were made with the power quality analyzer equipment as well as 

the thermographic images taken with the infrared camera. The input data were recorded for 

further processing and analysis.  

 
Figure  3-2 - Flowchart of methodology used to obtain the results from the measurements. 
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 Technical Assessment 

3.5.1. Current Increase due to Harmonics 

Of the three analyzed technologies, the LSPMM class IE4 had the lowest input current 

consumption for the same load percentage. However, the presence of voltage harmonics makes 

this scenario change. In Figure  3-3a–c, the increase in input current of each motor is presented 

in the presence of voltage harmonics. In general, it can be seen how the second voltage harmonic 

turns out to be the most critical of the individual harmonics, resulting in the greatest increases 

in the line current, then, the combination of all harmonics results in the highest current 

demanded, which affects strongly the IE4 class LSPMM, which reaches currents up to two times 

its initial value. The fifth negative sequence harmonic results in a greater increase when 

compared to the seventh positive sequence harmonic for the three technologies. Third voltage 

harmonic did not result in any impact for the IE2 and IE3 class motors, however for the IE4 class 

motor it showed a slight increase, showing similar values with seventh voltage harmonic. 

   
(a) (b) (c) 

Figure  3-3 - Current increase for 2nd, 3rd, 5th, 7th and all harmonic order combined for induction 
motors (a) IE2 SCIM; (b) IE3 SCIM; (c) IE4 LSPMM. 

 

3.5.2. Total Current Harmonic Distortion 

Harmonic voltages produce harmonic currents, which, according to the order, percentage, 

and motor technology, can result in negative impacts on the operation, as well as a reduction in 

its useful life. In addition to the electric current, it was commented that the LSPMM total current 

harmonic distortion (THDI) presented values of up to four times the THDI of the other 

technologies.  
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To analyze the variation of this parameter, Figure  3-4a–c presents THDI for the IE2, IE3 and 

IE4 class motors. It can be seen that the fifth harmonic does not produce a considerable variation 

of THDI in relation to its initial value, fifth and seventh harmonics result in uniform increases for 

the three technologies, reaching values around 50% and 40% for 25% distortion, respectively. 

The second voltage harmonic turns out to be much more damaging to the LSPMM, where THDI 

reaches over 150% and the combination of all results in values close to 175%, well above the IE2 

and IE3 class motors, which show similar increases and do not exceed 150% of THDI. 

This increase is mainly due to the increase in voltage distortion for each motor, but also to 

the appearance of new harmonics within the waveform. It was observed that with harmonic 

voltage distortion percentages higher than 8%, new harmonic currents appeared. It was 

observed that from percentages higher than 8% of voltage distortion, new harmonic currents 

appeared, this will be presented in 5.4.1. In this way, with the presence of the fifth harmonic 

voltage, a seventh order harmonic current component appeared; while with the presence of 

seventh harmonic voltage, a fifth order harmonic current component appeared. With the 

presence of second harmonic voltage, a 4th order harmonic current component also appeared. 

All this contributes to the increase in THDI, occurring for all motors under study and being higher 

in the LSPMM due to the presence of permanent magnets. 

   
(a) (b) (c) 

Figure  3-4 - Total current harmonic distortion (THDI) variation for 2nd, 3rd, 5th, 7th and all harmonic 
order combined for induction motors (a) IE2 SCIM; (b) IE3 SCIM; (c) IE4 LSPMM. 
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3.5.3. Reactive Power and Power Factor with Voltage Harmonics 

The presence of permanent magnets contributes to the reduction of the magnetization 

current due to the magnetic fields generated in the air gap, with which a lower reactive power 

consumption is expected for the LSPMM. This can be observed in Figure  3-5c, where for 0% 

harmonic distortion this motor has lower consumption than the IE2 and IE3 class motors (Figure  

3-5a,b). The presence of voltage harmonics results in a greater reactive power consumed, which 

varies according to the harmonic content. It can be seen that the fifth harmonic does not 

represent any considerable increase in this variable then the seventh harmonic, that despite 

being of positive sequence results in a slight increase of reactive power, while the fifth harmonic 

being negative sequence results in a higher consumption. Within these harmonics the hybrid 

motor has lower reactive consumption, followed by the IE3 class motor, being the high efficiency 

motor (IE2 class) the one that consume the most reactive power from the network. 

The reactive power consumption is considerably increased with the presence of a second 

voltage harmonic, resulting in increases of up to 10 times that experienced with the 

aforementioned harmonics, the LSPMM being the most affected with this voltage harmonic. 

The combination of all harmonics turns out to be the most damaging, reaching 2 kvar values 

for the LSPMM, which will result in a low power factor for this technology, as will be presented in 

the following figure. 

   
(a) (b) (c) 

Figure  3-5 - Reactive power increase for 2nd, 3rd, 5th, 7th and all harmonic order combined for 
induction motors (a) IE2 SCIM; (b) IE3 SCIM; (c) IE4 LSPMM. 

 

Because the active power did not increase at the same rate as the reactive power, the 

motors suffered a decrease in their power factor. It can be seen in Figure  3-6a–c how fifth and 

seventh harmonics result in slight decreases in the power factor, the fifth harmonic being more 
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damaging, while the fifth harmonic remains varying over its initial value, except for the IE4 class 

hybrid motor, where it experiences a slight increase. For the second harmonic, it was already 

observed it produced large increases in current and reactive power, the power factor was also 

impacted with the presence of this harmonic, falling to values of down to 0.45 for the LSPMM, 

while the motor classes IE2 and IE3 have similar decreases with values close to 0.54, as 

presented. The presence of different combined harmonics in the supply voltage results in 

greatest decreases in power factor, it is observed based on the results that the presence of the 

second harmonic with negative sequence produces the greatest contribution in relation to the 

other harmonics present. 

   
(a) (b) (c) 

Figure  3-6 - Power factor decrease for 2nd, 3rd, 5th, 7th and all harmonic order combined for induction 
motors (a) IE2 SCIM; (b) IE3 SCIM; (c) IE4 LSPMM. 

 

3.5.4. Temperature Increase due to Harmonics 

Harmonics result in increases in the losses experienced by each motor and these losses 

vary according to the percentage of load, the level and type of harmonic content in the waveform, 

as well as the present technology. Because these losses are manifested primarily in the form of 

heat, the temperature is an indication of their increase with each harmonic analyzed. This 

increase is presented in Figure  3-7a–c.  

Initially, the motors have different operating temperatures with sinusoidal voltage without 

distortion, the IE3 class motor being the one with the highest operating temperature and the IE4 

class motor having the lowest due to the lower operational current. The third zero sequence 

harmonic does not produce considerable increases in the temperature of the three IMs. Fifth and 

seventh harmonics result in similar increases for the three motors, however due to the higher 
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initial temperature, the IE3 class motor reaches values close to 48 °C. With the second voltage 

harmonic, the hybrid motor experiments the greatest temperature increase, reaching values of 

60 °C, while the IE3 class motor has the lowest temperature increase with this harmonic. In 

general, the IE4 class hybrid motor is the one that is most affected by the presence of harmonics 

in the supply voltage, while the IE3 class motor shows a greater tolerance for this type of 

disturbance. 

   
(a) (b) (c) 

Figure  3-7 - Temperature rise in the presence of voltage harmonics of 2nd, 3rd, 5th, 7th and all 
harmonic order combined for induction motors (a) IE2 SCIM; (b) IE3 SCIM; (c) IE4 LSPMM. 

 

As it was observed in Figure  3-7, harmonics result in increases in the LSPMM input power, 

and this increase translates into losses due to overloads that can reduce the motor´s useful life, 

as well as reduce efficiency and increase consumption, which translate into higher operating 

costs for users. Figure  3-8 and Figure  3-9 present these losses observed in the LSPMM 

thermography images, for the thermal equilibrium condition without the presence of harmonics 

[thermograms (a) and (c)], and the same angles in the presence of 25% of 2nd and 5th order 

voltage harmonic distortions. The deviation produced by the negative sequence voltage 

harmonic disturbance is considerable and not recommended since it can degrade the insulation 

in the motor windings and produce internal short circuits. 
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(a) (b) 

  
(c) (d) 

Figure  3-8 - Thermographic images of the LSPMM  in presence of 2ndvoltage harmonics in frontal and 
lateral view (a) Thermal equilibrium frontal view; (b) 25% of 2nd voltage harmonic in frontal view; (c) 
Thermal equilibrium lateral view; (d) 25% of 2nd voltage harmonic in lateral view 

  
(a) (b) 

  
(c) (d) 

Figure  3-9 - Thermographic images of the LSPMM in presence of 5th voltage harmonics in frontal and 
lateral view (a) Thermal equilibrium frontal view; (b) 25% of 5th voltage harmonic in frontal view; (c) 
Thermal equilibrium lateral view; (d) 25% of 5th voltage harmonic in lateral view 
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 Statistical Assessment 

3.6.1. Correlation Matrix for Temperature 

Harmonic voltages cause an increase in the line current, which results in an increase in 

losses and, consequently, in the motor temperature. To analyze the harmonic influence in the 

motor temperature, a Spearman’s correlation analysis was developed in Minitab 18 [63], 

between the thermographic images data and the motor input parameters, in order to verify the 

relationship between these variables. Spearman’s correlation assesses the monotonic 

relationship between two variables. This correlation coefficient uses only the ranks of the values 

and not the values themselves. Thus, this measure is suitable for both ordinal and continuous 

variables. It is a useful test when Pearson’s correlation cannot be performed due to violations of 

normality, a non-linear relationship or when ordinal variables are being used [64–66]. For this 

case and after finding a non-linear relationship between some variables, Spearman’s correlation 

method was used [67]. The development of the Spearman’s rank correlation coefficient is 

presented in (2): 

𝒓𝒔 = 𝟏 −
𝟔 ∑ 𝑫𝒏

𝒊=𝟏 𝒊

𝟐

𝒏(𝒏𝟐 − 𝟏)
 (2) 

where n is the number of value pairs and 𝐷𝑖 =  𝑋𝑖 −  𝑌𝑖  is the difference between each 

corresponding 𝑋𝑖  and 𝑌𝑖  value rank. 

In general, correlation analysis results in a number between −1 and +1, called the 

correlation coefficient. The higher the coefficient, the closer the relationship between the 

variables. The analysis was performed for each harmonic considered in this study. Figure  3-10-

Figure  3-15 show the correlation matrices and the graphical representation between these 

variables for the second and third harmonic voltage in the IE2, IE3 and IE4 class motors, 

respectively. In the correlation matrix, the upper cell shows the Spearman coefficient while the 

lower cell shows the p-value, useful for rejecting the null hypothesis when compared to the 

significance level (0.05 assumed). In the graphical representation, the temperature variation (Y 

axis) versus the second and third order harmonic voltages, line current, THDI, power factor and 

active power (X axis) is presented. 

Regression (red) and smoother lowess (green) lines are also included within the graphics to 

better see and explore the potential relationships between the analyzed variables. 
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In this way, where high correlation coefficients are obtained, the variables show similar 

variation patterns, while where the coefficients have values close to zero, no similar variation 

patterns are observed, as in the case of the third harmonic voltage. For the IE2 class motor, the 

second harmonic voltage is presented in Figure  3-10a and Figure  3-11a, Spearman coefficients 

are observed quite close to ±1, which indicates a high correlation between the variables present 

in the matrix. In addition, the p-value is zero for each second harmonic correlation in the motors, 

presenting lower values, compared with the level of significance (α =  .  ). This behavior is also 

observed for the IE3 and IE4 class motors, for which a non-linear initial growth is also observed. 

A different scenario is observed for the third harmonic voltage, for which the electric motor 

delta-connected is an open circuit and not considerable effects are expected. In Figure  3-10b, 

it is observed that all parameters have low correlation values between them, especially in 

relation to temperature. There is practically no solid relationship between the variables, and it 

occurs when the relationship is random or non-existent, showing low correlation coefficients. 

This behavior is observed in Figure  3-11b. 

 

 
(a) (b) 

Figure  3-10 - Correlation matrix between temperature and input parameters in IE2 class SCIM for (a) 
second harmonic voltage distortion; (b) third harmonic voltage distortion. 

  
(a) (b) 

Figure  3-11 - Temperature regression versus motor input parameters for IE2 class SCIM with voltage 
distortion of (a) 2nd harmonic voltage distortion; (b) 3rd harmonic voltage distortion. 

 

IE2- 2nd H. T (°C) 2nd H.V. Current (A) % THDI PF 1 IE2 - 3rd  H. T (°C) 3rd H.V. Current (A) % THDI PF

2nd H.V. 0.973 0.8 3rd H.V. 0.446

0 0.6 0

Current (A) 0.974 0.991 0.4 Current (A) 0.401 0.263

0 0 0.2 0.001 0.034

% THDi 0.972 0.997 0.989 0 % THDi -0.054 -0.362 0.196

0 0 0 -0.2 0.666 0.003 0.117

PF -0.956 -0.976 -0.956 -0.98 -0.4 PF 0.319 0.244 0.903 0.082

0 0 0 0 -0.6 0.01 0.05 0 0.514

P (W) 0.95 0.95 0.971 0.946 -0.888 -0.8 P (W) 0.392 0.252 0.995 0.214 0.907

0 0 0 0 0 -1 0.001 0.043 0 0.087 0

Cell Content Cell Content 

 Spearman Coefficient  Spearman Coefficient

p-value p-value
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It is observed for the second harmonic voltage that, in relation to the temperature, all 

variables have high correlation values, which indicates that when one of them increases, the 

temperature also does. Among the other variables analyzed, it is observed that high correlation 

values are also observed, with which the co-linearity must be analyzed when creating models 

involving these variables. The only variable that varied during the experiment was the voltage 

distortion, which as mentioned increased in percentages of two until reaching 25%. 

For the IE3 class motor, Figure  3-12b and Figure  3-13b, the third harmonic has similar 

results compared to the IE2 class motor, presenting low correlation values, and in this case the 

p-value is greater than the significance value for some correlations, with which it is not possible 

to reject the null hypothesis, so it is not possible to state that there is a relationship between the 

variables in question. 

 

 
(a) (b) 

Figure  3-12 - Correlation matrix between temperature and input parameters in IE3 class SCIM for (a) 
second harmonic voltage distortion; (b) third harmonic voltage distortion. 

  
(a) (b) 

Figure  3-13 - Temperature regression versus motor input parameters for IE3 class SCIM with voltage 
distortion of (a) 2nd harmonic voltage distortion; (b) 3rd harmonic voltage distortion. 

Third harmonic voltage shows different results for the IE4 LSPMM, shown in Figure  3-14b 

and Figure  3-15b. Higher correlation coefficients can be observed for the LSPMM, but not as 

strong as those obtained for the second harmonic voltage. The p-value also remains below 0.05 

among most of the variables, as shown. In general, with the second negative sequence 

IE3- 2nd  H. T (°C) 2nd H.V. Current (A) % THDI PF 1 IE3 - 3rd  H. T (°C) 3rd H.V. Current (A) % THDI PF

2nd H.V. 0.983 0.8 3rd H.V. -0.199

0 0.6 0.112

Current (A) 0.985 0.993 0.4 Current (A) 0.117 -0.45

0 0 0.2 0.355 0

% THDi 0.983 0.995 0.991 0 % THDi -0.417 0.167 -0.01

0 0 0 -0.2 0.001 0.185 0.939

PF -0.978 -0.984 -0.975 -0.984 -0.4 PF 0.137 -0.441 0.941 -0.037

0 0 0 0 -0.6 0.275 0 0 0.767

P (W) 0.901 0.897 0.92 0.895 -0.859 -0.8 P (W) 0.1 -0.44 0.993 0 0.949

0 0 0 0 0 -1 0.428 0 0 0.998 0

Cell Content Conteúdo da celula

 Spearman Coefficient  Spearman Coefficient

p-value p-value
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harmonic, the temperature has a defined growth pattern from its initial temperature for the three 

analyzed induction motors, being lower for the LSPMM, to a temperature close to 60 °C for the 

three technologies. For the third zero sequence harmonic, the temperature varies around its 

initial value for the entire experiment. This scenario is different for the LSPMM where, despite 

showing a lower correlation, a growth pattern is observed in Figure b. 

 

 
(a) (b) 

Figure  3-14 - Correlation matrix between temperature and input parameters in IE4 class LSPMM for (a) 
second harmonic voltage distortion; (b) third harmonic voltage distortion. 

  
(a) (b) 

Figure  3-15 - Temperature regression versus motor input parameters for IE4 class LSPMM with voltage 
distortion of (a) 2nd harmonic voltage distortion; (b) 3rd harmonic voltage distortion. 

 

 

 

 

 

 

 

IE4- 2nd H. T (°C) 2nd H.V. Current (A) % THDI PF 1 IE4 - 3rd  H. T (°C) 3rd H.V. Current (A) % THDI PF

2nd H.V. 0.994 0.8 3rd H.V. 0.651

0 0.6 0

Current (A) 0.994 0.996 0.4 Current (A) 0.562 0.678

0 0 0.2 0 0

% THDi 0.993 0.997 0.995 0 % THDi 0.29 0.285 0.452

0 0 0 -0.2 0.019 0.021 0

PF -0.978 -0.979 -0.977 -0.98 -0.4 PF 0.587 0.553 0.896 0.515

0 0 0 0 -0.6 0 0 0 0

P (W) 0.979 0.98 0.987 0.978 -0.95 -0.8 P (W) 0.591 0.645 0.97 0.497 0.952

0 0 0 0 0 -1 0 0 0 0 0

Cell Content Cell Content 

 Spearman Coefficient  Spearman Coefficient

p-value p-value
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3.6.2. Temperature Models for Voltage Harmonics Impacts on Temperature 

In the results presented above, it is possible to observe how the parameters present certain 

patterns of behavior that vary according to the harmonic analyzed. Based on this, an analysis of 

the data was developed in order to create models that represent the behavior of the temperature 

in relation to the harmonics present in the supply voltage for the three low powers analyzed in 

this study. To analyze the influence of these additional harmonics on the temperature of each 

technology, the multiple regression of the Minitab software [16] was used, which fits linear and 

quadratic models with up to five predictor variables and one continuous variable using least 

squares estimation in a step-by-step procedure. 

To perform the analysis, the LSPMM IE4 class is considered with the presence of 2nd order 

voltage distortions. The side temperature of the motor presented in Figure 1.5a is used as a 

predictive variable and its increase is presented in Figure  3-7c and as predictive variables, the 

voltage distortions of 1st U1(1), 2nd U1(2), 4th U1(4), 5th U1(5) and 7th U1(7) order were 

considered due to the presence of harmonic current in the sinusoidal wave analyzed in the last 

section. Equation (3) presents the model to represent the temperature rise for the IE4 LSPMM in 

the presence of 2nd order voltage distortion. 

𝑻(°𝑪) = 𝟑𝟐. 𝟑𝟐 − 𝟎. 𝟎𝟗𝟐𝑼𝟐 + 𝟐. 𝟎𝟔𝑼𝟐 + 𝟕. 𝟖𝑼𝟓 + 𝟎. 𝟎𝟎𝟗𝟑𝑼𝟐
𝟐 − 𝟎. 𝟏𝟎𝟑𝟔𝑼𝟐𝑼𝟒 − 𝟑𝟐. 𝟔𝑼𝟑𝑼𝟓       (𝟑) 

where 𝑼𝟐, 𝑼𝟑, 𝑼𝟒  and 𝑼𝟓 are the 2nd, 4th, 5th, and 7th order voltage distortion, respectively.  

The adjusted coefficient of determination (adjusted R2), which indicates what proportion of 

the total variation of the Y response is explained by the adjusted model, can be used to check 

the model's adequacy. With the model presented in (3), an adjusted R2 = 0.9859 is obtained, also 

the p-value is less than 0.05, which makes it possible to reject the null hypothesis and confirm 

that there is a relationship between these variables. To analyze the incremental impact that each 

harmonic voltage brings to the model, the increase in the adjusted R2 with each predictor 

variable is presented in Figure  3-16a. Although the 4th, 5th and 7th order voltage distortions are 

present in the waveform and equation model, they do not contribute significantly to the fit of the 

model, with the 2nd harmonic distortion being the one that best represents the temperature 

increase for each distortion percentage, as shown in Figure 3.14b. 



Chapter 3 – Voltage Harmonics Impacts on Efficient Electric Motors 

85 
 

 
(a)  

(b) 
Figure  3-16 Incremental Impact of Voltage distortion on Temperature: (a) Long bars represents a 
predictor that contribute the newest information to the model; (b) Predictors used in the model (a gray 
background represents an X variable not in the model). 

Based on the above, it is possible to reduce the equation of the generated model for 

temperature by considering only the second harmonic voltage distortion without a significant 

reduction in the value of the adjusted R2. The equation of the resulting model when considering 

only the 2nd harmonic voltage as a predictor variable for temperature is shown in (3). 

                          𝑻 (°𝑪) = 𝟑𝟓. 𝟖𝟒 − 𝟎. 𝟏𝟏𝟗𝟗𝑼𝟐 +  𝟎. 𝟎𝟎𝟗𝟓𝟒𝟕𝑼𝟐
𝟐                             (𝟑)  

Where 𝑼𝟐 is the 2nd order voltage distortion.  

For the model presented in (3), an adjusted R2 = 0.9822 is obtained, also with a p-value less 

than 0.05. The reduction of the predictor variables causes a reduction of the terms of the 

equation for the temperature model, but also a reduction of the adjusted value of R2, but the 

model represents in a perfectly acceptable way the increase of the temperature for each 

increase of the second harmonic voltage distortion. 

Figure  3-17a shows the prediction curve of the IE4 LSPMM for the 2nd order voltage 

distortion, where the red fitted line shows the predicted temperature for each 2nd order voltage 

distortion and the blue dashed lines show the 95% prediction interval. In Figure  3-17b, the same 

curve is shown with large residuals in red, these points are not well fitted by the model, this is 

due to the fact that the temperature experienced higher ΔT's mainly for the larger percentages of 

distortion, with the sample points suffering large deviations with respect to the regression line 

as the actual distortion increases. 
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(a) 

 
(b) 

Figure  3-17 – Temperature as a function of 2nd voltage harmonic: (a) Prediction plot for Temperature 
model with 95% of prediction interval; (b) Prediction plot with large residual versus the fitted values.  

This analysis was performed to create the temperature vs. voltage distortion models for each 

harmonic analyzed as long as it did not imply a reduction in the model fit. Figure  3-18 shows the 

adjusted R2 values for each of the models that were created, and Table 3-2shows the results of 

the models that were created. It can be seen that the LSPMM presents quadratic models for all 

the harmonics analyzed except for the 5th order harmonic voltage, for which an adjusted R2 of 

0.71 and a Spearman correlation coefficient of 0.84 are obtained. In addition, among the three 

efficiency classes, the LSPMM is the only one that has an incremental pattern for the 3rd 

harmonic, for which the model reaches an R2=0.6893. 

 

Figure  3-18 - Adjusted coefficient of determination (adjusted R2) for generated models presented in 
Table 2. 
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Table 3-2 - Summary of temperature models for voltage harmonics in IMs classes IE2, IE3 and IE4. 

Harmonic 
order 

IM 
Class 

Equation Model Adjusted 
R2 

2nd IE2 𝑻 (°𝑪) = 𝟑𝟕. 𝟕𝟕 − 𝟎. 𝟏𝟎𝟓𝟐 𝑿𝟐 + 𝟎. 𝟎𝟎𝟖𝟏𝟐𝟖 𝑿𝟐
𝟐 98.94% 

 IE3 𝑻(°𝑪) = 𝟒𝟎. 𝟑𝟖 − 𝟎. 𝟎𝟓𝟔𝟗𝟐 𝑿𝟐 + 𝟎. 𝟎𝟎𝟔𝟓𝟓𝟒  𝑿𝟐
𝟐 98.69% 

 IE4 𝑻 (°𝑪) = 𝟑𝟓. 𝟖𝟒 − 𝟎. 𝟏𝟏𝟗𝟗 𝑿𝟐 + 𝟎. 𝟎𝟎𝟗𝟓𝟒𝟕 𝑿𝟐
𝟐 98.27% 

3rd IE2 𝑻 (°𝑪) = 𝟑𝟕. 𝟖𝟏 + 𝟏. 𝟒𝟐𝟒 𝑿𝟑 25.54%  

 IE3 𝑻(°𝑪) = 𝟑𝟖. 𝟗 + 𝟎. 𝟓𝟏𝟐𝟎 𝑿𝟑 0.48%  

 IE4 𝑻(°𝑪) = 𝟑𝟑. 𝟔𝟎 + 𝟐𝟐. 𝟐𝟏 𝑿𝟑 − 𝟒𝟒. 𝟓𝟖 𝑿𝟑
𝟐 68.93%  

5th IE2 𝑻(°𝑪) = 𝟑𝟕. 𝟒𝟑 + 𝟎. 𝟎𝟗𝟔𝟓 𝑿𝟓 94.55% 

 IE3 𝑻(°𝑪) = 𝟒𝟏. 𝟏𝟏 + 𝟎. 𝟏𝟏𝟎𝟓 𝑿𝟓 95.57%  

 IE4 𝑻 (°𝑪) = 𝟑𝟕. 𝟏𝟐 + 𝟎. 𝟎𝟕𝟕𝟐𝟒 𝑿𝟓 71% 

7th IE2  𝑻(°𝑪) = 𝟑𝟖. 𝟗𝟒 + 𝟎. 𝟎𝟔𝟔𝟕𝟑 𝑿𝟕 98.23% 

 IE3 𝑻(°𝑪) = 𝟒𝟐. 𝟒𝟎 + 𝟎. 𝟎𝟐𝟒𝟏𝟖 𝑿𝟕 + 𝟎. 𝟎𝟎𝟏𝟏𝟏𝟒 𝑿𝟕
𝟐 97.21%  

 IE4 𝑻(°𝑪) = 𝟑𝟗. 𝟕𝟒 + 𝟎. 𝟎𝟐𝟎𝟐𝟗 𝑿𝟕 + 𝟎. 𝟎𝟎𝟎𝟖𝟔𝟐 𝑿𝟕
𝟐 96.49% 

All 
Combined 

IE2 𝑻(°𝑪) = 𝟑𝟖. 𝟓𝟓 + 𝟏. 𝟖𝟖 𝑿𝟐 − 𝟖. 𝟐 𝑿𝟒 − 𝟐. 𝟐𝟒 𝑿𝟓 − 𝟎. 𝟎𝟑𝟖 𝑿𝟐
𝟐 + 𝟎. 𝟎𝟓𝟔 𝑿𝟓

𝟐

+ 𝟎. 𝟑𝟓 𝑿𝟒 𝑿𝟓 
99.15% 

 IE3 𝑻(°𝑪) = 𝟑𝟗. 𝟏𝟒𝟕 − 𝟎. 𝟎𝟔𝟓𝟒 𝑿𝟐 + 𝟎. 𝟎𝟎𝟗𝟓𝟑𝟖 𝑿𝟐
𝟐 98.79% 

 IE4 𝑻(°𝑪) = 𝟑𝟔. 𝟑𝟔𝟏 + 𝟐. 𝟔𝟓 𝑿𝟐 − 𝟑. 𝟎𝟑 𝑿𝟓 + 𝟎. 𝟏𝟎𝟕𝟕 ∗ 𝑿𝟓
𝟐 − 𝟎. 𝟎𝟖𝟔𝟏 𝑿𝟐 𝑿𝟓 98.83%  

* Where 𝑿𝟐, 𝑿𝟑, 𝑿𝟒, 𝑿𝟓 and 𝑿𝟕 represent the 2nd, 3rd, 4th, 5th and 7th order voltage harmonics. 

 

Also, it has been shown that the third voltage harmonic does not have a significant effect on 

the electric motors, which is also observed in the models obtained, where values lower than 0.26 

were obtained for the IE2 and IE3 class motors, from which it can be concluded that these 

models do not represent the temperature variation in an acceptable way for this specific 

harmonic. 

For the combination of all harmonics, a multiple regression was performed with all harmonics 

present in the waveform. For the IE3 IM class, it is observed that only the 2nd order voltage 

harmonic is present, which means that it has the greatest impact on the temperature variation 

for this combination of harmonics. In the presence of harmonics in the supply voltage, new 

current harmonics appeared in the wave form of the input current. Therefore, for this 

combination of harmonics, the 4th positive sequence harmonic, which is part of the predictive 

variables for IE2 and IE4 class motors as shown, has been considered for the three efficiency 

classes. 
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 Finite Element Thermal Validation of the LSPMM in VH presence 

For the LSPMM modelling and simulation, initially the problem was defined in the software 

FEMM, with information such as frequency and depth, since the software presents a 2D 

visualization, however the problem solution is based on the 3D dimension. After defining the 

problem, the geometry is inserted, created from the physical dimensions of the motor (rotor 

diameter, number of slots, air gap distance, etc.). For this study, the complete motor was 

considered, to better visualize the paths of flux lines in each harmonic distortion condition. The 

materials were inserted based on the materials obtained from manufacturer information for the 

motor analyzed (Figure  3-19a). 

The boundary conditions, useful to help direct the motor response in the simulation 

(magnetic flux response, current response, etc.) are also defined during the motor modelling 

step, then the mesh is created and refined until a constant response is obtained (Figure  3-19b), 

finally the simulation is performed, and from which the results presented in this section are 

obtained. 

  

(a) (b) 

Figure  3-19 - Line-start permanent magnet motor simulation on FEMM:(a) LSPMM geometry and 
materials and (b) LSPMM mesh.  

The presence of voltage harmonics results in additional harmonic currents, which induce 

harmonic voltages in the rotor bars that produce harmonic currents circulating in the rotor 

squirrel cage. These additional harmonic components produce additional magnetic fields that 

result in opposite torques, which are translated into a reduction in speed for asynchronous 

electric motors. Figure  3-20 presents the magnetic field lines in the LSPMM in nominal 

conditions (Figure  3-20a), 2nd voltage harmonic (Figure  3-20b), and 5th voltage harmonic 

(Figure  3-20c) created using the FEMM software and the data obtained from the experiments 
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performed. It can be seen how the harmonics result in a larger number of flux lines, observed 

through the magnetic field density, but also, it is important to note how the trajectory of the flux 

lines changes with the presence of harmonics, with special focus on the 2nd harmonic flux lines 

that present longer trajectories, which in turn translates into higher reluctance and consequently 

higher magnetic losses. However, the LSPMM speed does not vary for any of the analyzed 

harmonics, which does not mean that the harmonics do not impact other variables such as 

consumption, temperature, and power factor. 

   
(a) (b) © 

Figure  3-20 - Density flux plot for (a) Nominal conditions; (b) 2nd voltage harmonics and (c) 5th voltage 
harmonics. 

The objective of using the finite element analysis is to make a thorough diagnosis of the motor 

electromagnetic behavior using a method that is non-invasive and has no interference with the 

operation of the motor being analyzed. Using this method, it was possible to extract the resistive 

losses in the stator armature as well as the torque via the Weighted Stress Tensor method [21]. 

These simulations are done, considering the motor is operating at no-load, with only the fault 

brakes which in this case are neglected. To perform the thermal analysis, FEMM solves the 

problem around the transient temperature model. From that, it is possible to obtain the 

temperature and gradient values of the temperature model.). 

In order to account for temperature exchange with the air, we apply the convection boundary 

condition. Here we define the thermal transfer coefficient for the inner parts as well as the 

exterior part of the motor from the parameters used in reference [22], and adjusted based on the 

motor output power, given that the one considered in this study presented a lower power (0.75 

kW). For the exterior part of the frame, the coefficient was 30 W/m2 °C. As for the inner parts of 

the motor, the air gap and cooling air vents the coefficient is higher at 65 W/m2 °C in this case, 

the gaps between the stator/rotor armature and coil ends were not considered as their value is 

negligible. Figure  3-21 illustrates the areas where these boundary conditions were applied. 



Chapter 3 – Voltage Harmonics Impacts on Efficient Electric Motors 

90 
 

 

Figure  3-21 - Quarter section of motor illustrating the areas with convection boundary conditions. 

The temperature distribution in the motor at full load for each voltage harmonic is presented 

in Figure  3-22. For the second voltage harmonic (Figure  3-22a) it is observed how the rotor 

presents the higher temperatures, which, despite the synchronism (zero slip), can be justified by 

the second harmonic component configured at the motor input, as well as the new harmonics 

that appear as a result of the saturation in the ferromagnetic core. Regarding the 5th harmonic, 

(Figure  3-22b) a similar pattern is observed, however with lower temperatures, which shows that 

this harmonic is less detrimental to the LSPMM. 

  

(a) (b) 

Figure  3-22 - Temperature distribution (in Kelvin) in the motor from the FEMM thermal simulation for: 
(a) Second Voltage Harmonic and (b) Fifth Voltage Harmonic. 

Analogous to the experiment results, the harmonic analysis was carried out for the 

simulation. Figure  3-23 shows the LSPMM lateral temperature as simulated in FEMM with 25% 

of voltage harmonic and its comparison with the experimentally measured temperature in the 

lateral view of Figure 1.5a. It should however be noted that there is a big discrepancy due to the 

number of elements in the mesh, as well as not having considered the influence of the 

permanent magnets-magnetization being affected.  
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Figure  3-23 - Comparison between the model and measured temperature for 25% voltage harmonic 
distortion of 2nd and 5th order harmonics. 

Based on the results obtained from the computational simulation, as well as from the 

experimental measurements, errors of 6.3% and 2.8% for the 2nd and 5th harmonics, 

respectively, were found, which validates the model proposed in this work on the Line-start 

permanent magnet motor. 

 Final Considerations 

This chapter has evaluated the main effects of the harmonic voltage on low power electric 

motors of IE2, IE3 and IE4 classes. In general, it has been observed that negative sequence 

harmonics (2nd and 5th order) have a greater negative impact on each of the motors analyzed, 

followed by positive sequence harmonics (7th order). The zero-sequence harmonics of the 3rd 

order did not have a significant negative effect on the IMs, mainly due to the motor connection 

(delta connection). This behavior was validated by Spearman correlation matrices of the 

temperature with respect to the input parameters of the motors. 

A statistical analysis was also carried out with the aim of creating models representing the 

variation of temperature as a function of the current harmonic, first with multiple regression and 

later using only the current harmonic voltage. Good approximations were obtained through the 

R2 parameter for the harmonics analyzed, with the exception of the zero-sequence 3rd 

harmonic, mainly due to the delta connection of the electric motors. Based on the above, the 

models can be used to estimate the temperature increase based on the harmonic present for 

the analyzed power. The line-start permanent magnet motor has also been analyzed 

experimentally and through computational simulations using FEMM. The computational 

simulation showed that the developed model reliably represents the performance of the motor 

under non-ideal conditions, such as in the presence of the negative sequence voltage harmonic. 

The analysis of another detrimental disturbance present in electrical systems, such as voltage 

unbalance in more efficient motors, will be discussed in Chapter 4, below.  
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Voltage Unbalance Impacts on Efficient 
Electric Motors 
Voltage unbalance (VU) is a phenomenon present in all electrical 
systems. The National Electrical Manufacturers Association (NEMA) 
[32] recommends derating motors above this percentage because of 
the numerous negative effects that are visible at unbalances greater 
than 1%. This chapter presents a detailed analysis of the effect of 
different percentages of under and over-voltage unbalance on the 
temperature and performance of IE2, IE3, and IE4 class electric 
motors.

 

 General Considerations 

Voltage unbalance (VU) is a phenomenon that occurs in all electrical systems. A report by the 

American National Standards Institute [1], estimates that only 66% of electrical distribution 

systems in the United States have a VU of less than 1%. In addition, VU often occurs with voltage 

variations, resulting in variations in efficiency and power factor, as well as increased losses and 

consequently temperature of electric motors. Prolonged operation under these conditions can 

shorten the useful life of the motor [2, p. 1]. According to the National Electrical Manufacturers 

Association (NEMA)[3], unbalance exceeding 1% requires derating of the motor. 

Voltage unbalance can occur in industry due to the uneven distribution and operation of 

single-phase loads, in distribution due to the operation of open delta transformer connections 

and uneven phase distribution throughout the electrical system, and in transmission systems 

due to the incomplete transposition of transmission lines [4], [5]. 

Considering the negative impact of VU on IMs and the new perspective that promotes the 

substitution of old and inefficient electric motors with high-efficiency motors, it is necessary to 

compare the performance of these new technologies in the presence of power system 

disturbances. Based on this, this chapter starts with the allowable limits related to this 

disturbance as well as a brief analysis of its impact on the IMs. Finally, through experimental 

tests, the temperature and power response of IE2, IE3, and IE4 classes of electric motors with 

0.75 kW output power in the presence of different unbalanced voltages will be analyzed. 
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 Voltage Unbalance Definitions  

The nominal characteristics of electric motors are specified according to defined operating 

conditions, such as nominal voltage frequency, and operating altitude, among others. Limits 

have been defined for the correct operation of electric motors due to the wide range of voltages 

and frequencies, as well as the different disturbances present in electrical systems. Different 

standards have defined the maximum permissible limits of this phenomenon due to the 

numerous damages that VU represents in IMs. Currently, there are four definitions of voltage 

unbalance, defined by NEMA, IEEE, CIGRÉ, and IEC [3], [6], [7], each with different 

considerations. The NEMA definition is also known as the Line Voltage Unbalance Rate (LVUR) 

and is given by the equation (1): 

                                                              𝑳𝑽𝑼𝑹 (%) =  
∆𝑽𝐿

𝑀𝑎𝑥

𝑽𝐿
𝐴𝑣𝑔                                                 (𝟏) 

where:  

𝑽𝐿
𝐴𝑣𝑔

=
𝑽𝒂𝒃 + 𝑽𝒃𝒄 + 𝑽𝒄𝒂

𝟑
  

∆𝑽𝑳
𝒎𝒂𝒙 = 𝒎𝒂𝒙 {| 𝑽𝒂𝒃 − 𝑽𝑳

𝒂𝒗𝒈
|, | 𝑽𝒃𝒄 − 𝑽𝑳

𝒂𝒗𝒈
|, | 𝑽𝒄𝒂 − 𝑽𝑳

𝒂𝒗𝒈
|}  

According to NEMA recommendations, to avoid overheating, the three-phase motor must be 

reduced depending on the degree of unbalance under such operating conditions. The value by 

which the power must be reduced is called the "power derating factor". The derating curve is 

shown in Figure  4-1. According to NEMA, continuous operation of the motor above 5% is not 

recommended. 

 
Figure  4-1 - Power derating curve for Induction Motors 
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In addition to the LVUR defined by NEMA, another method is the Voltage Unbalance Factor 

(VUF), also known as the IEC "true" definition, based on the relative magnitudes of the negative 

and positive sequences, shown in (2). The IEEE 1159 [6] definition of voltage unbalance is 

through the phase voltage unbalance rate (PVUR), as shown in (2), although the latest edition of 

this standard, also lists the VUF, the IEC. 

                                                𝑽𝑼𝑭 (%) = 𝒌𝒗 =  
|𝑽𝑵|

|𝑽𝑷|
                                                 (𝟐) 

where: 

                                                             𝑽𝑷 =
𝑽𝒂 + 𝑎𝑽𝒃 + 𝒂𝟐𝑽𝒄

𝟑
                                           (𝟐. 𝟏) 

                                                              𝑽𝑵 =
𝑽𝒂 + 𝒂𝟐𝑽𝒃 + 𝒂𝑽𝒄

𝟑
                                       (𝟐. 𝟐) 

             𝒂 = 1∡120°                   &                  𝒂𝟐 =  1∡240°  

The IEEE definition is commonly referred to as the Phase Voltage Unbalance Rate (PVUR) and is 

described in terms of the line-to-ground voltages Va, Vb, and Vc as presented in (3): 

                                                         𝑷𝑽𝑼𝑹 (%) =  
∆𝑽𝑃

𝑀𝑎𝑥

𝑽𝑃
𝐴𝑣𝑔                                                      (𝟑) 

where: 

𝑽𝑃
𝐴𝑣𝑔

=
𝑽𝒂 + 𝑽𝒃 + 𝑽𝒄

𝟑
  

∆𝑽𝑷
𝒎𝒂𝒙 = 𝒎𝒂𝒙 {| 𝑽𝒂 − 𝑽𝑷

𝒂𝒗𝒈
|, | 𝑽𝒃 − 𝑽𝑷

𝒂𝒗𝒈
|, | 𝑽𝒄 − 𝑽𝑷

𝒂𝒗𝒈
|}  

Since the LVUR definition of the NEMA standard is a simple method of obtaining the degree of 

unbalance in practice, it has been considered for this work.  
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4.2.1. Complex Voltage Unbalance Factor (CVUF)  

The Complex Voltage Unbalance Factor (CVUF) is an extension of the VUF, originally 

proposed by Wang [8], [9], and is similar to the VUF; the difference is that the angles are included 

in addition to the amplitudes of V1 and V2 or (Vn and Vp), as shown in (4): 

                   𝑪𝑽𝑼𝑭 (%) = 𝒌𝒗∡𝜽𝒗 =  
|𝑽𝑵|∡𝜽𝒏

|𝑽𝑷|∡𝜽𝒑
= 𝑽𝑼𝑭∡(𝜽𝒏  − 𝜽𝒑)                            (𝟒) 

where |𝑽𝑵|∡𝜽𝒏 and |𝑽𝑷|∡𝜽𝒑 are the magnitude and angle of the positive and negative 

sequence voltage and are calculated according to equations (2.1) and (2.2).  

According to Wang [9], the use of both magnitude and angle must be considered to provide 

a global picture of the effect of voltage unbalance on motor operation. Many other studies, 

including [4], [10], [11], [12], have also considered the CVUF to analyze the effects of VU on 

electric motors. The current unbalanced factor can also be calculated in the same way as the 

VUF, as shown in equation (5). 

                            𝑪𝑼𝑭 (%) = 𝒌𝒄 =  
|𝑰𝑵|

|𝑰𝑷|
=

𝑽𝑵 𝒁𝑵⁄

𝑽𝑷 𝒁𝑷⁄
=  

𝒁𝑷

𝒁𝑵
𝒌𝒗                                          (𝟓) 

From equation (8) it can be concluded that the CUF is directly proportional to the VUF, in 

addition, it can be seen how the relationship between 𝒁𝑷 𝒁𝑵⁄  is the sensitivity of the CUF 

concerning the VUF, according to the literature the current unbalance varies between 6-10 times 

the voltage unbalance, this is mainly bee the positive sequence impedance of the induction 

motor is much greater than the negative sequence impedance. The complex current unbalance 

(CCUF) can be obtained through the equation (6), as follows: 

                𝑪𝑪𝑼𝑭 (%) = 𝒌𝒄 =  𝒌𝒄∠𝜽𝒄 =
𝑰𝑵

𝑰𝑷
=  

𝒁𝑷

𝒁𝑵
𝒌𝒗∠(𝜽𝒗 + 𝝋𝒑 − 𝝋𝒏)                       (𝟔) 

where (𝜽𝒗 + 𝝋𝒑 − 𝝋𝒏)   is the angle of the CCUF.  



Chapter 4 – Voltage Unbalance Impacts on Efficient Electric Motors 

98 
 

4.2.2. Complex Voltage Unbalance Factor (CVUF) Diagram 

The NEMA standard LVUR is one of the most widely used because of the difficulty of 

calculating positive and negative sequence voltages in practice due to the inclusion of complex 

numbers. However, other alternatives can be used, such as the X-Y graph shown in Figure  4-2. 

The Y-axis is the relationship between the line voltages Vca/Vab, while the X-axis is the relationship 

between the line voltages Vbc/Vab.  

For instance, if a meter measurement shows: Vab = 220V, Vbc = 220V and Vca = 231V, the 

voltage ratios can easily be obtained, as X= 1.0 and Y = 1.05. It will be found quickly in Figure  4-2 

that 𝑘𝑣  is 3.45% and the angle equals 210°. Practically, if we only want the VUF and not the angle, 

we can eliminate the radial lines that represent the angle. 

In the graph it also can be seen how for the same percentage of VUF we can have different 

magnitudes, for example for a 𝑘𝑣 = 7%, the voltages can vary from about 0.89 p.u. up to 1.13 

p.u., which suggests that the value of 𝜃𝑣  must also be considered to more accurately account 

for the unbalance [13]. 

 

Figure  4-2 - The Complex Voltage Unbalance Factor Diagram [13]. 
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 Voltage Variation (VV) and Voltage Unbalance (VU) Basics 
 

Two of the most frequent voltage disturbances in electrical systems are voltage variation 

and voltage unbalance. It can also exist voltage variations with over or under voltages, in addition 

to this problem, voltages in electrical systems are never balanced, although it is often small 

enough to have no impact negative on induction motors, in some cases, due to the configuration 

of the distribution systems and the unbalance of the single-phase loads within the industries, 

these percentages may be higher and a reduction in the power of the machine must be necessary 

to avoid affecting its useful life.  

Long-duration root-mean-square (rms) variation: A variation of the rms value of the voltage 

or current from the nominal for a time greater than 1 min. The term is usually further described 

using a modifier indicating the magnitude of a voltage variation (e.g., undervoltage, overvoltage, 

voltage interruption). Imbalance (voltage or current): The ratio of the negative sequence 

component to the positive sequence component, usually expressed as a percentage. Syn: 

unbalance (voltage or current) 

The life of electric motors can be shortened by the voltage variations and unbalance 

associated with a low maintenance program. In Figure  3-19a, an electric motor found in a coffee 

plant in Honduras, Central America, it is possible to observe how the dirt present in the 

environment prevents the transfer of heat from the internal components to the environment, 

resulting in higher temperatures inside the machine. Figure  3-19b also shows the voltage 

measurement at the machine, where the nominal line voltage of 240 V represents an unbalance 

of 4.11% according to the NEMA definition. 

  

(a) (b) 

Figure  4-3 - Induction motor subjected to voltage unbalance: (a) Induction motor with a low 
maintenance program, (b) Input voltage magnitudes in induction motor terminals. 
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4.3.1. Voltage Unbalance Analysis  

 

Voltage unbalance in the motor supply has large negative effects depending on the degree 

of unbalance. To analyze this phenomenon, Figure  4-4 shows a graphical representation of the 

voltage unbalance with a supply of unbalanced voltages in the input of a motor with a delta 

connection. The presence of voltage unbalance results in three main components: positive, 

negative, and zero. Since most motors are connected in a delta or ungrounded wye, there is no 

path to the neutral for the zero-sequence components to flow. From there, the two resulting 

components (positive and negative) produce different effects, one contributing to the resulting 

torque, while the second produces opposite magnetic fields, resulting in greater oscillations, 

and speed reduction as a result of lower torque [14].  

The presence of voltage unbalance (VU) also results in unbalanced currents in the stator 

windings, typically 6 to 10 times the unbalance of the voltages, which causes the winding to 

overheat [15], [16]. The positive sequence component also has a detrimental effect on the 

machine windings: Compared to nominal power conditions, a 5% increase in the positive 

sequence voltage causes an increase in motor temperature of approximately 12% above the 

reference value, as shown in [17]. 

 

Figure  4-4 - Voltage Unbalance supply on a delta-connected IM and the resulting positive (a) and 
negative (b) sequence components [9]. 

To better analyze this fact, we can see at Figure  4-5. The voltages at the input of the electric 

motor are given by: 
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�̅�𝑨𝑩 = �̅�𝑨𝑵 − �̅�𝑩𝑵 

                                                         �̅�𝑩𝑪 = �̅�𝑩𝑵 − �̅�𝑪𝑵                                                  (𝟕)  

�̅�𝑪𝑨 = �̅�𝑪𝑵 − �̅�𝑨𝑵 

  

(a) (b) 

Figure  4-5 - Induction motor voltages when subjected to voltage unbalance (a) Balanced voltage phasors; 
(b) Unbalanced voltage phasors. 

The phase voltages, shown as blue lines, are 120° out of phase. The phase sum of the 

components gives the line voltages, as presented in (5). 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 to be out of phase with the line voltages at a phi (Ø) angle 

corresponding to the power factor of the load, in this case assumed to be 60°. 

In Figure  4-5a, where the sum of both voltages and currents is zero under equilibrium 

conditions, you can see the inverted triangle formed by the phasor sum of the phase and line 

voltages. As mentioned, voltage unbalance can be caused by several factors, including 

unbalanced phase voltages due to unevenly distributed phase loads. The unbalanced phase 

voltages in Figure  4-5b have been plotted to analyze this fact. It can be seen that the phase 

unbalance causes variations in both the magnitude and the angle of the line voltages. This results 

in a phase shift of the triangle, as shown by the red lines. 

Figure  4-4shows how the presence of the VUF results in two components of positive and 

negative sequence (ignoring the zero-sequence component due to the motor connection). To 

analyze this condition, the VUF concept is examined as follows. From equation (2) we have that: 
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 𝑽𝑼𝑭 (%) = 𝒌𝒗 =  
𝑽𝑵

𝑽𝑷
 

The currents in the positive and negative sequences can be calculated using the Ohm's law 

between the voltages and impedances in the positive and negative sequences, as shown in (8.1-

2). 

                                                                     𝑰𝑷 =
𝑽𝑷

𝒁𝑷
                                                            (𝟖. 𝟏)  

                                                                       𝑰𝑵 =
𝑽𝑵

𝒁𝒏
                                                            (𝟖. 𝟐)   

As shown in (9), the line currents are the sum of the positive and negative sequence 

components: 

𝑰𝑨 = 𝑰𝑷 + 𝑰𝑵 

                                                               𝑰𝑩 = 𝒂𝟐 𝑰𝑷 + 𝒂 𝑰𝑵                                                (𝟗)  

       𝑰𝑪 = 𝒂 𝑰𝑷 + 𝒂𝟐 𝑰𝑵 

The stator currents are the respective sum of the positive and negative sequence 

components, as noted in (9). In addition, these parameters depend on the positive and negative 

sequence voltages and impedances, respectively, as observed in (8.1) and (8.2). 

In a motor with balanced voltages, there is only one positive sequence component, so the 

presence of voltage unbalance is a condition in which the negative and zero sequence 

components affect the positive sequence component. In delta-connected motors, the main 

cause of the unbalance is the negative sequence component. It was also observed in (5) that the 

relationship 𝒁𝑷 𝒁𝑵⁄  represents the variation of the current unbalance with respect to the voltage 

unbalance. In order to analyze the voltage unbalance and to compare it with the true definition, 

six conditions considering undervoltage and overvoltage were inserted in the IE2, IE3 and IE4 

class motors. The phase voltages and the degree of unbalance according to the NEMA definition 

are shown in Table 4-1. 

It is interesting to analyze the response of each technology to the different disturbances 

present in the power system, considering the evolution that electric motors have undergone in 

recent years in terms of materials and construction. In this sense, Table 4-2 to Table 4-4 show 

the variation of the positive-negative and zero-sequence voltages, currents and impedances for 
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the motors of the IE2, IE3 and IE4 classes analyzed in this study when they are subjected to the 

six VU conditions presented in Table 4-1. 

Table 4-1 Phase-voltage magnitudes IM with under and overvoltage. 

Va (V) Vb (V) Vc (V) NEMA VU% 
127  127 127 0 

117.6 107.48 127.98 1.29% 
120.77 128.34 116.74 2.98% 
121.62 126.50 123.96 4.33% 
124.66 127 129.05 1.1% 
129.90 139.30 127.10 2.95% 
140.85 119.15 131.38 4% 

As observed in Table 4-2 through Table 4-4, the positive sequence voltage varies with the 

magnitude of the voltage, i.e., it decreases with undervoltage and increases with overvoltage. 

The negative sequence component, on the other hand, increases with voltage unbalance, 

regardless of whether it is undervoltage or overvoltage. In addition to the motor supply voltages, 

the positive and negative sequence currents depend on the positive and negative sequence 

impedances generated within the motor. Although the negative current values under unbalanced 

conditions are not zero, the significance is minimal, so they are shown as such in the table, along 

with the impedance values. The positive-sequence impedance is much greater than the 

negative-sequence impedance, and it can be seen that with only 3% of the positive-sequence 

voltage, the negative-sequence voltage can produce up to 33% of the positive-sequence current 

in the negative-sequence current. This indicates the sensitivity of the motor to the negative 

sequence component. The current unbalance percentages (CUF) vary from 7 times the VU, up 

to 17 times for this output power analyzed (0.75 kW). It is also observed that the IE4 class LSPMM 

has higher current unbalances in case of undervoltage. This will be analyzed in detail throughout 

this chapter. 

Table 4-2 Voltage Unbalance Parameters for IE2 Class IM with under and overvoltage 

V1 (V) V2 (V) I1 (A) I2 (A) Z1 (Ὡ) Z2(Ὡ) VUF CUF NEMA 
128 0.38  3 0 64 0 0.3% 0 0 
125 1.80 3 0 41.67 0 1.44% 0 1.29% 
123 3.73 3 1 41 3.73 3.03% 33.33% 2.98% 
119 5.64 3 1 39.67 5.64 4.74% 33.33% 4.33% 
128 1.43 3 0 42.67 0 1.12% 0 1.1% 
133 4.03 3 1 44.33 4.03 3.03% 33.33% 2.95% 
132 5.97 3 1 44 5.97 4.52% 33.33% 4% 
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Table 4-3. Voltage Unbalance Parameters for IE3 Class IM with under and overvoltage 

V1 (V) V2 (V) I1 (A) I2 (A) Z1 (Ὡ) Z2(Ὡ) VUF CUF NEMA 
128 0.38  2 0  64 0 0.3% 0 0 
125 1.82 3 0  41.67 0 1.46% 0 1.29% 
123 3.73 3 1 41 3.73 3.03% 33.33% 2.98% 
119 5.69 3 1 39.67 5.69 4.78% 33.33% 4.33% 
128 1.5 2. 0 64 0 1.17% 0 1.1% 
133 3.99 2 1 66..5 3.99 3.00% 50% 2.95% 
132 5.97 3 1 44 5.97 4.52% 33.33% 4% 

 
Table 4-4 Voltage Unbalance Parameters for IE4 Class LSPMM with under and overvoltage 

V1 (V) V2 (V) I1 (A) I2 (A) Z1 (Ὡ) Z2(Ὡ) VUF CUF NEMA 
128 0.41  2 0  64 0 0.3% 0 0 
125 1.80 2 0 62.5 0 1.44% 0 1.29% 
123 3.75 2 1 61.5 3.75 3.04% 50% 2.98% 
119 5.69 2 1 59.5 5.69 4.78% 50% 4.33% 
128 1.45 2. 0 64 0 1.13% 0 1.1% 
133 4 3 1 44.3 4.00 3.00% 33.33% 2.95% 
132 5.98 3 1 44 5.98 4.53% 33.33% 4% 

From the values shown in Table 4-2 to Table 4-4, it can be seen that the NEMA definition 

maintains the same unbalance for each motor, while the IEC "true definition" based on positive 

and negative sequence voltages varies by IM, showing more sensitivity to different technologies. 

In this sense, Figure  4-6a and b show the variation of the positive and negative sequence 

impedance for the IE2, IE3 and IE4 class motors analyzed in this study. A greater variation of the 

positive sequence impedance is observed mainly for the IE3 and IE4 class motors. The negative 

sequence impedance, on the other hand, shows no variation between the technologies, except 

for the 1% VU with undervoltage for the IE4 class LSPMM, as shown in Figure  4-6b. The results 

show how the impedance of the LSPMM differs from the analyzed SCIMs due to the presence of 

permanent magnets in the rotor. 

  

(a) (b) 

Figure  4-6 – Positive and negative sequences for impedances (Ohms) for IE2 , IE3 and IE4 Class motors(a) 
Positive sequence and (b) Negative sequence. 
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 Assessing Voltage Unbalance Conditions in IE2, IE3 & IE4 classes IMs. 

4.4.1. Methodology 

Figure  4-7 illustrates the methodology used to process the measured data and obtain the 

results. First, the six-voltage unbalance condition was applied to the supply voltage of each of 

the motors analyzed on the test bench, and then the measurements were taken with the power 

quality analyzer equipment and the images were taken with the infrared camera. The next step 

was to transfer the measurement data from the equipment to the analyzer (HIOKI) and camera 

(FLIR T620) software. After data analysis, they were converted into CSV format files compatible 

for reading in Minitab (Minitab 18) statistical software [18]. Minitab was used to analyze the data 

processed for plotting the results and statistical analysis of the study. 

 

Figure  4-7 - Flowchart of methodology used to obtain the results from the measurements. 

 

 Technical Analysis 

4.5.1. Current Behaviour 

Voltage unbalance in the supply voltage results in greater unbalance in the line current, and 

the magnetization current also varies proportionally with the magnitude of the voltage. However, 

in the LSPMM, the induced voltage also depends on the magnetization current generated due to 

the MMF created in the permanent magnets [19], so the induced voltage varies less with the 

variation of the supply voltage.  
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In this way, the average current varies with the magnitude of the supply voltage for the 

LSPMM. Figure  4-8 shows the phase current variation for the IE4 class motor in the six VU 

conditions, and Figure  3-3shows the average current variation for the IE2, IE3 and IE4 class 

motors. Unbalance with under and over voltage results in unbalances currents of up to 10 times 

the existing VU for the analyzed conditions. Some conclusions are related to the observed 

currents: VU with under voltage results in higher phase currents in relation to over voltage in the 

IE2 and IE3 SCIM's, and the average current with both under voltage and over voltage shows an 

increase in relation to the initial one.  

For the LSPMM VU with under voltage results in decreases in phase currents and therefore 

the average current, while over voltage produces an increase like in the SCIM´s. Although the 

LSPMM presents lower average currents, compared to the IE2 and IE3 class SCIM, it also 

presents the highest current unbalances in 5 of the 6 VU analyzed conditions, while the IE2 class 

SCIM presents the lowest current unbalances in 4 of the 6 VU analyzed conditions.  

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure  4-8 - Line and average current for VU in IE4 LSPMM with: (a) 1% Under Voltage;(b) 3% Under 
Voltage; (c) 4% Under Voltage;(d) 1% Over Voltage; (e) 3% Over Voltage;(f) 4 % Over Voltage. 
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(a) (b) (c) 

Figure  4-9 - Average Current for under and over voltage unbalance conditions for: (a) IE2 SCIM; (B) IE3 
SCIM; (c) IE4 LSPMM 

4.5.2. Power Factor 

The power factor is inversely proportional to the positive sequence component, and it is 

increased with the presence of VU under voltage, while the VU with over voltage results in large 

decreases in this value according to the VU percentage [20]. Figure  4-10shows the variation of 

this parameter with VU and the inverse relation with positive sequence phase voltage in the IE2, 

IE3 and IE4 Class motors. 

   
(a) (b) (c) 

   
(a) (b) (c) 

Figure  4-10 - Power Factor (a-c) and Positive-Phase sequence voltage variation (d-e) with Under and 
Over Voltage Unbalance for IE2 Class SCIM, IE3 Class SCIM and IE4 Class LSPMM. 
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4.5.3. Total Power 

For voltage unbalance conditions, the total power absorbed by IM's is the sum of the total 

power of positive and negative sequences [4]. In general, unbalances with under and over voltage 

result in increases in the total power consumed for SCIM Classes IE2 and IE3, as presented in 

Figure  4-11, while for the LSPMM VU with under voltage results in decrease in consumption for 

the same load percentage.  

   
(a) (b) (c) 

Figure  4-11 - Total power variation with Under and Over Voltage Unbalance for: (a) IE2 Class SCIM; (b) 
IE3 Class SCIM; (c) IE4 Class LSPMM. 

4.5.4.  Current Total Harmonic Distortion 

The presence of permanent magnets in the LSPMM resulted in a THDI up to 4 times that of 

SCIM classes IE2 and IE3, and this condition is aggravated when an unbalance in the supply 

voltage is added. Figure  4-12a-c presents the variation of this parameter with under and over 

voltage unbalanced conditions. Initially the IE2 and IE3 class motors present THDI less than 6% 

while the IE4 class motor exceeds 8% distortion, then in unbalanced conditions this parameter 

varies according to the percentage of unbalance as well as the current technology, being worst 

case scenarios with 4% under and over voltage, reaching values up to 12% and 15% respectively 

for IE2 and IE3 class motors. The hybrid motor, on the other hand, presents higher increases for 

this disturbance, reaching values up to 25%, and 20% for under and over voltage, respectively. 
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(a) (b) (c) 

Figure  4-12 - Current Total Harmonic Distortion for under and over voltage unbalance conditions for: (a) 
IE2 SCIM; (b) IE3 SCIM; (c) IE4 LSPMM. 

 

4.5.5. Temperature Variation due to Voltage Unbalance 

The improvements implemented in the LSPMM result in lower operational temperatures in 

relation to IE2 and IE3 class motors in ideal supply conditions. In VU conditions, large current 

unbalances are created, which increases the losses in the motor and therefore the inner and 

outer temperatures.  

To analyze the VU impact with under and over voltage on the motor temperature, 

thermographic images representing the increase of this parameter in the motor end shield were 

captured, the results for each VU condition for the LSPMM are presented in Figure 4.13 and 

Figure 4.14. The photographs show how 1% of VU with under and over voltage does not result in 

visible increases in the LSPMM temperature, which justifies that it is not necessary to derate 

motor output power for this VU condition according to NEMA [3]. The worst visible scenarios 

correspond to unbalances of 3% and 4% with over voltage (Figure 4.14 d-f) turning out to be more 

damaging to the temperature of this motor than the VU with under voltage.  

In addition to the current unbalance created by the voltage unbalance, the negative 

sequence component causes vibration and a decrease in the resulting torque due to the 

opposing torque generated. This contributes to the increase in temperature, a scenario that is 

worst for overvoltage due to the higher negative sequence impedance. 
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(a) (b) (c) 

   
(d) (e) (f) 

Figure  4-13 - Frame Temperature with 1% under voltage (a & b); 3% under voltage (c & d); 4% under 
voltage. 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure  4-14 - Frame Temperature with 1% over voltage (a & b); 3% over voltage (c & d); 4% over voltage 
(e & f). 

Temperature variation for the three IMs in the six conditions analyzed are presented in Figure 

4.18. Within the three technologies, the IE2 class motor has insulation class B (maximum 

temperature of 130 °C), while the IE3 and IE4 class motors have insulation class F (maximum 

temperature of 155 °C), which means that higher tolerance for temperature increases is 

expected. However, the results show that the IE4 and IE2 class motors have the lowest operating 

temperatures, below the IE3 class motor. 
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In the case of the IE4 class motor, it can be seen in Figure  4-15(a, b and c) that the VU with 

under voltage does not result in considerable increases in its operating temperature. This comes 

from the fact that in this case the current average magnitude did not increase, resulting in small 

temperature variations. This scenario changes with unbalance with over voltage, in which the 

LSPMM presents the highest temperature increases, mainly for cases of 3% and 4% of unbalance 

over voltage. In relation to the IE2 and IE3 class motors, similar increases for the conditions with 

unbalance with under and over voltage, the VU with over voltage resulted as being more 

damaging.  

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure  4-15 - Temperature increase in IE2, IE3 and IE4 class IM’s with: (a) 1% under voltage; (b) 3% under 
voltage; (c) 4% under voltage; (d) 1% over voltage; (e) 3% over voltage; (f) 4% over voltage. 
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 Statistic Assessment 

4.6.1. Correlation Matrix for harmonic content 

Aiming to analyze the VU influence in the current total harmonic distortion (THDI), a 

correlation analysis was developed in Minitab 18 [18], considering the THDI, the positive and 

negative sequence voltages (V +), (V-), the percentage of voltage and current unbalance (% VU), 

(% IU), total power (S), average current (Iavg), and active power (P). Figure  4.16 and Figure  4.17 

present the correlations matrix.  

In general, correlation analysis results in a number between -1 and +1, called the correlation 

coefficient. The higher the coefficient, the closer the relationship between the variables. For this 

case and after finding a nonlinear relationship between some variables, Spearman´s correlation 

method was used [21]. In the correlation matrix the upper cell shows the Spearman coefficient 

while the lower cell shows the p-value, useful for rejecting the null hypothesis when compared 

to the significance level (0.05 assumed). 

 

(a) (b) 

Figure  4-16 - Correlation matrix for IE3 Class SCIM motor parameters in the presence of VU with: (a) 4% 
Under voltage; (b) 4% Over voltage. 

 

(a) (b) 

Figure  4-17 - Correlation matrix for IE4 Class LSPMM motor parameters in the presence of VU with: (a) 
4% Under voltage; (b) 4% Over voltage.  

IE3 4% UV % THDI V+ V- % VU % IU S (VA) Iavg (A) IE3 4% OV % THDI V+ V- % VU % IU S (VA) Iavg (A)

V+ -0.612 V+ 0.617

0 0.8 0

V- 0.635 -0.525 0.6 V- 0.456 0.633

0 0 0.4 0 0

% VU 0.57 -0.69 0.778 0.2 % VU 0.396 0.655 0.938

0 0 0 0.001 0 0

% IU 0.882 -0.633 0.567 0.585 % IU 0.532 0.615 0.547 0.51

0 0 0 0 0 0 0 0

S (VA) -0.652 0.081 -0.192 -0.072 -0.781 -0.2 S (VA) 0.565 0.774 0.5 0.513 0.274

0 0.51 0.113 0.557 0 -0.4 0 0 0 0 0.022

Iavg (A) -0.107 -0.616 0.262 0.389 -0.207 0.723 -0.6 Iavg (A) 0.528 0.634 0.435 0.422 0.028 0.812

0.381 0 0.03 0.001 0.088 0 -0.8 0 0 0 0 0.815 0

P (W) -0.119 -0.498 0.302 0.324 -0.251 0.734 0.991 P (W) 0.488 0.608 0.386 0.421 -0.076 0.781 0.942

0.33 0 0.011 0.006 0.036 0 0 0 0 0 0 0.534 0 0

0

-1

1
Cell Content Cell Content 

 Spearman Coefficient  Spearman Coefficient

p-value p-value

IE4 4% UV % THDI V+ V- % VU % IU S (VA) Iavg (A) IE4 4% OV % THDI V+ V- % VU % IU S (VA) Iavg (A)

V+ -0.608 V+ 0.607

0 0.8 0

V- 0.399 -0.267 0.6 V- 0.665 0.625

0.001 0 0.4 0 0

% VU 0.377 -0.648 0.895 0.2 % VU 0.731 0.638 0.945

0.001 0 0 0 0 0

% IU 0.77 -0.608 0.46 0.442 % IU 0.122 0.615 0.521 0.523

0 0 0 0 0.315 0 0 0

S (VA) -0.794 0.607 -0.365 -0.346 -0.969 -0.2 S (VA) 0.762 0.641 0.566 0.574 0.026

0 0 0.002 0.003 0 -0.4 0 0 0 0 0.834

Iavg (A) -0.736 0.419 -0.313 -0.274 -0.939 0.961 -0.6 Iavg (A) 0.817 0.616 0.578 0.607 -0.048 0.951

0 0 0.008 0.022 0 0 -0.8 0 0 0 0 0.695 0

P (W) -0.254 -0.38 0.233 0.295 -0.474 0.493 0.651 P (W) 0.83 0.596 0.566 0.591 -0.095 0.939 0.979

0.034 0.001 0.053 0.013 0 0 0 0 0 0 0 0.434 0 0
-1

0

Cell Content 

 Spearman Coefficient

p-value

Cell Content 

 Spearman Coefficient

p-value

1



Chapter 4 – Voltage Unbalance Impacts on Efficient Electric Motors 

113 
 

It is observed that the parameters have inversely proportional relationships with respect to 

THDI in the case of under voltage unbalance, and directly proportional in the case of over voltage 

unbalance. For under voltage unbalance, the THDI is inversely proportional to positive sequence 

voltage (V+) and directly proportional to negative sequence voltage (V-). The percentage of 

current unbalance (% IU) also shows directly proportional relationships with respect to the THDI 

except for the case of over voltage in the LSPMM. 

For the VU with over voltage, it is observed that the THDI varies proportionally with the 

positive sequence (V+) and negative sequence (V-) voltages, the percentages of voltage and 

current unbalance also show this behavior. The THDI also varies inversely proportional to the 

consumption in VA in the case of VU with under voltage, and directly proportional with the VU 

with over voltage. It is also observed how THDI presents higher correlations with the average 

current of the IE4 class hybrid motor, different to the IE3 class motor. 

 

4.6.2. Temperature models for VU in IE2, IE3 and IE4 class motors 

As it was observed, VU resulted in increases in the operating temperature according to the 

unbalance percentage. In the graphs presented in Figure  4-15  it is observed how the 

temperature exhibits a certain increase pattern until reaching the thermal equilibrium with the 

new unbalance percentage. To analyze the influence of this disturbance on the temperature of 

each technology, a regression model was used for each percentage of VU using the Minitab 18 

statistical software. Equation 5 presents the temperature change in (°C) over time until the 

thermal equilibrium is again reached for the IE4 Class hybrid motor when subjected to 4% VU 

with over voltage. 

                                  𝑻𝒆𝒎𝒑 (°𝑪) = 𝟑𝟓. 𝟓𝟒 + 𝟎. 𝟏𝟕𝟖 𝒕 − 𝟎. 𝟎𝟎𝟏𝟒𝟖𝟓 𝒕𝟐                                       (𝟏𝟎)  

where t is the time in minutes.  

For the model presented in (10), an adjusted R2 = 0.9841 is obtained, also with a p-value 

less than 0.05. Figure  4-18a present the IE4 LSPMM prediction curve for the 4% over voltage 

unbalance, where the red fitted line shows the predicted temperature for 4% VU unbalance with 

over voltage and the blue dashed lines show the 95% prediction interval. It is noted that the initial 

measured temperature values are not quite well fitted by the regression model, presenting larger 

temperature residuals between values of measured temperature (Tmeasured) and predicted 
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temperature (Tfitted). This is due to the fact that these measured temperature points correspond 

to the first 10 minutes after starting to bring the motors to a thermal equilibrium condition, before 

applying the unbalance voltage supply. This condition is illustrated in Figure  4-18 (b) for IE2, IE3, 

and IE4 classes motors. 

  

(a) (b) 

Figure  4-18 -  Temperature for the IE4 Class LSPMM: (a) Prediction plot for Temperature model with 
95% of prediction interval; (b) Highlighting initial motors temperature measurements  before applying 

unbalanced voltage supply. 

To assess the proposed model accuracy, temperature residuals are plotted in Figure  4-19. 

Positive value for the residual (on the vertical axis) means the predicted temperature was lower 

than the measured temperature, and negative value means it was higher, zero means the 

prediction was correct [22]. It is observed that residuals are mostly clustered around zero, not 

exceeding temperature mismatches of ±1 degree. Also, for this case, the calculated R2 value was 

98.41%. 

 

Figure  4-19 - Residuals versus fitted or predicted temperature values. 
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This analysis was performed for the creation of temperature versus time models for each VU 

analyzed. Figure  4-20presents the adjusted R2 values for each created model, and Table 4.7 

presents the results corresponding to the created models. SCIM classes IE2 and IE3 presented 

greater temperature increases in the six VU conditions analyzed, also presenting a similar 

increase pattern, due to which the models created present good approximation of the 

temperature variation over time until the thermal equilibrium is reached. A different scenario was 

observed for the LSPMM, which presented considerable increases only for the 3% and 4% 

unbalances with over voltage, this is reflected in the adjusted R2 value, where the models best 

represent this variation, with values above 97 %. 

 

Figure  4-20 - Adjusted coefficient (Adjusted R2) for generated models presented in Table 7 

The Table 4-5 shows each of the temperature models for each unbalance condition, for each 

motor analyzed. In general, it is observed that almost all models have a quadratic term, useful 

for modeling the temperature curvature, until the thermal equilibrium is reached again. In these 

equations, the first coefficient corresponds to the motor´s initial temperature, after reaching 

thermal equilibrium with balanced voltages; the second term determines the rate of temperature 

increase over time. The third negative sign coefficient is useful to flatten the curve, until the 

thermal equilibrium is reached. 
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Table 4-5 Summary of temperature models for voltage unbalance in IM´s classes IE2, IE3 and IE4. 

% VU IM Class Equation Model Adjusted R2 

1% UV IE2 𝑻 (°𝑪) = 𝟑𝟕. 𝟒𝟎 + 𝟎. 𝟎𝟕𝟗𝟑𝟓 𝒕 − 𝟎. 𝟎𝟎𝟎𝟑𝟒𝟖 𝒕𝟐 97.98% 

 IE3 𝑻 (°𝑪) = 𝟒𝟎. 𝟏𝟎 + 𝟎. 𝟎𝟒𝟑𝟔𝟕 𝒕 − 𝟎. 𝟎𝟎𝟎𝟑𝟎𝟒 𝒕𝟐 92.20% 

 IE4 𝑻 (°𝑪) = 𝟑𝟓. 𝟏𝟎 + 𝟎. 𝟎𝟏𝟔𝟑𝟏 𝒕 − 𝟎. 𝟎𝟎𝟎𝟏𝟒𝟏 𝒕𝟐 45.94% 

3% UV IE2 𝑻 (°𝑪) = 𝟑𝟕. 𝟒𝟗 + 𝟎. 𝟎𝟓𝟎𝟎𝟗 𝒕 − 𝟎. 𝟎𝟎𝟎𝟐𝟑𝟗 𝒕𝟐 94.65%  

 IE3 𝑻 (°𝑪) = 𝟑𝟗. 𝟑𝟕 + 𝟎. 𝟎𝟖𝟒𝟔𝟎 𝒕 − 𝟎. 𝟎𝟎𝟎𝟕𝟐𝟐 𝒕𝟐 96.94%  

 IE4 𝑻 (°𝑪) = 𝟑𝟔. 𝟔𝟒 − 𝟎. 𝟎𝟎𝟐𝟖𝟑𝟔 𝒕 − 𝟎. 𝟎𝟎𝟎𝟏𝟖𝟖 𝒕𝟐 80.84%  

4% UV IE2 𝑻 (°𝑪) = 𝟑𝟕. 𝟓𝟗 + 𝟎. 𝟏𝟒𝟖𝟏𝟎 𝒕 − 𝟎. 𝟎𝟎𝟏𝟑𝟏𝟎 𝒕𝟐 95.58% 

 IE3 𝑻 (°𝑪) = 𝟒𝟎. 𝟏𝟓 + 𝟎. 𝟎𝟕𝟑𝟏𝟗 𝒕 − 𝟎. 𝟎𝟎𝟎𝟐𝟖𝟒 𝒕𝟐 97.44%  

 IE4 𝑻 (°𝑪) = 𝟑𝟓. 𝟗𝟒 + 𝟎. 𝟎𝟎𝟕𝟑𝟑𝟒 𝒕 78.00% 

1% OV IE2 𝑻 (°𝑪) = 𝟑𝟕. 𝟔𝟑 + 𝟎. 𝟎𝟑𝟗𝟏𝟑 𝒕 − 𝟎. 𝟎𝟎𝟎𝟐𝟎𝟖 𝒕𝟐 90.46% 

 IE3 𝑻 (°𝑪) = 𝟑𝟗. 𝟔𝟖 + 𝟎. 𝟎𝟔𝟐𝟐𝟓 𝒕 − 𝟎. 𝟎𝟎𝟎𝟓𝟓𝟏 𝒕𝟐 95.83%  

 IE4 𝑻 (°𝑪) = 𝟑𝟓. 𝟓𝟑 + 𝟎. 𝟎𝟐𝟏𝟐𝟓 𝒕 − 𝟎. 𝟎𝟎𝟎𝟐𝟓𝟗 𝒕𝟐 31.79% 

3% OV IE2 𝑻 (°𝑪) = 𝟑𝟖. 𝟐𝟖 + 𝟎. 𝟏𝟎𝟐𝟕𝟎 𝒕 − 𝟎. 𝟎𝟎𝟎𝟗𝟖𝟑 𝒕𝟐 93.85% 

 IE3 𝑻 (°𝑪) = 𝟑𝟖. 𝟗𝟒 + 𝟎. 𝟏𝟐𝟐𝟓𝟎 𝒕 − 𝟎. 𝟎𝟎𝟏𝟎𝟗𝟒 𝒕𝟐 98.42%  

 IE4 𝑻 (°𝑪) = 𝟑𝟓. 𝟐𝟐 + 𝟎. 𝟏𝟑𝟎𝟎𝟎 𝒕 − 𝟎. 𝟎𝟎𝟏𝟎𝟕𝟗 𝒕𝟐 97.12% 

4% OV IE2 𝑻 (°𝑪) = 𝟑𝟕. 𝟓𝟐 + 𝟎. 𝟏𝟓𝟖𝟖𝟎 𝒕 − 𝟎. 𝟎𝟎𝟏𝟑𝟔𝟎 𝒕𝟐 96.24% 

 IE3 𝑻 (°𝑪) = 𝟑𝟖. 𝟗𝟒 + 𝟎. 𝟏𝟐𝟐𝟓𝟎 𝒕 − 𝟎. 𝟎𝟎𝟏𝟎𝟗𝟒 𝒕𝟐 97.77% 

 IE4 𝑻 (°𝑪) = 𝟑𝟓. 𝟓𝟒 + 𝟎. 𝟏𝟕𝟖𝟏𝟎 𝒕 − 𝟎. 𝟎𝟎𝟏𝟒𝟖𝟓 𝒕𝟐 98.41%  

* Where 𝒕 represent the time in minutes for every VU condition. 
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 Final Considerations 

Considering the future substitution between technologies as well as the growth in demand for 

electric motors, this chapter analyzed the response of the low power IE2, IE3 and IE4 IM classes 

under voltage unbalanced operating conditions.  

The results indicated that undervoltage and overvoltage have different effects, mainly due to 

the variation of the positive and negative sequences. It was also observed how each class of 

technology presented different values for the impedance of the positive and negative sequences, 

with a high sensitivity for the impedance of the negative sequence. The current unbalance 

percentages (CUF) vary from 7 times the VU up to 17 times. It is also observed that the IE4 class 

LSPMM has higher current unbalances in case of undervoltage. 

It was observed that undervoltage benefits the power factor, while overvoltage results in 

higher power consumption. In terms of power quality impact, the LSPMM had the highest 

percentage of distortion. It was observed how the THDI increases with the presence of 

unbalanced voltages.  

Finally, an analysis of the temperature in electric motors with the presence of VU was also 

presented, with the creation of temperature models for each motor and for each VU condition, 

obtaining good approximations for the models created. 

Considering the effect of voltage unbalance and harmonics on more efficient motors, the next 

chapter discusses the gain in efficiency versus the loss in power quality of more efficient motors 

when subjected to non-ideal power conditions. . 
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Assessing Energy Efficiency and Power 
Quality Impacts in High-Efficiency 
Motors  
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. This 
Chapter 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 electric motor classes: IE2, IE3, and 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. 

 

 Introduction 

5.1.1. General Considerations 

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 international 

programs have implemented actions promoting the search for greater operational efficiencies 

[1], [2], [3]. Actions include energy performance certificates, minimum energy performance 

requirements, mandatory energy audits, and financing for energy efficiency investments [4], [5], 

[6], among others. Technological advances have also allowed new loads (devices, electric 

motors, etc.) to be more efficient, through improvements in materials, and 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 the new 

equipment is built based on efficiency, measured through experimental tests in certified 

laboratories, and through which different efficiency categories are defined. 

Regarding electric motors, the reference parameter is efficiency, first classified by IEC 60034-

30-1 [7] in 2008. Currently, four efficiency classes are defined by the standard, i.e., IE1-IE4, and it 
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is expected that the next edition defines the IE5 efficiency class. From this classification, 

manufacturers have presented different proposals to achieve ever greater efficiencies in IMs. 

Studies comparing different technologies have been presented in [8], [9], [10], [11], [12], 

synchronous reluctance motors, permanent magnet motors (PMM,0 and copper rotor motors are 

the main alternatives to achieve higher efficiencies [13]. These new technologies present 

constructive variations concerning their predecessors, as well as new components, such as PM, 

which respond differently to the disturbances present in electrical systems.  

5.1.2. Chapter Motivation and Contribution 

Although the impacts of voltage harmonics (VH) and/or voltage unbalances (VU) on IMs have 

already been extensively investigated, the focus is mainly on performance and temperature 

analysis, and few works address the impacts of these phenomena 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 amplification of existing 

harmonics in the presence of these disturbances, with which the doubt arises: Are the most 

efficient motors less efficient in power quality terms? 
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 Theoretical Foundation 

5.2.1. Energy Efficiency Policies in Induction Motors 

Minimum Energy Performance Standards (MEPS) defines the minimum efficiency class to be 

manufactured and marketed based on national and energy targets. In Brazil, the minimum 

efficiency level for electric motors from August 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 of old/non-

efficient motors are listed below and depicted in Figure  5-1. 

 
Figure  5-1 - Steps toward the implementation of energy efficiency actions on induction motor policies. 

The key steps for implementing energy efficiency initiatives are detailed below: 

• The creation of global standards such as IEC 60034-30-1 and NEMA [14] 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 of minimum 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], [15]. 



Chapter 5 – Assessing Energy Efficiency and Power Quality Impacts in High-Efficiency Motors 

123 
 

• The allocation of funds for the granting of incentives, 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 technologies [6], [16], [17]. 

• 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 according to the indicators. 

5.2.2. 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 technologies, 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.  
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 Energy Efficiency and Power Quality Assessment 

5.3.1. Methodology 

Measurements were performed in the Amazon Energy Efficiency Center (CEAMAZON) located 

at the Federal University 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 

induction motors classes, i.e., IE2, IE3, and IE4. Figure 1.5 shows the general test setup. The 

balanced and pure sinewaves as well as the voltage 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 parameters were measured using the class “ ” 

quality analyzer HIOKITM (2) model PW3198-90. The electric load used in this work then consists of 

an electromagnetic brake or Foucault 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 5-1 

presents the nominal data of each motor.  

Table 5-1. Induction Motors parameters 

IM Class IE2 IE3 IE4 
Technology SCIM, SCIM LSPMM 

Power 0.75 kW 0.75 kW 0.75 kW 
Voltage 220/380 V 220/380 V 220/380 V 

Speed (rpm) 1730 1725 1800 
Torque (Nm) 4.12 4.13 3.96 
Current (A) 2.98/1.73 2.91/1.68 3.08/1.78 

Efficiency (%) 82.6 82.6 87.4 
Power Factor 0.80 0.82 0.73 

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%. 

In relation to voltage unbalance, after reaching the thermal 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 5-2 presents voltage magnitudes for each voltage unbalance. 
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Table 5-2. Voltage Unbalance magnitudes  

% NEMA Voltage Unbalance Vab Vbc Vca 
1% Undervoltage 217.34 V 219.67 V 214.03 V 
3% Undervoltage 217.72 V 214.46 V 206.8 V 
4% Undervoltage 197.15 V 206.69 V 214.35 V 
1% Overvoltage 220.40 V 224.54 V 221.2 V 
3% Overvoltage 235.85V 233.57V 224.28V 
4% Overvoltage 227.91 V 219.89 V 237.57V 

 

Regarding the methodology used for the treatment of measurement data and obtaining the 

results, Figure  5-2 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 the measurement 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. 

 
Figure  5-2 – Methodology flowchart. 
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 Results and Discussion 

5.4.1. Voltage Harmonics Impacts on Power Quality 

The presence of voltage harmonics results in the decrease of the rotation speed for the 

electric motors analyzed. Figure  5-3 shows the speed variations in the presence of 2nd, and 

combined 2nd, 3rd, 5th and 7th voltage harmonics for the three IMs classes. It is observed that 

the second negative sequence harmonic results in greater decreases for the IE2 Class SCIM, 

falling from 1752 rpm to speed values of 1738 rpm, while the IE3 class motor decreases from 

1753 rpm to 1744 rpm with 25% distortion. Then the combination of all the harmonics 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 in the presence of Voltage Harmonics. This highlights the benefits of 

LSPMM synchronism against various disturbances, especially in fixed speed applications. 

Figure  5-4 presents the impact of the 5th and 7th voltage harmonics of positive and negative 

sequence, respectively. It is observed how result in decreases in the speed of SCIM, being the 5th 

harmonic most damaging, it should be noted that despite the 7th harmonic being of positive 

sequence (produces a positive torque) also results in a decrease in speed. 

 

Figure  5-3 - Speed variation for IE2, IE3 & IE4 Class motors in presence of 2nd, and combined 2nd, 3rd, 
5th and 7th voltage harmonics. 
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Figure  5-4 - Speed variation for IE2, IE3 & IE4 Class motors in presence of 5th and 7th voltage 

harmonics. 

To explain this phenomenon, an analysis considering the harmonics present in the waveform 

was developed for the three IM’s analyzed and is presented in Figure  5-5, it was observed that 

when the voltage distortion percentage of 7th  order harmonic was increased, a 5th order current 

harmonic component appeared, and increased mainly for distortions greater than 8%, 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 harmonic, when the 5th 

harmonic of negative sequence is present, a 7th current harmonic component appears, while 

when the 2nd harmonic is present, 4th and 5th order current harmonics components arise. The 4th 

order also appeared in the presence of all the harmonics analyzed. Despite the fact that these 

harmonics appear in the three analyzed all motors, the percentages found were higher for the 

0.75 kW, line start permanent magnet motor class IE4, however, without impacting its rotation 

speed. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure  5-5 - Harmonic currents present in IM´s with 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. 
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5.4.2. Voltage Unbalance Impacts on Power Quality 

 espite many studies have analyzing the impact that 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 and the 

harmonics present and those that arise with the presence of this disturbance in the electric 

motors presented in this study. 

The presence of unbalanced voltages also results in decreases in the speed of electric 

motors according to the type of technology, as well as the loading percentage. Speed variation 

in the presence of six VU conditions with under and overvoltage is presented in Figure  5-6. In 

general, it is observed that the unbalance with undervoltage (UV) results in greater decreases in 

speed when compared to the unbalance with overvoltage (OV). 

 

Figure  5-6 - Speed variation for IE2, IE3 & IE4 Class motors in presence of 0%-4% Voltage Unbalance 
Conditions with under and over voltages; 

In addition to the current unbalances, voltage unbalance also results in increases in the 

harmonics currents according to the voltage magnitude, the VU degree as well as the IM 

technology. Figure  5-7and Figure  5-8 show the variation of the 5th order harmonic currents 

percentage for the IE3 and IE4 motors respectively for 1% and 4% VU with under and over voltage, 

the class IE2 motor presented percentages like those of the IE3 class motor. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure  5-7 - - Fifth  harmonic currents variations for phases a-b-c for the IE3 Class motor for (a) 1% VU 
with Under Voltage; (b) 4% VU with Under Voltage; (c) 1% VU with Over Voltage; (d) 4% VU with Over 

Voltage 

Initially, the oscillation that exists in each of the phase’s currents for the  th order harmonic 

can be observed for both technologies, and that is greater for the LSPMM (Figure  5-8) at the 

analyzed power (0.75kW). It was also observed how the fifth current harmonic follows a growth 

pattern opposite to that of the input line currents when subjected to VU for the three efficiency 

classes analyzed, with the lowest phase current presenting the highest 5th order harmonic 

current. It can also be observed that for IE2 and IE3 class motors the VU with under and over 

voltage result in similar distortion degrees, while for the LSPMM the VU with under voltage results 

in distortion degrees of up to twice that found in the condition with overvoltage, as shown in 

Figure  5-8. 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  

5-6, showing more tolerant to this type of disturbance in terms of operation. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure  5-8 – Fifth harmonic currents variations for phases a-b-c for the IE4 Class motor for (a) 1% VU 
with Under Voltage; (b) 4% VU with Under Voltage; (c) 1% VU with Over Voltage; (d) 4% VU with Over 

Voltage 

The variation of the 7th positive sequence harmonic current was also analyzed for the three 

electric motors and is presented in Figure  5-9. Lower percentages when compared to the 5th 

negative sequence harmonic current are observed, also this harmonic did not follow the 5th 

harmonic growth pattern, undergoing random variations. For the IE2 and IE3 class motors, the 

increase in VU results in a decrease in the harmonic percentage, both for the under and over 

voltage unbalance conditions. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure  5-9 - Seventh harmonic currents variations for phases a-b-c for the IE3 Class motor for (a) 1% VU 
with Under Voltage; (b) 4% VU with Under Voltage; (c) 1% VU with Over Voltage; (d) 4% VU with Over 

Voltage 

Regarding the LSPMM, presented in Figure  5-10, voltage unbalance resulted in a variation of 

the 7th order harmonic 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 for 4% it resulted in a decrease. It is 

further observed that like the 5th negative sequence harmonic, the 7th positive sequence 

harmonic presents oscillations in these voltage unbalance conditions. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure  5-10 - Seventh harmonic currents variations for phases a-b-c for the IE4 Class motor for (a) 1% 
VU with Under Voltage; (b) 4% VU with Under Voltage; (c) 1% VU with Over Voltage; (d) 4% VU with Over 

Voltage 

In addition to the variation provoked in harmonic content present in the current waveform, 

VU also results in the creation of new harmonics, primarily for high unbalance percentages in the 

analyzed output powers. Figure  5-11 and Figure  5-12 presents the main current harmonics 

found for the IE3 and IE4 class motors for 4% unbalance with undervoltage and overvoltage, 

respectively. 

The presence of permanent magnets results in a higher harmonic content for the 0.75 kW 

LSPMM mainly with higher order harmonics. In Figure  5-11b it is shown how 19th and 23rd order 

harmonics are present in the waveform before the motor is subjected to VU. Then with the 

presence of 4% VU with under voltage the 7th harmonic order component suffers a decrease, 

while the 5th, 19th and 23rd order components undergo increases, in addition it can be seen 

how a 21st order component arises with the presence of voltage unbalance. Then, Figure  5-12b 

shows how with the VU with overvoltage the present harmonics in the LSPMM tend to decrease, 
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except for the 21st order harmonic that appears with this VU condition at this motor output 

power. 

This scenario occurs only for the LSPMM, while the IE2 and IE3 class motors show only 5th 

and 7th current harmonic variations, as shown in Figure  5-11a and Figure  5-12a, but the three 

analyzed motors presented greater oscillations for these harmonic orders. 

 
(a) 

 
(b) 

Figure  5-11 - Phase “a” harmonic current variation for 4% Voltage unbalance with undervoltage for (a) 
IE3 and (b) IE4 Class motors  

 

 
(a) 

 
(b) 

Figure  5-12 - Phase “a” harmonic current variation for 4% Voltage unbalance with overvoltage for IE3 
(a) and IE4 (b) Class motors  

As a consequence of the current harmonic variation resulting from the voltage unbalance, 

the total current harmonic distortion also undergoes variations in relation to ideal power 

conditions as was presented before with the THDI of each motor for each analyzed unbalance 

condition.  
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 Final Considerations 

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 harmonic 

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 chapter 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 establish 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. 

• The study also recommends that consideration be given to oversized motors, given their 

prevalence in industry and the impact of oversizing on motor efficiency. 

• Regulatory institutions must also observe the power quality impacts of higher efficient 

motors, so that manufacturers implement solutions to the challenges that the implementation of 

new technologies in induction motors 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. 

The next chapter discusses the effects of voltage variation on efficient motors at different 

voltage levels, with undervoltage and overvoltage. 
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Voltage Magnitude Variation Impacts on 
Efficient Electric Motors 
Globally, the operating voltage may differ from the nominal voltage 
of the IM nameplate, according to the IEC 60038-2009. Therefore, 
the performance of new technologies under conditions of voltage 
variations (VVs) must also be assessed. This chapter presents a 
comprehensive analysis of a 0.75 kW line-start permanent-magnet 
motor (LSPMM) under different VV magnitudes while considering 
different load conditions. The study incorporates technical, 
economic, statistical, and thermal analyses to obtain important 
indicators related to power consumption, efficiency, power factor, 
and temperature.  

 

 General Considerations 

The forthcoming global minimum energy performance standard (MEPS) regulations for 

electric motors will incorporate the IE4 efficiency class and cover a wider range of power outputs 

in rotating machines. To meet the efficiency requirements set by the IEC 60034-30-1 [1] for new 

efficiency classes, manufacturers have implemented new technologies such as permanent 

magnets and reluctance motors. These advancements have led to important benefits in terms of 

energy consumption, power factor, temperature, and noise reduction [2], [3]. These benefits 

have allowed motors to achieve higher efficiencies, such as the IE4 class, which has become 

mandatory in Europe since July 2023 for motors with output powers between 75 and 200 kW [4].  

Furthermore, only a limited number of users in these regions have adopted new technologies, 

such as the LSPMM. Manufacturer recommendations and the inclusion of LSPMM technologies 

in equipment used in industrial processes have primarily influenced these decisions. The 

introduction of these technologies in electric motors requires comprehensive performance 

evaluations under diverse operating conditions prevalent in global industries. Such evaluations 

aim to validate these emerging technologies as viable alternatives to the conventional squirrel-

cage induction motors (SCIMs) that currently dominate the market. 
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 Theoretical Foundation 

6.2.1. Standard IEC 60038-2009 

Table 1 of the IEC 60038-2009 standard [5, p. 2009] lists the voltage options for AC systems, 

as presented in Figure  6-1. For 60 Hz three-phase systems, more than seven voltage options, 

such as 208, 230, 240, 277, or 400–480 V, are available without considering the voltage drops 

within the consumer or the distribution system, which can further exacerbate this voltage-

magnitude deviation. Internal changes in the industry, such as tap adjustments in transformers 

or low-load conditions in the electricity distribution system, can also cause VV. Thus, VV can be 

linked to the difference between the electrical system voltages in a particular country or region 

and the nominal manufacturing voltages of the motors (Figure  4-1). For example, an electric 

motor manufactured in Brazil with a nominal voltage of 220 V can operate in Central America at 

a voltage of 208 V (transformer secondary windings in Y) or 240 V (transformer secondary 

windings in a triangle). 

 
Figure  6-1 - Image of Table 1 of the IEC 60038-2009 standard in relation to allowable voltages in power 
systems worldwide [5, p. 2009]. 
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Figure  6-2 - Three-phase nominal voltage by region for a nominal 220 V LSPMM in a delta connection. 

Regarding electric motors, the NEMA MG1-2021 [6] standard stipulates that AC motors 

should operate successfully at a nominal load under voltage conditions of ±10% of the nominal 

voltage. However, the performance of the motors under these conditions will differ from that 

under the nominal voltage. The evaluation of the LSPMM under VV conditions, including 

undervoltage and overvoltage, for the analyzed 0.75 kW motor will allow the evaluation of the 

response of this technology to such disturbances.  

6.2.2. Permanent-Magnet Motors 

The incorporation of permanent magnets into motors represents an important advancement 

in the pursuit of improved efficiency. The magnetic field provided by these magnets not only 

reduces magnetization and total current but also allows the synchronism speed. This yields a 

constant speed under load and different disturbances. In addition, it leads to a notable reduction 

in rotor losses and consequently lowers operating temperatures, therefore contributing to the 

durability of the motor and its components. 

Among rare-earth materials, neodymium–iron–boron (NdFeB) magnetic materials are widely 

used in electric motors because of their superior magnetic properties (coercivity and remanent 

magnetization) over those of other rare elements [7]. Figure  3-19 shows the magnetic flux lines 

in the LSPM and its internal components. 
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(a) (b) 

Figure  6-3 - Line-start permanent magnet: (a) Component description in the first panel and (b) 
magnetic flux lines. 

The presence of permanent magnets in the analyzed 0.75 kW IE4 Class motor (Figure  6-4a) 

results in a different current-versus-load curve compared with the SCIM (Figure  6-4b). The 

LSPMM has a squirrel cage, which provides self-starting capability and enables synchronous 

operation. In this state, no current flows through the rotor bars because the slip is zero, and there 

are no harmonic components in the airgap magnetomotive force. The LSPMM is a synchronous 

machine; however, because of the magnets inside the rotor, it produces magnetic fields without 

an external field current. Its no-load operation resembles that of a synchronous machine 

operating in an under-excited state. The current-versus-load curve of the LSPMM exhibits a V 

shape, particularly under low-load conditions; this curve demonstrates a small decrease in the 

case of the line current with the increasing load. From a 40% load, the current then increases 

with the load on the motor, as in the IE3 Class SCIM. 

  

(a) (b) 

Figure  6-4 - Experimental input current as a function of load for 0.75 kW: (a) IE4 Class LSPMM and (b) 
IE3 Class SCIM motor at nominal voltage and frequency conditions. 

Density Plot: |B|, Tesla
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 Assessing Voltage Magnitude Variation in IE2, IE3 & IE4 classes IMs. 

6.3.1. Standard IEC 60038-2009 

The impacts of VV were evaluated using an experimental bench, as presented in Chapter 1. 

The bench comprises a three-phase alternating current (AC) programmable source (1), in which 

different voltages applied to the LSPMM (4) were configured. The LSPMM input parameters were 

measured using a class “ ” power-quality analyzer (2), and an electromagnetic brake (3) was 

used as the electric load.  

Figure  6-5 shows the methodology used. The LSPMM was supplied with a delta connection at 

220 V, which served as the base voltage for defining the undervoltage and overvoltage values per 

unit (1 p.u. = 220V). Subsequently, the LSPMM was subjected to VV conditions of 0.90, 0.95, 1.0, 

1.05, and 1.10 p.u. while considering loads ranging from 0% to 125%. The LSPMM was powered 

with VV from the programmable source, and the input data were recorded for further processing 

and analysis. Simultaneously, thermographic images were captured using a thermographic 

camera under the nominal-load conditions for each VV condition until thermal equilibrium was 

reached.  

 
Figure  6-5 - Methodology flowchart. 
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 Technical Assessment 

6.4.1. Load Curve in VV Conditions 

The voltage magnitude is related to the torque at motor start-up. It was noted specifically for 

this output power that the difficulty of reaching synchronism with nominal-load and nominal 

voltage conditions was analyzed. Therefore, experiments considering load were conducted after 

synchronism was achieved. However, in industrial applications with “quadratic torque” 

characteristics, such as centrifugal pumps and fans, the starting load torque is lower. Therefore, 

LSPMMs should be capable of starting and achieving synchronism even if the supply voltage is 

lower than the nominal voltage. 

Under VV conditions, the analyzed motor exhibits an input current that varies with the voltage 

magnitude, particularly below the nominal condition (Figure  6-6). Notably, the same load on the 

motor shaft was configured for each voltage condition. The undervoltage results in lower input 

currents for the LSPM motor at loads below the nominal motor power output. Furthermore, for 

loads exceeding the nominal motor power output, all four analyzed non-nominal-voltage 

magnitude conditions result in higher currents than that of the nominal-voltage condition, with 

the VV conditions of 1.05 and 1.10 p.u. with the highest input currents. The deviation in voltages 

causes a proportional variation in the reactive consumption of the motor, mainly owing to the 

induced VV in the parallel impedance of the LSPMM. This causes the reactive losses due to the 

leakage reactance to be greater than those under the nominal-voltage condition. 

 
Figure  6-6 - Experimental input current as a function of load at different voltage magnitudes. 
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6.4.2. Active Power and Current Total Harmonic Distortion 

Voltage variation inevitably increases Joule and core losses (Figure  6-6), wherein an increase 

in current can be observed. This is further demonstrated by the active power shown in Figure  

6-7a wherein greater differences are observed for smaller loads, which decrease with the 

increasing motor load. The decrease in voltage magnitude weakens the main flux because of the 

lower induced voltage. Consequently, the current harmonic content of the LSPMM increases 

because of the magnets’ constant magnetic fields inside the rotor during the interaction with the 

stator magnetic fields to produce mechanical power (Figure  6-7b).  

  

(a) (b) 
Figure  6-7 - LSPMM under VV conditions. (a) Active power and (b) current total harmonic distortion. 

6.4.3. Power Factor 

The low active power demand on the shaft, combined with the higher reactive power demand, 

particularly at low loads, results in a considerably low power factor under light load conditions. 

Therefore, it is not recommended that this motor operate with loads below   % to avoid a low 

power factor. Figure      illustrates the inversely proportional variation of the power factor with 

the voltage magnitude below the nominal condition. For instance, the power factor under the 

1.1  p.u. condition at the nominal load (1  %) is lower than that under the  .   p.u. condition at 

4 % load. This highlights the benefits of undervoltage for the operation of this LSPMM technology 

under variable load conditions. 
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Figure  6-8 - Experimental power factor as a function of load under VV conditions. 

Ridgeline plots were plotted for the power factor at each voltage condition based on the 

measurements shown in Figure  6-8 to better visualize the power factor variation across the load 

spectrum. Ridgeline plots can be used to visualize data distribution through density plots. In this 

context, Figure  6-9 presents the power factor point values shown in Figure  6-8. The y-axis 

represents the five voltage magnitudes assessed in this study, and the x-axis represents the 

power factor values obtained for different load conditions.  

The undervoltage condition mostly represents power factors between 0.60 and 1.0 for most 

of the motor load curve, while the overvoltage condition represents power values between 0.40 

and 0.80. Therefore, in situations where the choice is limited to the undervoltage or overvoltage, 

the undervoltage remains a more favorable choice in terms of the power factor. 

 
Figure  6-9 - Ridgeline plot of power factor under VV conditions for the LSPMM. 
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 nother important parameter of interest is active power, which is related to motor load and 

affects both industry consumption and demand. To present a comparison of the active power 

with the power factor under VV conditions, contour plots that depict the relationship between 

the two parameters for the  .  , 1. , and 1.1  p.u. conditions as a function of load are presented 

in Figure  4  . The contour lines connect points with the same power factor response value, and 

the colored bands represent the measured power factor values. Figure  4  a shows the 

undervoltage positively deviates from the nominal condition at  .   p.u in the behavior of the 

LSPMM, indicating that higher power factor values can be achieved at lower loads on the motor 

shaft, where lower active powers contribute to a reduction in consumption and demand for end 

users. Furthermore, Figure  4  c shows how the overvoltage negatively deviates from the nominal 

condition (Figure  4  b), indicating that lower power factors can be obtained along the motor load 

curve with higher active powers. Therefore, undervoltage is beneficial in this technology because 

consumption, demand, and power factor are the parameters of interest to specialists. 

   
(d) (e) (f) 

Figure  6-10 - Contour plots for power factor variation with power and load for IE4 Class motor with (a) 
0.90 p.u., (b) 1.00 p.u., and (c) 1.05 p.u. 

6.4.4. Efficiency 

Synchronism contributes to high efficiency, particularly at low loads. In the case of the 

LSPMM (Figure  6-11), high efficiency values are obtained first at low loads. This is mainly 

attributed to the motor current curve (Figure  6-6), in which the current tends to decrease as the 

load increases up to approximately 30–40%. Consequently, the electrical power decreases, 

whereas the mechanical power increases, resulting in high efficiencies at these loads. The 

impact of VV on the LSPMM efficiency is most pronounced at low loads, and similar values are 

obtained for loads close to nominal loads. 
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Figure  6-11 - Experimental efficiency as a function of load under VV conditions. 

 

6.4.5. Temperature Assessment 

Thermal load is an important indicator of the condition of an electric motor. To assess the impact 

of VV on temperature, thermographic images were captured every 2 min until thermal 

equilibrium was reached for each voltage-magnitude condition considering full load and 

capturing the lateral (stator) and front (rotor) angles of the motor. Figure  6-12 and Figure  6-13 

show photographs of the LSPMM at thermal equilibrium under voltage conditions of 0.90, 1.0, 

and 1.10, with front and side views, respectively. Each condition results in temperature 

variations for the same connected load, which can affect the lifespan and maintenance period 

of electric motors operating under these conditions. The lateral view of the stator and the front 

view of the rotor reveals a temperature difference ranging from 5.5 °C to 8 °C between voltage 

magnitudes of 0.90 and 1.10 p.u.  

Figure  6-14 illustrates the temperature curve data measured for each voltage magnitude 

obtained by analyzing the small triangle points in the images using the thermographic camera 

software version 5.13. The temperature values closely align between the nominal-voltage and 

overvoltage conditions at 1.10 p.u. This similarity is attributed to the comparable currents 

observed at the load percentages shown in Figure  6-6. These results indicate that the 

undervoltage and overvoltage conditions exhibit higher temperatures than the nominal 

condition, with temperature differences of up to 8 °C higher than the nominal condition. 
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(a) (b) (c) 

Figure  6-12 - Frame temperature variation in the LSPMM under VV conditions. Frontal temperature with 
(a) 0.90 p.u., (b) 1.00 p.u., and (c) 1.10 p.u. 

   
(a) (b) (c) 

Figure  6-13 - Frame temperature variation in the LSPMM under VV conditions. Lateral temperature with 
(a) 0.90 p.u., (b) 1.00 p.u., and (c) 1.10 p.u. 

  

(a) (b) 
Figure  6-14 - Measured absolute temperature under VV conditions: (a) lateral view; (b) frontal view. 

Although the new efficiency classes have higher temperature tolerances (insulation letters), 

usually letter F (maximum temperature of 155 °C), the temperature increase continues to be 

detrimental to the lifespan of the motor by reducing the time between maintenance services. 

Furthermore, environments with high concentrations of airborne particles, combined with 

inadequate maintenance, contribute to the degradation of the motor’s internal components, 

thus reducing its lifespan. 
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 Statistical Assessment 

6.5.1. Correlation Matrix for Voltage Variation Conditions 

To examine the impact of the voltage magnitude on the motor efficiency and power factor, an 

analysis based on Spearman’s correlation was conducted using Minitab version 1  [8]. The 

analysis assessed the monotonic relationship between the voltage magnitude and various motor 

input parameters. Spearman’s rank correlation coefficient, which is dependent on the ranks of 

values rather than the actual values themselves, is particularly suitable for ordinal and 

continuous variables. This method is valuable in situations where Pearson’s correlation is 

unsuitable because of normality violations, nonlinear relationships, or the involvement of ordinal 

variables [9, p. 84], [10], [11]. Given the identification of a nonlinear relationship among certain 

variables in this specific case, Spearman’s correlation method was selected [12]. The 

formulation for calculating the Spearman’s rank correlation coefficient is presented in Equation 

(1). 

𝑟𝑠 = 1 −
6 ∑ 𝐷𝑛

𝑖=1 𝑖

2

𝑛(𝑛2−1)
, (1) 

where n represents the number of value pairs and 𝐷𝑖 =  𝑋𝑖 −  𝑌𝑖  represents the difference 

between each corresponding 𝑋𝑖  and 𝑌𝑖  value rank. 

In general, the correlation coefficient resulting from the correlation analysis ranges from −1 

to +1. A higher coefficient indicates a stronger relationship between the variables.  

To verify the influence of voltage magnitude variation on the efficiency and power factor, different 

load ranges were considered, and Spearman correlation coefficients were estimated for each 

range (Figure  6.15). The load ranges were divided into three blocks: the first block covers load 

percentages between 0% and 30% (Figure  6.15a), the second block includes loads between 

40% and 70% (Figure  6.15b), and the last block comprises loads between 80% and 125% (Figure  

6.15c). In these correlation matrices, the upper cell shows the Spearman coefficient, while the 

lower cell shows the p-value, which helps determine the rejection of the null hypothesis at the 

assumed significance level of 0.05. 
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(a) (b) 

 

(c) 
Figure  6-15 - Correlation matrix between voltage magnitude and input parameters in the LSPMM for (a) 
output load between 0% and 30%, (b) output load between 40% and 70%, and (c) output load between 
80% and 125%. 

For the first load block (Figure 6.15 a)the results show that the input parameters, except for 

the voltage and current magnitudes, show high correlations with the load, indicating that the 

efficiency and power factor vary proportionally with the load. However, this relationship does not 

hold for the voltage magnitude, which exhibits low correlations and p-values of >0.05. In the 

second load block (Figure 6.15b), which includes loads between 40% and 80%, the efficiency 

and power factor vary inversely with the voltage magnitude because they have negative 

correlation coefficients. Thus, the efficiency and power factor increase with the decreasing 

voltage magnitude, confirming the results presented in the previous section and indicating that 

voltage magnitude exerts a greater influence on permanent-magnet motors operating within this 

load range. 

For the higher loads in the range between 80% and 125%, (Figure 6.12c)shows that load 

exerts a greater influence on the current and active power than the efficiency and power factor. 

A similar scenario is observed for the voltage magnitude, indicating that for loads close to the 

nominal load, the voltage magnitude exerts less influence on the efficiency and power factor of 

the LSPMM analyzed in this study. The correlation matrices show that the voltage magnitude 

influences the efficiency of the LSPMM at certain load percentages, with lesser influence at lower 

loads (below 40%) and higher loads (above 80%) analyzed in this study. 
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 Economic Analysis 

Differences in currents, active power, efficiency, and power factor resulting from VV in the 

LSPMM were observed. To quantify these impacts, an economic analysis was conducted 

considering users in regions where the supply voltage magnitude for electric motors is 

determined according to the transformer’s secondary connection. In this case, Honduras, 

located in Central America, was used as a reference, with three-phase nominal voltages of 208 

and 240 V for star and delta connections, respectively.  

For economic quantification with respect to each voltage level, the annual energy 

consumption for each load condition was estimated based on experimental power 

measurements and considering 6000 h of operation per year. Figure  6-16 shows the 

approximate energy consumption of the LSPMM under each voltage condition as a function of 

different voltage magnitudes and loads. Energy consumption increases with the increasing 

voltage magnitude.  

 
Figure  6-16 - Consumption as a function of voltage magnitude under different load conditions. 

Two scenarios were examined to evaluate the economic benefits of undervoltage. The 

scenarios involved time-of-use (TOU) pricing, where energy costs varied based on specific times 

of the day (Figure  6-17). The peak hours covered a 3-hour duration from 18:30 to 21:30, with the 

remaining hours classified as an off-peak period. During the peak period, a kilowatt-hour (kWh) 

cost equivalent to ten times (USD 0.8/kWh) that of the off-peak period (USD 0.08/kWh) was 

considered based on industry references.  
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In the first scenario, the TOU pricing structure was not considered. In this case, the economic 

costs and benefits associated with the variation in the voltage magnitude were obtained by 

multiplying the reduced consumption by a single tariff of USD 0.08/kWh. In the second scenario, 

two different energy charge rates are implemented: one for off-peak hours with a value of USD 

0.08/kWh and the other for peak hours, corresponding to USD 0.8/kWh (Figure 14). 

 
Figure  6-17 - Representation of the time-of-use tariff pricing scheme considered in the economic 
analysis. 

By comparing the operating costs of the motor under different voltage conditions, the cost 

difference was determined. This calculation assumes a change in the motor supply from a delta 

connection with 240 V to a star connection with 208 V for a motor with a nominal voltage of 220 

V. This corresponds to a change from 1.10 to 0.95 p.u. at the motor supply voltage (Equation (2)). 

The energy savings during peak and off-peak periods are determined by multiplying the 

difference in the active power obtained from Equation (2) by the annual operating time. For this 

analysis, 5500 yearly operating hours during off-peak periods and 500 yearly operating hours 

during peak periods were considered. 

Equation (5) is used to calculate the total cost savings in USD by taking the sum of the energy 

consumption multiplied by the cost per kWh in each period (Figure 13). The first scenario 

considers only the first term of the sum, whereas the second scenario, which incorporates TOU 

pricing, considers all terms of the equation. 

𝑃1.10 p.u. (kW) − 𝑃0.95 p.u. (kW) = 𝑃𝑒𝑐𝑜𝑛𝑜𝑚𝑦(kW), (2) 

𝐸𝑜𝑓𝑓−𝑝𝑒𝑎𝑘(kWh) = 𝑃𝑒𝑐𝑜𝑛𝑜𝑚𝑦(kW) × (∑ 𝑌𝑒𝑎𝑟𝑙𝑦 ℎ𝑜𝑢𝑟𝑠𝑜𝑓𝑓−𝑝𝑒𝑎𝑘), (3) 
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𝐸𝑝𝑒𝑎𝑘(kWh) = 𝑃𝑒𝑐𝑜𝑛𝑜𝑚𝑦(kW) × (∑ 𝑌𝑒𝑎𝑟𝑙𝑦 ℎ𝑜𝑢𝑟𝑠𝑝𝑒𝑎𝑘) , (4) 

𝐸𝑐𝑜𝑛𝑜𝑚𝑦 (USD) = {𝐸𝑜𝑓𝑓−𝑝𝑒𝑎𝑘(kWh) × [𝐸𝐶𝑜𝑓𝑓−𝑝𝑒𝑎𝑘 (
USD

kWh
)]} +

{𝐸𝑝𝑒𝑎𝑘(kWh) × [𝐸𝐶𝑝𝑒𝑎𝑘 (
USD

kWh
)]}, 

(5) 

where 𝑃1.10 p.u. (kW) and 𝑃0.95 p.u. (kW) represent the active powers measured for each load 
condition with 1.10 and 0.95 p.u. voltage magnitudes, respectively; ∑ 𝑌𝑒𝑎𝑟𝑙𝑦 ℎ𝑜𝑢𝑟𝑠𝑝𝑒𝑎𝑘  and 
∑ 𝑌𝑒𝑎𝑟𝑙𝑦 ℎ𝑜𝑢𝑟𝑠𝑜𝑓𝑓−𝑝𝑒𝑎𝑘 represent the sum of operation hours in the peak and off-peak 
periods, respectively; 𝐸𝑝𝑒𝑎𝑘(kWh) and 𝐸𝑜𝑓𝑓−𝑝𝑒𝑎𝑘(kWh) represent the energy consumption in 
the peak and off-peak periods, respectively, and 𝐸𝐶𝑜𝑓𝑓−𝑝𝑒𝑎𝑘  and 𝐸𝐶𝑝𝑒𝑎𝑘  represent the energy 

costs in (USD

kWh
) for the off-peak and peak periods, respectively. 

 
Equation (6) was used to estimate the payback period [13, p. 6]. The analysis was based on 

the initial cost of an IE3-efficiency class motor with the same power output to assess the impact 

of altering the motor supply voltages under each load condition. Figure  6-18 shows the results 

for the two analyzed scenarios. For the first scenario (Figure  6-18a), the estimations indicate 

that for loads below 60%, decreasing the voltage magnitude from 1.10 to 0.95 p.u. can result in 

cost advantages that would enable the purchase of a new motor with the savings generated over 

its lifetime. This highlights the benefits of this analysis. For the second scenario (Figure  6-18b), 

where a peak time and a ten-fold higher energy cost are considered, the payback period is 

reduced to less than 10 years for any load percentage and less than 5 years for loads below 60%. 

Given that this is a widely used tariff in the industry, the study can be valuable for specialists and 

engineers aiming to reduce energy consumption through energy efficiency measures. However, 

the load percentage and power output must be verified because this study was limited to a motor 

with an output power of 0.75 kW. 

𝑃𝐵𝑃 (years) =
𝑃

𝐸𝑐𝑜𝑛𝑜𝑚𝑦 (USD)
, (6) 

where 𝑃𝐵𝑃 represents the payback period in years, 𝑃 represents the total project investment 
and 𝐸𝑐𝑜𝑛𝑜𝑚𝑦 (USD) represents the annual cash flow in USD/year. 
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(a) (b) 

Figure  6-18 - Payback for the initial cost of a new motor by changing the LSPMM voltage supply level: (a) 
without considering the TOU; (b) considering the TOU.  
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 Final Considerations 

Given that the LSPMM is a relatively new technology, an electrical assessment was 

conducted by considering the voltages found in different electrical systems as well as diverse 

load scenarios and analyzing the parameters of interest to end users. Findings indicate that 

operating a motor under undervoltage conditions (0.90 p.u.) results in higher efficiencies, an 

improved power factor, and lower operating temperatures. These outcomes translate into 

enhanced economic benefits and an extended motor lifespan. However, specialists should 

analyze the results presented to make optimal use of them according to the type and nature of 

the loads. The results show that the impact of voltage-magnitude variation is minimized under 

nominal-load and overload conditions. Undervoltage is not the best alternative under these 

conditions.  

Considering the type of application, because the starting torque depends on the input 

voltage, undervoltage may limit the starting torque with heavy motor-shaft loads. Therefore, 

undervoltage is mainly recommended for loads with quadratic torque characteristics, such as 

centrifugal pumps and fans, where the starting load torque is lower when compared to other 

loads’ torque characteristics. Results of the statistical analysis based on Spearman correlation 

matrices revealed that the voltage magnitude exerts a greater influence on the efficiency and 

power factor for loads ranging between 40% and 80% of the motor output power. 

Temperature is a critical parameter because it is related to the performance, lifespan, and 

maintenance frequency of permanent magnets and electric motors. Therefore, the impacts of 

different voltage magnitudes on temperature are presented and discussed. The results of the 

electrical analysis align with those of the thermal analysis, demonstrating that overvoltage leads 

to operating temperatures up to 7°C higher than that in the case of undervoltage and 3°C higher 

than that in the case of the nominal condition. This temperature difference can affect the 

lifespan of the LSPMM. 

As part of the contributions of this thesis and considering the impact that different 

disturbances can have on the useful life of electric motors, the following chapter proposes an 

indicator of the health of electric motors when subjected to different power quality disturbances. 

energy from a frequency domain approach and analysis. 
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Electric Motor Degradation Index 
(EMDI) 
Electric motors remain the world's largest load and a critical piece in 
the industrial sector. Given its important role in industrial, 
commercial, and modern applications, significant efforts have been 
dedicated to predictive maintenance, aiming to enhance existing 
techniques with new proposals that increase their effectiveness in 
diagnosing the health of rotating machines. This Chapter proposes 
an Electric Motor Degradation Indicator (EMDI), which relies on 
signal processing techniques for the frequency spectrum analysis of 
electric motors' input current waveforms. The presented results 
strongly support the efficacy of the proposed approach in facilitating 
the implementation of predictive maintenance practices.  

 

 Introduction 

7.1.1. General Considerations 

Electric motor diagnosis remains a crucial aspect within industries, as it represents one of their 

key assets, given the economic costs associated with unplanned downtime. Consistently, higher-

power induction motors are predominantly found in commercial and industrial applications. 

These motors serve as critical components in manufacturing processes, and any interruption in 

their operation can result in significant economic losses for businesses. Hence, online monitoring 

of these motors' performance to extract relevant parameters that can indicate imminent failures 

is crucial. Implementing predictive maintenance measures based on these indicators can 

prevent untimely process shutdowns and mitigate the accompanying economic and technical 

losses. Considering the prevailing trend of integrated production systems in today's world, which 

emphasizes technological advancements and quality across various sectors of the production 

chain, predictive maintenance techniques have gained significant importance in the pursuit of 

productivity in diverse industries. 

The methodology proposed here is intended, at the level of maturity at which it will be 

presented, to be a general diagnostic tool for failures in electric motors, in this way the tool 

identifies that there is an abnormal operation in the motor, and from this the specialists must 

evaluate it aiming to guarantee the useful life of the motor from experience as well as from the 

other identification tools for specific failures. 
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7.1.2. Chapter Motivation and Contribution 

In the search for innovative and complementary techniques, this study introduces a novel 

methodology based on the frequency-domain analysis of electric motor current waveforms. The 

approach utilizes spectral analysis of the motor's load current during online operation. To 

accomplish this, the Contact Degradation Indicator (CDI), originally developed for predictive 

diagnosis of failures in electric power substation bays [2], will be adapted to create the Electric 

Motor Degradation Indicator (EMDI). By utilizing a degradation coefficient, this methodology aims 

to provide a reliable reference for assessing the health state of electric motors.  

The key feature of the diagnostic system presented here is its ability to generate online 

predictive indications of electric motor failure conditions. This enables proactive measures to be 

taken, preventing imminent motor failures and the resulting unavailability. To validate the 

proposed methodology, comprehensive bench testing will be conducted in a laboratory using 

induction motors of different efficiency classes. Based on the obtained results, a diagnostic 

system will be proposed, meeting the specific operational conditions of induction motors. It 

intends to become a valuable and contemporary tool for monitoring motor-driven systems and 

implementing predictive diagnoses. By presenting this new methodology, the study aims to 

contribute to the field of predictive maintenance for electric motors, offering a practical solution 

for identifying and addressing potential failures on time. 

 Theoretical Foundation 

7.2.1. Time-domain and Frequency-domain Analysis 

The presence of electric current harmonic distortions during the steady-state operation of 

electrical systems can be primarily attributed to the nonlinear characteristics of connected 

electrical loads. However, other factors such as imperfections in electrical connections and 

contacts, material aging, and insulation degradation also contribute to these distortions. The 

harmonic distortions typical of the electric loa ds' dynamics are usually of lower harmonic orders 

[3], while those from electrical contacts and connections imperfections, material aging, and loss 

of electric insulation, produce partial micro discharges of high frequencies in the spectrum of 

flowing electric currents [2].  

Consequently, the frequency spectrum of the electric current can be divided into two distinct 

sections, separated by a cutoff frequency (Fc). The low-frequency range (f < Fc) primarily reflects 
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the behavior of the electric load, while the high-frequency range (f > Fc) is predominantly 

associated with the degradation of materials. 

Figure  6-1 provides a graphical representation of the proposed analysis methodology. 

Considering a typical driving load, for example, an electric motor, it is expected that throughout 

its continuous operation for longer periods, the high-frequency spectrum (f > Fc) will become 

more significant representing the continued degradation of the equipment. That is, the equipment 

becomes less efficient, presenting larger losses, and following a trajectory that will fatally lead to 

a failure condition, due to mechanical and/or electrical nature. Then, a metric that calculates the 

relationship between the frequency spectrum power associated with harmonic distortions of the 

load (up to the frequency Fc), and due to harmonic distortions above the frequency Fc, 

continuously during the operation of the electrical system, will be able to evaluate the motor´s 

performance and issue a diagnosis on its degradation state, for predictive maintenance decision-

making. 

 
Figure  7-1 - Graphical representation of the Electric Motor Degradation Index  (EMDI) methodology. 

The frequency spectrum is obtained by the Fourier transform of the motor´s measured load 

current. The Fourier transform (FT) is used to map time aperiodic signals to the frequency domain, 

resulting in a continuous frequency spectrum. However, a wide range of engineering problems 

involves discrete time series, obtained from data acquisition systems such as oscillographs, and 
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energy quality meters, among others. In these cases, the Fourier Discrete Transform (FDT) version 

should be used, which is the numerical application of FT, as shown in its definition in equation (1). 

𝑭𝒏 = ∑  

𝑵−𝟏

𝒌=𝟎

𝒇(𝒌). 𝒆−𝒋
𝟐𝝅
𝑵

𝒏.𝒌     𝒏 = 𝟎, … , (𝑵 − 𝟏) 

 

(1) 

where: 𝑵 – Number of samples by period, 𝒇(𝒌) – Magnitude of each sample, and 𝑭𝒏 the 

Complex values (module and phase) of the 𝑵 sine waves obtained with FDT. 

7.2.2. Metric for Electric Motor Degradation Measurement 

The metric to be used for indicating the electric motor degradation, which is here called EMDI 

– Electric Motor Degradation Indicator, comes from the metric CDI - Contact Degradation 

Indicator, developed in [2] which is defined in dB, by similarity with the Signal to Noise relationship 

(SNR), that is widely used in the telecommunications area, and here is repeated as equation (2). 

𝑪𝑫𝑰𝒅𝑩  =   𝟐𝟎 𝒍𝒐𝒈𝟏𝟎 (
√𝟏

𝒏
 ∑  𝒏

𝒌=𝟏 𝑺𝒌
𝟐

√𝟏
𝒏

∑  𝒏
𝒌=𝟏 𝑹𝒌

𝟐

) 

 

(2) 

where:  

Sk — Load current frequency spectrum magnitudes obtained from the Fourier Discrete 
Transform, for the low-frequency region (f ≤ Fc) using a low pass filter. 

Rk — Load current frequency spectrum magnitudes obtained from the Fourier Discrete 
Transform, for the high-frequency region (f > Fc) using a high pass filter. 

The CDI developed in [2] was applied to load currents that flow in bays of high voltage 

substations, that is, corresponding to large equivalent loads, so that the frequency spectrum of 

individual loads that make up the equivalent are not relevant. For this condition, the IDC as 

defined in (2) consistently reflected the bay´s electric components contacts degradation 

condition, since the equivalent load presents a harmonic profile with small variability throughout 

the online operation cycle, and therefore the term ∑  𝑛
𝑘=1 𝑆𝑘

2 also presents little variability during 

the operation cycle. On the other hand, the term ∑  𝑛
𝑘=1 𝑅𝑘

2, which is associated with losses in the 

electric contacts, material aging, isolation degradation, and others, tend to increase with the 

continuous operation of the electrical system, resulting CDI´s with decreasing lower gain values 

in dB, along the operation horizon as expected. 
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When evaluating the individual performance of electric motors, on the other hand, the CDI 

as originally conceived in [2], did not present a consistent behavior in all tested operating 

conditions. It is known that the best performance of electric motors when it presents lower losses, 

corresponds to the nominal operating condition. Any deviation from this nominal condition tends 

to increase electrical losses, with the appearance of more significant harmonics in the range (f < 

Fc), essentially the harmonics of 5th, and 7th. orders. This causes an increase in the term,  

∑  𝑛
𝑘=1 𝑆𝑘

2 , which often may supplant the increase in the term, ∑  𝑛
𝑘=1 𝑅𝑘

2,  in such a way that the 

CDI gain in dB increases, rather than decreasing, as expected. To correct this inconsistency, a 

change in the CDI definition is proposed here, such that the term ∑  𝑛
𝑘=1 𝑆𝑘

2  includes only the 

frequency spectrum at the nominal frequency (60 Hz or 50 Hz), resulting in the definition of EMDI 

in dB, as expressed in (3). 

𝑬𝑴𝑫𝑰𝒅𝑩  =   𝟐𝟎 𝒍𝒐𝒈𝟏𝟎 (
√𝑺𝒏𝒇

𝟐

√𝟏
𝒏

∑  𝒏
𝒌=𝟏 𝑹𝒌

𝟐

) 

 

(3) 

The EMDI value calculated in dB for the operating condition under analysis can be used as input 

for a diagnostic system, which will qualify the analyzed operation condition with an indication of 

motor´s imminent failure. To characterize how far the motor in operation is in relation to a critical 

condition that represents an imminent failure, a threshold value should be established for the 

EMDI, in dB, such that this value represents the fault condition that should be avoided.  Thus, the 

simple comparison of the calculated value for EMDI with the adopted threshold value is already a 

predictive diagnosis of failure, which can be better qualified by an intelligent inference system, 

using Artificial Neural Networks, or Fuzzy Logic, for example, such that the smaller or greater 

approximation with the threshold characterizes the motor operation state as, for example, 

Secure, Alert, and Emergency. Other security qualifications may also be eligible. 

 Electric Motor Degradation Index 

7.3.1. Methodology 

To measure the induction motors operation variables the class “ ” quality analyzer HIOKITM 

model PW3198-90 was used (2). The electric load used in this work consists of an 

electromagnetic brake or Foucault brake (3), which includes two load cells that are connected to 

the ends of the brake with which it is possible to measure the opposite force produced by eddy 
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currents which were varied with the load controller (5). The methodology and test bench for the 

electric motors' predictive fault diagnosis system proposed in this paper, is presented 

schematically in Figure  7-2.  

 
Figure  7-2 – General test setup. 

Sinusoidal three-phase voltages were generated using a three-phase AC programmable 

source (1). Initially, for the experimental tests on electric motors, the two 0.75 kW, IE2 and IE3 

Class motors presented in Chapter 1 were considered, under different test conditions. Before 

performing the test procedures, the electric motors were submitted to bench tests, and it was 

verified that they are in perfect electrical and mechanical operation conditions, being checked 

their nameplate specifications, and presented no imminent indication of mechanical failures, 

such as audible noise, and vibration.  

The initial test evaluated the motor in nominal voltage conditions and considered its load 

varying from 30% to 125% of nominal loading, according to the manufacturer's information. Off-

nominal voltage conditions, like under and over voltages were also analyzed, as well as 

unbalanced voltage operation conditions were also tested. In each operating condition, the 

Electric Motor Degradation Indicator (EMDI) was calculated in dB, following the procedure 

outlined in Figure  7-3. 
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The IE2 and IE3 Class motors were supplied with a nominal voltage of 220 V and subjected to 

varying loads ranging from 30% to 125% of the rated load. In each operating condition, the Electric 

Motor Degradation Indicator (EMDI) was calculated in dB, following the procedure outlined in 

Figure 4.  

 
Figure  7-3 – Methodology Flowchart. 

  



Chapter 7 – Electric Motor Degradation Index 

164 
 

 Results and Discussion 

7.4.1. Nominal Condition 

The IE2 and IE3 Class motors were supplied with a nominal voltage of 220 V and subjected to 

varying loads ranging from 30% to 125% of the rated load. The IE2 and IE3 induction motors have 

very similar operational parameters, and the calculated EMDI values for phases a, b, and c, for 

nominal voltage condition and varying loading from 30% to 125%, have resulted also very similar. 

So, the results presented in Table 7-1 and graphically illustrated in Figure  7-4 for the IE2 Class 

motor, also illustrate adequately the IE3 Class motor performance.   

Table 7-1. Electric Motor Degradation Indicator in Nominal Conditions for IE2 Class motor. 

Motor 
Loading 

EMDI 
Phase a 

EMDI 
Phase b 

EMDI 
Phase c 

30 % 86.2428 87.5236 87.1389 
40 %r 87.0015 87.1201 87.6690 
50 % 88.2100 87.8751 88.0966 
60 % 85.8797 84.5075 85.8934 
70 % 86.2761 86.3544 85.0378 
80 % 86.7646 86.9739 85.1271 
90 % 85.1195 85.4872 85.0008 

100 % 88.2357 88.2956 88.9620 
125 % 86.5370 85.4181 85.9668 

 

    

(a) (b) 

Figure  7-4 – EMDI calculation in dB for the nominal voltage operation condition and loading varying 
from 30% to 125% of nominal for: (a) IE2 Class motor and (b) IE3 Class motor. 
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A first analysis of the presented results demonstrates that the suggested EMDI index in dB, in 

general, is able to reflect the motor performance for the various operating conditions, presenting 

the highest gain for the nominal condition, as expected. The other operating conditions, which are 

off-nominal ones, presented systematically lower gains, to a greater or lesser extent, as 

compared to the nominal one.  

7.4.2. Single Phasing 

One undesirable scenario is the loss of one of the power supply phases in an electric motor. 

Despite the presence of protective equipment for such events, known as single phasing 

protection, the phenomenon of single phasing can lead to the degradation of the motor's internal 

insulation, depending on the connected load. To explore this scenario, bench tests were 

conducted using the IE3 Class electric motor. In the event of a phase loss, the current in the 

remaining phases increases, as illustrated in Figure  7-5. This rise in current, varying with the 

motor's load percentage, can lead to excessive heat, degradation of coil insulation, and, 

ultimately, internal coil short-circuits.  

 
Figure  7-5 – Single phasing triggered in IE3 Class motor to evaluate the EMDI. 

In light of this situation, the Electric Motor Degradation Indicator (EMDI) was derived (Figure  

7-6). By examining the graph and comparing the EMDI coefficients in both the nominal condition 

(external dodecagon) and the phase-loss condition (internal dodecagon), it becomes evident that 

a decrease in the EMDI values occurs, for each loading condition. This reduction should be 

regarded as an alert signal by the operator. 
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It is important to highlight that in the fault condition, phase "a" exhibits an EMDI value as a result 

of considering the oscillography depicted in Figure  7-5. During the fault, the two remaining 

phases recorded minimum values of 62.54 dB. 

 
Figure  7-6 – EMDI calculation in dB for a single phase-loss in the IE3 Class motor. 

7.4.3. Voltage Variation 

According to the IEC 60038-2009 standard, electrical systems can operate at various voltage 

levels. As a result, electric motors can operate at voltages that differ from their rated values, 

thereby impacting their performance and lifespan. Figure  7-7 illustrates the current curve as a 

function of load for two voltage conditions: 1.0 p.u. and 1.10 p.u. It is evident that overvoltage 

leads to higher currents for the same connected load, which ultimately influences the losses and 

temperature of the electric motor. This, in turn, contributes to the degradation of its components 

and reduces its useful life. 

To evaluate the EMDI performance under these operation conditions, experimental tests were 

performed, and are presented in Figure  7-8. Once again, it is observed how the coefficient varies 

in conditions other than the nominal ones, the voltage variation translates into a variation in the 

power supply currents, and with it, a decrease in the EMDI. 
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Figure  7-7 – Input current variation as a function of load in VV conditions. 

 
Figure  7-8 – EMDI calculation in VV conditions for nominal load condition.  
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 On-site Validation 

To validate the proposed methodology a 15-kW output power electric motor that is part of a 

water pumping system as presented in Figure  7-9. The nominal data of the motor are presented 

in Table 7-2. Both motors in the figure present the same power output and were classified as class 

IE1 according to IEC 60034-30-1 and had been recently rewound at the time of the 

measurements. 

    

(a) (b) 

Figure  7-9 – Pumping System at the Federal University of Pará: (a) 15 kW  SCIM and (b) Power quality 
analyzer for electric motors consumption measurement. 

Table 7-2. Squirrel Cage Induction Motor in Pump System parameters 

Characteristics IM Nameplate data 
Output Power (kW) 14.92 

Efficiency 0.902 
Power Factor 0.82 

Nominal Current (Amps - 
380 V) 30.5 

IEC Class IE1 
 

7.5.1. Measurement Campaigns 

To verify the operation cycle and consumption of the analyzed systems, power quality 

analyzers were installed for each system, from the manufacturer HIOKITM model PW3198. The 

measurements were made in a period of 11 days. Figure  7-9b presents the power quality 

analyzers installed in the electric motor panel. 

In the analysis of the measurements, Figure  7-10 shows the motor, with a rated nameplate 

voltage of 380 V, operates with almost 420 Volts (1.10 p.u.), this value is the maximum allowed 

above the nominal (1.00 p.u.) by the NEMA and IEC standards in relation to voltage variation. In 

addition, currents higher than the nameplate nominal were recorded, and are presented in Figure  
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7-11, with values higher than the nominal current, which may be due to overloads on the shaft, as 

well as the influence of the overvoltage in the supply. 

 
Figure  7-10 – Voltage magnitude variation for the  electric motor input. 

 

Figure  7-11 – Measured input line currents as a function of time. 

To verify the influence of the overvoltage, a voltage of 1.10 p.u. was applied to the motor shown 

in Figure  7-2.  under laboratory conditions, the results are shown in Figure  7-7, where the impact 

of the overvoltage on the supply current is clearly visible., this is because in the induction motors, 

the current in the magnetization branch is close to 50% of the nominal current, which in turn 
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depends on the induced voltage, which in turn depends on the supply voltage, thus varying with 

the voltage at the motor terminals. 

To evaluate the proposed methodology, the oscillography of the presented measurements was 

used and the EMDI was estimated for the overvoltage condition with 1.10 p.u. The results are 

presented in Figure  7-12, and are compared with the indexes obtained for a 0.75 kW motor with 

nominal voltage (1.00 p.u.) and overvoltage (1.10 p.u.), and show how when compared with the 

nominal condition, the overvoltage produces a reduction in the proposed EMDI, then, the 

evaluation of the field measurements showed that the installed motor presents even lower 

coefficients, mainly due to the age of the motor, although it had been recently rewound. The field 

validation is consistent with the values collected and calculated in laboratory bench tests so that 

the proposed methodology is shown to be valid and effective. The observed degradation shows 

the effect of continued operation in low-power quality conditions, as well as the effect of motor 

rewinding. 

 

Figure  7-12 – Electric motor diagnosis indicator comparison in VV conditions.  
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 Final Considerations  

This Chapter proposed a new degradation indicator for electric motors defined as EMDI, based 

on the frequency-domain analysis of the current waveform of electric motors in the presence of 

voltage variation with undervoltage and overvoltage. The proposed methodology demonstrated 

that disturbances and deviations in the motor power supply result in a degradation of its 

components, as observed from the coefficients obtained. 

The study also included a field validation based on measurements on a 15-kW motor fed with 

overvoltage, also confirming its efficiency. Although this study presented only an evaluation 

including voltage variation, the EMDI is presenting excellent approximations in other detrimental 

disturbances such as phase loss, unbalance, etc. The proposed indicator can be easily used to 

correlate it with maintenance frequency or with other indicators such as Mean Time Between 

Failures (MTBF), of widespread application in the industries. 

As observed and initially indicated, the tool allows to identify deviations in the normal 

operation of a motor compared to the nominal conditions, thus proving to be a useful tool in the 

predictive diagnosis of electric motors and, in combination with more specific diagnostic tools, 

allows to identify the component or cause of such non-nominal operation, as well as its impact 

on the useful life. 

In future work, further experiments will be carried out, including motor burnout, with the aim 

of identifying the minimum EMDI and from there estimating the time to motor failure. 

The next chapter presents the main published and disseminated results obtained in this 
thesis. 
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 Application of Standards and Regulations for electric induction motors in Honduras  

The studies presented in this thesis will serve as a basis for the implementation of minimum 

energy performance standards in Honduras, for which the Technical Regulation Committee is 

currently being formed. Its objective is to elaborate the Honduran Technical Regulation on 

Energy Efficiency for three-phase alternating current induction squirrel-cage motors with a rated 

power from 0.746 to 373 kW, limits, test methods and labeling. 
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Final Considerations 
This chapter summarizes the final considerations and contributions 
of this doctoral thesis.  

 

 General Considerations 

The main goal of this thesis was to technically and economically evaluate the impact of 

disturbances such as voltage harmonics, voltage unbalance, and voltage magnitude variation on 

IE2, IE3, and IE4 class electric motors, the latter being a permanent magnet synchronous motor. 

The study also included discussions on the relationship between energy efficiency and power 

quality in these new technologies in the presence of low power quality conditions. Finally, this 

work presents preliminary results of a new indicator of motor component degradation due to 

operation in low power quality conditions from a frequency domain analysis, validated by field 

measurements.  The results of this approach may be of great significance to the industry in terms 

of the impact that various disturbances may have on electric motors, including new 

technologies. By providing information on the benefits in terms of energy and economic 

efficiency of electric motors, the thesis also shows applicability for countries that intend to adopt 

and implement labeling of induction electric motors. 

 Comparison of Motor Efficiency Classes in Good Power Quality Conditions 

The experimental tests provided a technical comparison of the feasibility of substitution 

between technologies, and based on the results, some aspects should be considered when 

substituting older, oversized, and/or inefficient motors with higher efficiency motors: 

• More efficient motors can lead to greater energy and economic savings, especially in 

systems with good power quality; 

• An analysis of the power quality at the installation site must be performed before 

replacement, as well as an analysis of the other elements of the drive system before 

replacement (e.g. leaks in the compressed air system). Poor power quality reduces the 

efficiency of the electric motor. In the case of the 0.75 kW LSPMM analyzed, although it has 

a lower current, reactive power, and operating temperature under ideal operating conditions, 

it has the worst performance of the three motors analyzed due to the presence of harmonics 

in the supply voltage.  
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• Another factor to consider is the distortion presented by the LSPMM, which initially presents 

values already superior to those of the other technologies analyzed, and with the presence 

of harmonics, due to the presence of permanent magnets, higher percentages of THDI are 

found for this technology. For this reason, in large applications, studies must be carried out 

on the quality of the power supply before and after installation. 

• The type of application must also be considered for this technology. The LSPMM has been 

observed to have difficulty starting with load at startup, which can be critical, especially in 

applications with frequent start/stop cycles, and is recommended for fixed-speed 

applications. 

 Impacts of Voltage Harmonics on IE2, IE3 and IE4 Class motors 

In this work, the main harmonics present in electrical systems and their effects on electric 

motors have been evaluated. Based on the experimental tests, the following conclusions have 

been drawn:  

• The analyzed negative sequence harmonics (2nd and 5th) are individually more harmful than 

the analyzed positive sequence harmonic of 7th order. However, the three harmonics 

analyzed have an impact on the consumption, efficiency, and power factor of electric 

motors. The analyzed negative sequence harmonics (2nd and 5th) are individually more 

harmful than the analyzed positive sequence harmonic of 7th order. However, the three 

harmonics analyzed (2nd, 5th, and 7th) have an impact on the consumption, efficiency 

decrease, and power factor of electric motors; 

• The third zero-sequence harmonic did not produce significant variations in electric motors, 

where the parameters showed variations around their initial values. The combination of all 

the harmonics proved to be more harmful than any single harmonic analyzed, of which the 

second harmonic had the largest contribution. 

The correlation between consumption, temperature, and power factor with voltage 

harmonics was evaluated from correlation matrices. The results confirmed the effects of 

harmonics and temperature, which are higher the lower the harmonic order present, as well as 

the negative sequence. Statistical analyses were performed to create temperature models from 

the present harmonics, good approximations were found for the analyzed output power in the 
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three efficiency classes and can be used to estimate the external temperature from the present 

harmonic in the input voltage. 

The simulations in the FEMM software also allowed a better evaluation of the magnetic losses 

in the presence of voltage harmonics. From the magnetic flux paths changes in the presence of 

harmonics that produce additional temperatures in the motor, observed in the experimental 

measures and validated from the model built based on the motor geometry, and can be certainly 

useful to determine the main effects of these disturbances on components such as motor 

bearings or insulation degradation, aiming to program predictive maintenance with adequate 

frequencies to the disturbances present in the motor. The creation and validation of the LSPMM 

model allow evaluating the state of the motors from the experimental data using numerical 

methods that will certainly give a clearer scenario of the thermal-magnetic behavior of the motor, 

which can be easily extended to a predictive maintenance product with wide application in the 

industry and in electric mobility in general. 

 Impacts of Voltage Unbalance on IE2, IE3, and IE4 Class motors 

The presence of voltage unbalance with undervoltage and overvoltage also showed negative 

effects on the technologies analyzed. Voltage unbalance leads to higher current unbalance and 

harmonics for the IMs, resulting in uneven losses and increased temperatures. The power factor 

also varies inversely with the positive sequence voltage, with an increase for undervoltage 

unbalanced conditions and a decrease for overvoltage unbalanced conditions. In terms of 

consumption, for SCIM classes IE2 and IE3, unbalance with undervoltage and overvoltage 

causes an increase in total power consumption, while for the LSPMM VU with undervoltage 

causes a decrease in consumption for the same load. 

Through the Spearman correlation matrices, it was also observed that the THDI is inversely 

proportional to the positive sequence voltage component and directly proportional to the 

negative sequence voltage component for the undervoltage unbalanced condition. While for the 

overvoltage unbalance condition it was found to be directly proportional to both positive and 

negative sequence components. 
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 Impacts of Voltage Magnitude Variation on IE2, IE3 and IE4 Class motors 

The findings indicate that operating the motor under undervoltage conditions (0.90 p.u.) 

results in higher efficiencies, improved power factor, and lower operating temperatures. These 

outcomes translate into enhanced economic benefits and an extended motor useful life. 

However, specialists should analyze the results presented to make the best use of the results 

according to the type and nature of the loads. The results show that the impact of the variation 

in the magnitude of the voltages is minimized in nominal load and overload conditions. 

Moreover, undervoltage is not shown as the best option in these conditions. Concerning the type 

of application, since the starting torque depends on the input voltage, undervoltage may be 

limited starting with heavy motor shaft loads. Therefore, undervoltage is mainly recommended 

in loads with quadratic torque characteristics, such as centrifugal pumps and fans, where the 

starting load torque is lower. 

Temperature is a critical parameter as it is related to the performance, useful life, and 

frequency of maintenance in permanent magnets and electric motors. Therefore, the impacts of 

each voltage magnitude on temperature are presented and discussed. The results of the 

electrical analysis align with the thermal analysis, showing that overvoltage leads to operating 

temperatures up to 7°C higher compared to undervoltage and 3°C higher compared to the 

nominal condition. This temperature difference has the potential to affect the useful life of the 

LSPMM. 

It is worth noting that a significant portion of motors operate at loads below their nominal 

capacity. An economic evaluation was conducted to assess the economic implications of VV in 

the LSPMM. In the analysis, consumers with a simple energy tariff and end users with a TOU 

pricing scheme were considered. The evaluation quantifies both the benefits and drawbacks of 

VV, particularly emphasizing how undervoltage can generate cost savings. These savings might 

be significant enough to cover the expenses of acquiring a new motor within the lifespan of the 

one under analysis, especially for loads below 60%. Moreover, the payback period is further 

reduced when there is tariff cost differentiation. 

 Electric Motor Degradation Indicator 

The diagnosis of electric motors stands out as one of the most critical areas of interest for the 

industry and other fields, especially with the emergence of new categories such as electric 
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vehicles. As a result, monitoring and diagnosis have become essential elements for users. To 

explore innovative and complementary techniques, this work presents a novel methodology 

based on frequency domain analysis of electric motor current waveforms. 

The study included both steady state and transient disturbances such as phase loss and 

voltage variation with undervoltage and overvoltage. Considering that the developed 

methodology will become an important indicator of the health status of electric motors, 

experimental tests with extreme overvoltage and undervoltage conditions are developed to 

identify a minimum threshold close to motor failure to anticipate future unexpected failures in 

industrial, commercial, and transportation sectors. The proposed indicator has been 

successfully validated under different disturbances commonly found in electrical systems that 

motors may encounter in real operating conditions.  

Finally, and with a view to its application in real conditions, an evaluation of the health status 

of 15 kW electric motors in a water pumping system was presented, in which EMDI revealed the 

effects of continued operation under overvoltage conditions on the degradation of motor 

components. In conclusion, the results strongly suggest that the EMDI (Electric Motor 

Degradation Index) is a valuable and timely tool for monitoring motor-driven systems and 

implementing predictive diagnostics. Thus, it contributes significantly to the field of predictive 

maintenance of electric motors. 

 Final Considerations and Future Works 

Finally, it can be concluded from the contributions of this work that the commitment to new 

technologies in the search for higher efficiencies will bring important benefits for the energy 

transition of the industrial and automotive sectors globally. Electric motors will continue to 

represent the largest end-use of energy worldwide, and given this, an important aspect in 

increasing efficiency is that the implementations are environmentally friendly from the origin of 

the materials used, as well as with a reduced impact on power quality, which could also be an 

efficiency derating factor of electric motors. Incentives to replace or upgrade old, oversized, and 

inefficient motors should be monitored to ensure their success. The adoption of minimum 

energy performance standards, such as the IE4 class for Brazil, already adopted in Europe, could 

bring important benefits to the country and the region, considering that Brazil is a major importer 

of electric motors.  
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The results presented highlight the importance of considering the effects of such 

disturbances on electric motors, so that experiments can be carried out on more significant 

samples with different power ratings. This will allow a more general conclusion to be drawn from 

a statistical point of view about the effects observed on the sample analyzed in this work. 

A valuable contribution of this thesis is the fact that the methodologies, experimental tests, 

and results in the different operating conditions evaluated will be an important reference for the 

implementation of labels for electric motors in Honduras. The author is part of the commission 

for the revision and approval of the regulation in this country. 

Given the contributions of this thesis, as well as the topics on which continuity can be given, 

the following are suggestions for future work: 

• Evaluate the effects of unbalanced harmonics in IE2, IE3 and IE4 class electric motors; 

• Computational simulation using finite elements of the variation of losses and 

efficiency with validation of the results from experimental measurements; 

• Digital twins for electric motors in the presence of different power quality 

disturbances; 

• Electric motor degradation index for other disturbances with tool/product installed on 

the motor for predictive fault diagnosis; 

• Studies on the effects of analyzed disturbances in the presence of frequency 

converters in electric motors. 

  



Chapter 10: Annex 

186 
 

 
 

Appendix 
This chapter summarizes the final considerations and contributions 
of this doctoral thesis.  

 

IE2 Class Motor 
 

 

Figure  0-1 - IE2 Class induction motor nameplate. 

 

Figure  0-2 - IE2 Class induction motor parameters. 
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IE3 Class Motor 

 

Figure  0-3 – IE3 Class induction motor nameplate. 

 

Figure  0-4 - IE2 Class induction motor parameters. 
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IE4 Class LSPMM 

 

 

Figure  0-5 – IE4 Class line-start permanent magnet motor nameplate. 

 


