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ABSTRACT

Comparative Analysis of the Results from two Different Frequency Grouping
Methods on the Currents and Temperatures of an Induction Motor Submitted to
Harmonics and Interharmonics - Laboratory Tests

Author: Christian Chukwuemeka Abada
Supervisor: Anésio de Leles Ferreira Filho
Programa de Pds-graduacdo em Engenharia Elétrica

Brasilia, July 2018

The continue advances in power electronics have resulted in the installation of non-linear
power loads such as motor drive systems and power converters which can lead to
disturbances like the harmonics and interharmonics. Despite the significant growth of the
application of inverters in renewable sources such as wind and photovoltaic (PV), the
analysis of interharmonics in power systems is still, characterized as a challenge. In fact,
the measurement of harmonics have been broadly discussed and investigated in the
literature. However, on the issue of interharmonics, one can observe the lack of studies
aimed at investigating the grouping of interharmonics and their effects on equipment of
the electric power system such as the three-phase induction motor (TIM). In order to be
able to associate harmonic and interharmonic components with their effects on the TIM,

it is necessary to adopt the frequency grouping method.

In view of this, the IEC 61000-4-7 international standard suggests the concept of grouping
for measuring interharmonics. The approach refers to the calculation used to group
various values of a parameter in a single representative value at specific time intervals.
This method has been employed in some studies in the literature regarding this topic.
Nevertheless, it has been reported in written matter that the resulting group harmonics
and/or interharmonic group lose some characteristics of the usual harmonic or
interharmonic frequency component. This problem instigated a study in the literature that
proposed the idea of group frequency (GF). The GF represents a single frequency
component of a current or voltage signal placed on a given band so that the individual
components have the same power index as that of all the frequency components in the
band.



The present study compares the results from the aforementioned grouping methods with
the aim of identifying, which, based on laboratory tests, best represents the influence of
harmonics and interharmonics on the currents and temperatures of the TIM. The use of a
precise grouping method constitutes an important step in studies aimed at identifying the

effects of interharmonics on equipment such as the TIM.

Keywords: Frequency grouping methods, Three-phase induction motor, Harmonics and
Interharmonics, Currents and Temperatures.
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1- INTRODUCTION

1.1 - INITIAL CONSIDERATIONS

In industries where many applications require a precise speed control and monitoring of
the driving equipment, the use of the three-phase induction motor (TIM) has driven the
development of electronic speed controllers based on the switching of semiconductor
devices. These aspects have therefore instigated the development of studies related to the
effects of using frequency inverters on the TIM. Concerning this matter, the
preponderance of two specific approaches is noted in the literature: the analysis of the
influence of the parameters of the inverter operation on the performance of the machine;
and the investigation of the disturbances caused at the input of the inverter (Oliveira,
2013). Among these disturbances, the issue of interharmonics, which has been considered
more damaging than integer harmonics components of the distorted signals, can be
highlighted. (Hao et al., 2007).

In addition to the typical effects caused by harmonics, such as overheating and reduction
in lifetime, interharmonics create, even at low amplitudes, some new problems, such as
sub synchronous oscillations, voltage fluctuations and, consequently, flicker. The
presence of interharmonic components has also introduced new and important effects in
terms of variations in waveform (Feola et al., 2012). These phenomena are observed in
an increasing number of loads and consequently making the investigations related to the

subject more relevant. (Testa et al., 2007).

In consideration to the aforementioned reason, the effects of interharmonics on the power
system have been broadly discussed in the literature (IEEE Interharmonic Task Force,
1997, Hao et al., 2007, Testa et al., 2007, Feola et al., 2012, Arrillaga, J. and N.R. Watson,
2003, Chang et al., 2004, Li et al., 2003, Macedo Jr, J. R., 2009, Hanzelka, Z. and Bien,
A., 2002, Hui et al., 2012, H.C Lin, 2014, Marz, 2014). Moreover, this phenomenon has
proven to be a relevant area of investigation for studies involving their effect on some

power quality parameter of the electric system.



However, it is possible to identify lacunas in investigations regarding the effects of
interharmonic distortions and the grouping of interharmonic components. It is noteworthy
that in order to study the effects of interharmonics, the use of interharmonic group is
necessary because the analysis based on the separate usage of only one interharmonic

order is not enough.

It should be heightened therefore that, this topic is characterized today as important and
relevant since the increasing use of inverters in wind and photovoltaic sources in the

electric system is no longer seen as a trend, but as a reality in various parts of the world.

1.2 - OBJECTIVES OF THE DISSERTATION

The main objective of this study is to analyze the spectral component grouping methods
and identify which, based on laboratory tests best represent the effects of harmonics and
interharmonics on the currents and temperatures of a TIM. These quantities have been
observed in the literature to be influenced by interharmonics, mainly for situations in
which the interharmonic frequency components are greater than that of the power system.

In order to reach the main goal of this dissertation, it is necessary to meet the following

specific objectives:

e To carry out an investigation in the literature related to the issue of the
characterization of the effects of harmonic and interharmonic distortions in electric
machines, observing the already studied line of research and the concepts necessary

for developing this theme.

e To select the data bank that will be used in laboratory tests to generate signals
containing harmonic and interharmonic distortions, with the capacity of permitting
the identification of the advantages and disadvantages of the grouping methods under

evaluation;

e To reconstitute the signals from the spectral obtained through the grouping methods,



as well as the subjection of the TIM to these reconstituted signals;

e To identify the grouping method that best represents the effects of these signals
containing harmonic and interharmonic distortions on the currents and temperatures
of the TIM.

1.3 - LITERATURE REVIEW

The investigations carried out worldwide in the electric sector on issues related to power
quality have been expressive, providing relevant results for the control of energy
efficiency as well as solving problems that are characterized as critical for this scenario.

One of the issues highlighted by experts in the field is the need for research on the
influence of interharmonics in the electric sector, particularly the effects on electric

machines.

In (IEEE Interharmonic Task Force, Cigré 6.05/CIRED and 1000-2-1, C.1., 1990) it was
highlighted that between the harmonics of the power frequency voltage and current,
further frequencies that are not integers (multiple) of the fundamental can be observed.

They can appear as discrete frequencies or as a wide band spectrum.

According to (Arrillaga, J. and N.R. Watson, 2003), power system harmonics are defined
as sinusoidal voltage and currents at frequencies that are integer multiples of the main
generated (or fundamental) frequency. They constitute the major distorting components
of the main voltage and load current waveforms. However, the increasing content of
power system interharmonics, i.e. distorting components at frequencies that are not

integer multiples of the fundamental, has prompted a need to give them greater attention.

Studies on harmonics and interharmonics and their effects on the power system have
being becoming of great importance. In (Li et al., 2003), the authors mentioned that large
number of studies related to the subjects of interharmonics sources, impacts,
measurements, limit values and mitigations has been published. Nevertheless, the
difficulties in finding accurate interharmonic frequency and magnitude still leave this



field of studies with many questions.

In (Chang et al., 2004), interharmonics were said to be able to degrade the performance
of a power system and the impacts were considered to be: potential shaft damage in drive
motors; heating effect due to loss; voltage distortion owing to voltage drop in the network
impedance and loss of life of filters. Therefore, to understand and reduce the impact of

interharmonics, a proper analysis is needed.

In (Macedo Jr, J. R., 2009), it is noted that the low-frequency oscillations in mechanical
systems are originated fundamentally by the property of the interharmonic components
frequencies in causing a modulation in the effective (or peak) values of the voltages and
electric currents that feed such systems. Some interharmonic components, notably
subharmonic, can stimulate mechanical oscillations in rotating machine systems due to
the potential excitation of mechanical resonances, thus reducing the lifetime of the

machines.

Furthermore, it was observed in (Macedo Jr, J. R., 2009), that additional heating in the
stator winding of an induction motor coupled with the presence of 0.1% subharmonic
voltage component at the motor terminals is equivalent to the additional heating caused
by 1.0% of voltage unbalance present at the same terminals.

In (Hanzelka, Z. and Bien, A., 2002), it was pointed out that induction motors can be
interharmonic sources because of the slots in the stator and rotor iron, particularly in
combination with the saturation of the magnetic circuit (called "harmonic slots™). At rated
motor speed, the frequencies of the components that cause disturbances are usually in the
range of 500 Hz to 2000 Hz, but they can expand significantly during the starting period.
The authors mentioned that natural engine asymmetries (rotor misalignment, etc.) could

also be sources of interharmonics.

In (Testa et al., 2007), it is noted that the presence of interharmonic components strongly
increases difficulties in modeling and measuring the distorted waveforms. This is mainly
due to 1) the very low values of interests of interharmonics (about one order of quantity
less than for harmonics), 2) the variability of their frequencies and amplitudes, 3) the
variability of the waveform periodicity, and 4) the great sensitivity to the spectral leakage

phenomenon.



Interharmonic currents cause interharmonic voltage distortions that depend on the
intensities of the current components and the impedance of the power supply system at
that frequency. The higher the frequency ranges of the current components, the greater
the risk of a resonance phenomenon, which can increase voltage distortion and cause
overloads or disturbances in the operation of customer equipment and installations
(Hanzelka, Z. and Bien, A., 2002).

The methods for eliminating the effects of interharmonics, according to (Hanzelka, Z. and
Bien, A., 2002), include reducing the level of emission; reducing the sensitivity of loads
and improving the coupling between generators and loads. Moreover, the authors also
stated that there are no coherent regulations and norms concerning interharmonics,

despite the fact that there is a great practical need for them.

In (Hui et al., 2012) it was discussed that some interharmonics frequency components are
very close to a harmonic frequency and therefore can cause severe waveform modulation.
The authors proposed a signal processing method that can separate interhamonic and
harmonic components in close proximity. The proposed method is based on the
estimation of leakage values caused by interhamonics at harmonic frequencies.

According to the recommendations in the international standard IEC 61000-4-7, voltage
interharmonics are limited to 0.2% for the frequency range from the DC component to 2
kHz. However, in (Testa et al., 2007), the authors emphasizes that this low limit value
aims to ensure compliance with interharmonic voltage distortion with illumination
systems, induction motors, thyristor devices and remote control systems. Due to the
measurement difficulty, they presented some alternatives, namely: to limit the
interharmonic voltage distortion, the individual component must be less than 1%, 3%, or
5% (depending on the voltage level) for range 0 to 3 kHz; adopt limits correlated to the
short-term value in case of a serious level of flicker, that is, equal to 1.0; and develop
appropriate limits for equipment and system effects, such as mechanical generator

systems, signaling and communication systems, filters, etc.

The key to the measurement of both harmonics and interharmonics in the IEC 61000-4-7

standard is the utilization of a 10-cycle sample window for 50 Hz systems or a 12-cycle

5



sample window for 60 Hz systems. The IEC grouping method is a practical tool for
measuring interharmonics because it can reduce the effects of spectrum leakage, as well
as disclosing the interharmonic levels. However, the spectrum resolution with 5 Hz is not
sufficiently precise to reflect the practical interharmonic locations for both 50 Hz and 60
Hz systems (Lin et al., 2011 and H.C Lin, 2014).

The IEC 61000-4-7 standard introduced the concept of group-interharmonics as a
suggestion toward the measurement of the interharmonic components. These harmonic
and interharmonic components, according to the standard, can be grouped into harmonic

groups, interharmonic groups, harmonic subgroups and interharmonic subgroups.

A new grouping method based on the limitation of the frequency group by the
predominance of the symmetrical components and the weighting of the group frequency
by the amplitude of the individual components was presented in (Chang et al., 2004). In
this study, the authors performed a simulation in which the waveform is switched and
load is linear, therefore resulting in interharmonic components when the current spectrum
is obtained. It was concluded that the concept of group frequency could be used to
facilitate the analysis of interharmonics in power systems frequencies and when
compared with the new IEC standard, group frequencies is found to better maintain the

characteristics of the frequency components after grouping.

In (Aiello et al., 2006), experiments and measurements were carried out in a small
photovoltaic installation in order to compare some possible ways of calculating THD
when applying the IEC 61000-4-7 groupings. From the study, it is clear that the use of

subgroups is very useful for the signals originating from a photovoltaic inverter.

It is therefore observed that although interharmonics are of great concern in the electric
sector, there is still a lack in literature, of studies that deeply present the effects of these
phenomena on the network and the importance of using interharmonic groupings in

measuring and modeling interharmonics.



1.4 - CONTRIBUTIONS OF THE DISSERTATION

The major contribution of this study is to identify the best grouping method for
interharmonics among those evaluated in this study. However, another contribution of
this study is the exhibition of the results of the grouping methods on the currents and

temperatures of the application of harmonics and interharmonics on a TIM.

1.5 - DISSERTATION LAYOUT

In order to meet the objectives and contribution of this dissertation, the layout of the

dissertation is described as follows.

Chapter 2 provides the theoretical foundation of this study. The causes and effects of
harmonic and interharmonic distortions are deliberated. Next, some spectral estimation
methods including the Chang and IEC grouping methods are discussed. Finally, the

algorithms used for simulating the grouping methods are presented.

Chapter 3 is dedicated to the infrastructure and methodology used to reach the objectives
of this dissertation. The experimental apparatus and the data banks containing the
harmonic and interharmonic conditions in which the TIM will be subjected to are
presented. Finally, a description of the procedure used for analyzing the grouping

methods under study is presented.

In Chapter 4, the results obtained from this study are presented and discussed. They
include the comparative analysis between the grouping methods under study and the
determination of the most reliable grouping method in relation to the real waveform.

Chapter 5 presents a brief summary of what was carried out in this study and some
concluding remarks about the study, including possible future work and projects that can
be produced because of this study.



2 - THEORETICAL FOUNDATION

2.1 - INITIAL CONSIDERATIONS

This chapter is focused initially on describing the causes and effects of harmonics and
interharmonics distortions on the power system. Then, the spectral estimation method
related to the DFT as well as the IEC and Chang grouping methods are discussed. Finally,
the algorithms for simulating the grouping methods are presented.

2.2- CAUSES AND EFFECTS OF HARMONIC AND INTERHARMONIC
DISTORTIONS

Harmonics and interharmonics are caused by the operation of non-linear loads (Testa et.
al., 2007). These non-linear loads are set of devices and electrical elements in which the
relationship between the voltage and current values do not obey Ohm's law. For the case
of interharmonics, the main mechanism of generation is the operation of non-linear
equipment that connect two AC systems of different frequencies, such as the frequency
inverters (Hanzelka & Bieri, 2004).

Prior to the appearance of power semiconductors, the main sources of waveform
distortion were electric arc furnaces, the accumulated effect of fluorescent lamps, and to
a lesser extent electrical machines and transformers. The increasing use of power
electronic devices for the control of power apparatus and systems has been the reason for
the greater concern about waveform distortion in recent times (Arrillaga and Watson,
2003).

Regarding the effects on power systems, there are many studies on this topic for harmonic
components. Concisely, the following effects can be attributed to the presence of these
components: interference in communication systems; malfunction of electronic
equipment and protective devices; losses in power generation; mechanical oscillations

and deterioration of the lifetime of electric machines (Singh, 2007; Lee, 1998).



The issue of interharmonics is an advanced subject in the field of power quality, which
lacks more consolidated methodological treatments in terms of measurement. In addition
to being predecessors of similar impacts of harmonics, some authors point out that these
components may culminate in specific effects, such as saturation of current transformers
and the phenomenon of light scintillation (Hanzelka and Bieri, 2004, Testa et al. 2007).
The latter, known as flicker, occurs due to voltage fluctuation, which in turn is linked to
the presence of low-frequency interharmonics (Macedo, 2009).

Interharmonics characteristic are usually smaller than that of the harmonics and this is
why less attention has been devoted to them compared to harmonics issue. However, with
the rapid growth of electronic power applications, and consequently increasing the
interharmonics distortion in the grid, special concerns have been raised to define
limitations for interharmonics in respect to their frequencies and amplitudes (Soltani et.
al., 2016).

Interharmonics near fundamental or harmonics could cause light flicker. However, these

components are not easily detected due to leakage or resolution limit (C. Li et al., 2003).

Non-stationary signal is a major source producing non-integral bins, but they are not real
interharmonics. They are attributed to the violation of basic Discrete Fourier Transform

(DFT) assumption: stationary and periodical (C. Li et al., 2003).

Today, the fast growing installation of grid-connected Photovoltaic (PV) and wind
systems has reinforced concerns on power quality (Oliva and Balda, 2003, Katiraei,
Mauch and Dignard-Bailey, 2007 and Fuchs and Masoum, 2008). PV inverters might be
one contributor of harmonics and/or interharmonics that are delivered to the grid,
challenging the power quality of the utility networks (Varma et. al., 2016, Gallo et. al.,
2013 and Enslin and Heskes, 2004, Infield et. al., 2004, Yang, Zhou and Blaabjerg, 2016
and Messo et. al., 2014).

In addition, studies in the literature have revealed that large-scale adoption of grid-
connected PV inverters may be one contributor to the increasing interharmonics

appearing in the grid currents, causing voltage fluctuations and light flicker (Koponen,



Hansen and Bollen, 2015, Aiello et. al., 2006, Chicco, Schlabbach and Spertino, 2009,
Langellaet. al., 2016, Testa et. al., 2016, Xu et. al., 2016 and Pakonen et. al., 2016).

With the constant increase in the penetration level of the PV systems, the impacts of
interharmonics may become higher and worsen the power quality (Sangwongwanich et.
al., 2017).

In light of the above issues, the need for the definition of limits and measurement of
interharmonics becomes indispensable. In order to carry out such measurements, the
International Electrotechnical Commission (IEC) created two standards applicable to the
measurement of harmonics and interharmonics: IEC 61000-4-30 and IEC 61000-4-7.
These documents form the basis of some of the major national and international protocols

for measuring distortions.

One of the procedures for measuring interharmonics is that of the grouping method. The
grouping methods refer to the calculations used to group various values of a parameter in
a single representative value at specific time intervals. Although this method have proven
to be very useful, specialists in the field have criticized the proposed grouping method
and, studies like Chang et. al., 2004 have been carried out to improve it. These grouping

methods will be discussed in the ensuing session of this dissertation.

2.3 - SPECTRAL ESTIMATION METHOD

Spectral estimation methods permit an easier perception and manipulation in the
frequency domain of physical phenomena, by discretizing a sinusoidal signal in a time
domain distorted signal (Lathi, 1998). The Discrete Fourier Transform (DFT) is one of
the most commonly used methods in the technical literature for analyzing current and
voltage harmonic signals. Its efficient computational application, with the Fast Fourier
Transform (FFT) algorithm, contributes to its dissemination in several applications (Lathi,
1998).

The spectral estimation using the DFT produces accurate results when the signal analysed

is stationary and the sampling is performed synchronously with the fundamental
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frequency. However, the DFT calculation has its accuracy significantly reduced when
synchronization is not ensured along with the signal truncation in the time-domain, that
is, when the chosen DFT time-window length is not an integer multiple of the
fundamental signal period. In time-varying conditions or even with stationary
interharmonics, typical of environments with renewable sources, spurious spectral
components that lead to misleading measurements of harmonic distortions will inexorably
arise (Li, Xu & Tayjasanant, 2003; Testa et. al., 2007; Morrison et. al., 2009; Ribeiro &
Duque, 2009; Jain & Singh, 2011; Hernandez, Ortega & Medina, 2014).

Due to the importance and need to investigate the effects of interharmonics in power
systems, the grouping has been well studied, since it seeks to solve the problems caused
by the lack of synchronism in the DFT process. In addition, it can provide a methodology
for the definition of a merit figure that allows the association of the effects to a certain

value.

2.4 - THE IEC GROUPING METHOD

According to the international standard IEC 61000-4-7, interharmonics generally do not vary
only the magnitude, but also the frequency. In the attempt to develop a method to simplify
the measurement process of interharmonics, the IEC suggested a method for measuring

interharmonics based on the concept of grouping.

A group of interharmonics constitutes the grouping of the spectral components in the
interval between two consecutive harmonic components. This grouping provides a global
value for the interharmonic components that includes the effects of harmonic component
fluctuations (IEC 61000-4-7, 2002). Figure 2.1 illustrates the principle of the

interharmonics groups.
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Figure 2.1 - lllustration of the principle of the interharmonics groups. Source: Hanzelka
and Bien (2004).

From Figure 2.1 it can be observed that the idea of this method is to group the frequency
components between two adjacent integer harmonics. The resulting group harmonics lose
some characteristics of usual harmonic frequency components like the power quality
indices (Chang et al., 2004).

The IEC recommends the application of the DFT with a time window of 200 ms (12
cycles of 60 Hz). The analysis through the Fourier transform assumes that the signal is
stationary. However, the magnitude of the electric system voltage can vary in time,
spreading the harmonic components energy at adjacent interharmonic frequencies

(spectral leakage).

To improve the accuracy of the voltage evaluation, the components produced by a 12-
cycle window are grouped according to equation (2.1) for a system operating at 60 Hz
(IEC 61000-4-7, 2002). The proposed 5 Hz frequency resolution results in increase in the
values of the least-squared error because of the spectral leakage and the picket-fence
effects. The leakage arises due to truncation of the time-domain waveform such that a
fraction of a period existed in the analyzed waveform (G.W. Chang et al., 2008).
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In addition to this problem, the 5 Hz resolution and group harmonic or interharmonic
concept recommended by the IEC and IEEE might not be sufficient for interharmonic
detection. Especially for those interharmonics that cause flickers (C. Li et al., 2003).

Gin = Z Ciesi 2.1)

Where:
G,y is the magnitude of the interharmonic group;

Cr+; 1s the magnitude of each interharmonic component.

In order to reduce the error, the components immediately adjacent to the harmonic
frequencies are counted at this frequency, therefore reducing the fluctuation effects of the
harmonic amplitudes (IEC 61000-4-7, 2002). Thus, the equation for calculating the group

magnitude in a system operating at 60 Hz is then carried out as shown in equation (2.2).

9
Gih = Z Cicsi 2.2)
=1

The frequency representing the group is established as the average frequency between

two consecutive harmonic components, according to equation (2.3).

fir = fat+ fu+1
th =" (2.3)

Where:

n corresponds to the harmonic order.

The standard specifies the DFT as a tool for obtaining the spectrum, not excluding the
application of other principles of analysis, such as the filter bank or wavelet analysis,
Prony, among other methods (IEC 61000-4-7, 2002).
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Figure 2.2 shows a grouping example that appears in the standard in question (IEC 61000-
4-7, 2002).

Centralised
Harmonic Sub-group Interharmonic sub-group

C n+2 n+4

Harmonic Order p nt1 n+2 n+3 n+d n+s5 n+6

| | DFT Output
>

Figure 2.2 - Spectrum grouping according to IEC.

From Figure 2.2, the main grouping forms performed by the IEC standard can be
observed. In the case of the harmonic group of order n + 2, the grouping of harmonic
with adjacent interharmonics is noticed. For the interharmonic subgroup of order n + 4,
the grouping determination of the interharmonic components that are not adjacent

between the harmonics n + 4 and n + 5 is observed.

2.5 - THE CHANG GROUPING METHOD

According to the authors, the grouping method presented in their study (Chang et al.,

2004) allows an improvement of the spectral grouping method proposed by the IEC.

A long sampling window can be used in the DFT to analyze interharmonics. The longer
the sampling window, the more frequency components can be analyzed. In the case where
there are large number of frequency components, a long sampling window is required,
therefore resulting in a long list of frequency components. The listing of all the analyzed

frequency components is often inconvenient and ineffective (Chang et al., 2004).

The IEC proposes the method described above as a solution to this problem. However,

this type of grouping results in the loss of some important physical aspects that are caused
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by the frequency components in a system, such as the predominance of a symmetric

component and the intensity of a given frequency in a particular band.

The Chang method proposed the concept of group frequency (GF) to facilitate the analysis
of power system interharmonics as well as the conventional integer harmonics. A group
frequency can be generalized for the analysis of load currents or voltages of other power
devices (Chang et al., 2004).

A group frequency is defined as a single frequency component of a current or voltage
signal placed on a given band so that the individual components have the same power
quality index, e.g., the K-factor (the measurement of the ability of a transformer to serve
non-sinusoidal loads), as that of all frequency components in the band (Chang et al.,
2004).

One of the advantages of the GF is that a large number of frequency components of a load
voltage or current are simplified to a few frequency components without significantly
changing the power quality impact of the load current or voltage. The group frequency is
said to keep more characteristics of the frequency components after grouping when
compared to the IEC standard (Chang et al., 2004). Figure 2.3 shows the concept of a

group frequency.
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Figure 2.3 - Pictorial of the concept of a group frequency. Source: Chang et al., (2004).

In order to compute the group frequency, it is important to choose a frequency band for a

GF and determine the power quality index that needs to be used.

To select the frequency band of each GF, the concept of the sequence dominant frequency

band is used. In a balanced three phase power system, the fundamental component is
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usually entirely of the positive sequence. When a non-linear, time invariant load is
present, the load currents in the phases will be distorted and the distortion in phase B will
1

occur E] * [f ] seconds after it appears in phase A. Thus, if a second harmonic component
0

exists for the load current in phase B, it will occur two times delayed with respect to phase
A, that is, in 120° and -120° in phase C. Thus, the second harmonic component is in

negative sequence (Chang et al., 2004).

Analogously, the third harmonic component will only have zero sequence. With this, the
sequences of higher integer harmonic components fall into the familiar pattern
+,—,0,4+,—,0, ... (Chang et al., 2004).

Where fo is the power frequency.

The same logic can be used to observe the predominance of symmetrical components in
relation to interharmonics. Figure 2.4 shows the behavior of phasors for interharmonic
components. In which, the first row shows the zero sequence dominant frequency
components (e.g., 10 Hz, 20 Hz, and 30 Hz); the second row displays the positive
sequence dominant components (e.g., 40 Hz, 50 Hz, 60 Hz, 70 Hz, 80 Hz, and 90 Hz);
and the third row exhibits the negative sequence dominant components (e.g., 110 Hz, 120
Hz, 130 Hz, 140 Hz, and 150 Hz) (Chang et al., 2004).
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Figure 2.4 - Phasor diagram of interharmonic components. Source: Chang et al., (2004).

The characteristic of a system operating at 60 Hz can be observed in Figure 2.4. In this
case, it is verified that, unlike the case of harmonics, all the sequences occur
simultaneously, making it necessary to define a sequence predominance for

characterizing each component (Chang et al., 2004).

In this example, it can be observed that for a A" frequency component, phase A leads

phase B by (112V—0h) degrees and phase B leads phase C by (112V—0h) degrees respectively.

Where N, is the spectral control window (Chang et al., 2004).

Therefore, in a sequence dominant frequency band, any frequency component has similar
sequence characteristics (either, the positive, negative or zero sequence is dominant).
Thus, the limits of the bands are defined by the predominance of a certain symmetrical

sequence components (Chang et al., 2004).
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Figure 2.5 represents the band limits for the formation of group frequency for a 60 Hz

power system.
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Figure 2.5 - Sequence predominance in a system operating at 60 Hz. Source: Chang et

al., (2004).

From Figure 2.5, it can be seen that the sequence dominant frequency bands follow a

pattern that can be described as follows:

e The positive sequence is dominant from (3N + 0.5)f, to (3N + 1.5)f, Hz, N =

0,1,2,3 ...

e The negative sequence is dominant from (3N + 1.5)f, to (3N + 2.5)f, Hz, N =

0,1,2,3 ...

e The zero sequence is dominant from (3N —0.5)f, to (3N +0.5)f, Hz, N =

0,1,2,3..
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Figure 2.6 presents the pictorial of sequence dominant frequency that will be adopted in

the frequencies grouping process.
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Figure 2.6 - Sequence dominant frequency bands for a 60 Hz power system. Source:
Chang et al., (2004).

The frequency components located in a sequence dominant frequency band have similar
sequence characteristics: for example, either, the positive, negative or zero sequence is
dominant. Therefore, the sequence dominant frequency band (N — 0.5)f, to (N + 0.5)f,
Hz can be chosen as the frequency band of a group of frequencies. The physical meaning
of a group frequency (GF) is that a GF is an equivalent component of all the frequency
components located in a given sequence dominant frequency band based on the same
power quality impact (Chang et al., 2004).

Given that each GF has two defining parameters, the second stage of characterizing the
method is to determine these parameters, which are, the amplitude and frequency of the
GF. The amplitude is determined according to equation (2.4), where h is taken over f; <
f < f2, where f; and f, are the frequencies that limits the group inferiorly and superiorly

respectively (Oppenheim and Schafer, 2010).

— 2
Vot = 2 Vi (2.4)
h

Where,

I/}, is the amplitude of the Fourier component.
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By employing equation (2.4), the GF have the same total harmonic distortion (THD) as
all the frequency components. The frequency of a GF is calculated utilizing the specific
power quality index K, as described in equation (2.5) (Chang et al., 2004).

foctut = VKfo (2.5)

Where,

K is the K-factor calculated over the frequency band as presented in equation (2.6).

N fh 2
1|7V
o Tl il e

Zh=1Vn

Where N is the number of frequency components in a load current.

It is noted that the group frequency is now weighted by the magnitude, which allows
fc(f1, f2) in approaching the most relevant individual frequency component, within the

stipulated limit.

A sequence dominant frequency band is used to decide the frequency band of a GF, i.e.
if frequency f; and f, are the two border frequencies, the GF located in the selected
frequency band will have the characteristic of the dominant sequence. Therefore, the

frequency of the GF could be between the border frequencies f; and f.

2.6 - ALGORITHMS FOR SIMULATING THE GROUPING METHODS

In this section, the algorithms developed for the application of the original waveforms, in
other words, the waveforms with real characteristics and the algorithms responsible for
performing the groupings according to the IEC standard and Chang will be presented.
Then, the applications of the reconstructed waveforms from the resulting spectra of these

21



groupings will also be present in the course of the algorithms.

Figure 2.7 and 2.8 respectively show the grouping algorithms according to the IEC and
Chang grouping methods in the form of a block diagram.
It is worth mentioning that the adequacy of these algorithms was examined and thus

making it possible to validate them before their implementation in this study.
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Figure 2.7 - Algorithm for the IEC grouping
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From Figure 2.7, it can be observed that the IEC algorithm has three parts: the grouping
of interharmonics, the separation of harmonics and the separation of the fundamental
frequency. Moreover, from Figure 2.8, it can be seen that the Chang algorithm has two
important parts: the grouping of interharmonics according to the predominance of the
symmetric components (positive, negative or zero sequence), and the separation of the

fundamental frequency.

Where:

k is the scanning counter of the original frequency spectrum;

kk is the counter of the frequencies obtained in the grouping process;

fo is the fundamental frequency of the system;

The loop will only end with the finalization of the original frequency vector counting;

floor () is a SCILAB command that allows the rounding of any number to its own integer;

All variables in the IEC algorithm were initialized at 0. Meanwhile, in the Chang
algorithm, all variables were initialized at 0 except for kk which has a value of 2 attributed
to it.

2.7 - FINAL CONSIDERATIONS

In this chapter, the causes and effects of harmonic and interharmonic distortions were
initially discussed. Secondly, the spectral estimation method was briefly introduced.
Then, a detailed discussion on the IEC and Chang grouping methods under evaluation in
this study was presented. Ultimately, the algorithms that will be used for simulating the

IEC and Chang grouping methods were exhibited in the form of a block diagram.
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3 - EXPERIMENTAL APARATUS AND METHODOLOGY

3.1-INITIAL CONSIDERATIONS

This chapter aims to present the experimental apparatus and the procedures adopted to
perform the analysis of the spectral component grouping methods and the identification
of which, based on laboratory tests, best represent the effects of harmonics and
interharmonics on the current and temperature of a TIM. To this end, all the laboratory

tests carried out in this study are described in detail here, considering two topics:

e The proposal of the data banks contemplating diverse interharmonic frequencies and

harmonic orders; and

e The presentation of the procedures employed for evaluating the currents and
temperatures of the TIM, as well as the strategies taken for comparing the IEC and

Chang spectrum grouping methods.

In order to approach the adopted measures, the experimental apparatus used to carry out

these procedures is presented.

3.2 - EXPERIMENTAL APPARATUS

A necessary condition for the realization of this study is that the harmonics and
interharmonics signals are generated and adjusted automatically. To meet this demand,
an input signal control and reporting tool, developed in (Silva M.D. et al., 2017), that
contains the readings of the numerous values relevant to the motor was designed and
cultivated in the laboratory. This system was then improved in this study for applications

involving interharmonics. Figure 3.1 illustrates the said system.
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Figure 3.1 - Scheme of the control system and quantities report generation. Source:
Silva M.D. et al., (2017).

It can be seen from Figure 3.1 that the experimental apparatus consists of several

elements. The following is a brief presentation of each of these elements.

Input Data: a text file sequentially containing the duration, reference voltage values
and a limit for the feeding currents of the TIM,;

e CSW11100 Programmable California Instrument Power Source: responsible for
generating the harmonics and interharmonics signals as well as the input voltages for

feeding the TIM through commands from the connected computer;

e Elspec Model G4500: performs the various electric readings used to feed the TIM.
This device has its own software for acquiring its readings. However, the program is
not used in this study. The control system performs the readings in real time through

the RS-422 standard and employs the Modbus protocol;

e NI PCI-6251 National Instruments Data Acquisition Board: carries out voltages

readings with high sampling rate and accuracy, and has a pulse counter. This board is
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responsible for reading the values of the sensors for their subsequent transformation

into physical quantities. It has an internal DC voltage source of 5 V;

PT-100 Type Temperature Sensors: these are the three sensors installed in the stator
windings of the TIM. The resistances of the sensors vary in a known manner as a
function of the temperature. They are read by adding a 2-kQ low thermal coefficient
resistor in series with each of the PT-100. Thus, they form three voltage-dividing
circuits. Finally, with the use of the 5 V DC source of the data acquisition board
feeding each voltage divider circuit, it is possible to obtain the values of the resistances

of the PT-100s by applying the basic electric circuit equations;

MKDC-10 Model Torque Sensor: is powered by a 10 V independent DC voltage
source. The output voltage is in the order of millivolts. It varies depending on the

torque;

HS35B1024 Series Veeder Root Incremental Encoder: fed by a 5 V independent DC
voltage source from the data acquisition board. At each turn, the encoder generates
1024 square wave pulses. The rotation speed is obtained by using a counter and
identifying the elapsed time between each reading;

Three-Phase Induction Motor: this machine has the PT-100 temperature sensors in the
three phases of its stator windings. It is coupled to a DC generator and has a service

factor of 1.15, rated power of 1.5 kW, and rated current of 3.56 A for a wye connection;

Linear Current Voltage Regulator: this is a device developed in the laboratory. This
regulator is required so that changes in the voltage level of the network do not affect
the feeding of the DC generator field coil. In addition, the voltage regulator has filters

that reduces the ripple factor of the voltage wave;

DC Current Generator of 4 kW: serves as a linear load. The DC voltage regulator in
series powers its field coil with a variable resistance, allowing small adjustments in
the voltage level. Its armature is connected to a variable resistive load. The values that

the two variable resistors must assume are those that result in the nominal currents of
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the TIM when it is fed with balanced and steady state voltages. These values must be

kept unchanged during all tests;

e Computer: Controls and processes all the information, communicates with the
programmable source, with Elspec, and with the data acquisition board. All the
programming was done in the NI LabVIEW Student Edition graphical development
environment. The software initially receives the input data, and then enters a closed
reading cycle of the quantities, comparing them with the reference values, and if

necessary, sending command with new voltage values to the power source; and

e Acquisition System Report: Every three seconds of data acquisition, a new line is
generated with the average values of all measured quantities. However, it is updated
every 20 seconds. The report is saved in the text file format with the readings separated

by tabulations, thus allowing easy conversion to a spreadsheet.

3.3 - DATA BANKS

In order to meet the objective of this dissertation, which is to analyze two frequency-
grouping methods and identify which, based on laboratory tests, best represent the effects
of harmonics and interharmonics on the currents and temperatures of a TIM, it is
necessary to employ data banks that contemplates numerous interharmonic frequencies

and various harmonic orders.

In this section, the conditions that will constitute the data banks are defined through the

magnitude and phase of each frequency component.

3.3.1 - Definition of the Data Bank

In light of covering the highest and divers number of possible interharmonic frequencies,

a database with 3,459 interharmonic and harmonic conditions is generated. However, the

application of all these values to the TIM, considering the time sufficient for the motor to
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reach thermal equilibrium?, makes it impossible to perform the laboratory procedure for

all this conditions.

For this reason, in order to execute the 3,459 interharmonic and harmonic conditions, the
electric currents circulating the stator windings are initially measured. Thus, the dwelling

time in each condition is reduced to 50 seconds, sufficient to obtain the currents.

With the measured electric currents, 1,030 conditions, which will be subjected to the TIM
to obtain its temperature at thermal equilibrium, are randomly selected from the previous
3,459 conditions. These conditions were selected in a way that they contemplate various

conditions.

Seeking to provide a better understanding of the analysis and procedures performed in
this work, the values adopted in each of the data banks under which the TIM is submitted

in each stage of the tests will be described in details in the next sections.

Table 3.1 exhibits the data bank containing the various interharmonic frequencies and
harmonic orders that the TIM will be subjected to. In sequence, a detailed explanation on
how these data banks are applied to the TIM is presented.

The definition of thermal equilibrium and the determination of a time value to reach it
are characterized as a complex subject and depends on the size of the electric machines
involved (electric motor and generator). In engineering, it is customary to define the
settling time as the time required for the response curve to reach and remain within a 2%
range around the final steady state value.

Based on practical results, it was verified in this study that a time of 16 minutes is enough
to reach thermal equilibrium, as long as the variations in the interharmonic frequencies
are smooth. In addition, the motor-generator set, at the beginning of the application of the
interharmonic conditions, is already in steady state (such precautions are taken to carry
out the tests).
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Table 3.1 — Data Bank 1: Interharmonic frequencies and harmonic orders applied to the

TIM
Data Bank 1
Low and High Interharmonic Frequencies Magnitudes (%)
Low Interharmonic Frequencies: 20 Hz - 183.5 Hz -
20 Hz - 30 Hz 1525&3
Group 1
34.5Hz-55.1 Hz 2,3&35
68 Hz - 183.5 Hz 3,5&7
High Interharmonic Frequencies: 541 Hz — 2400 Hz 3,5&7
Interharmonic Frequencies and Harmonic Orders -
Individual Interharmonic Frequency: 20 Hz - 2400 Hz 3
Individual Harmonic Order: 3'¢, 5%, 7t 11 & 13" 3,5&7
Group 2
Two Harmonic Orders: 3" & 5", 3" & 7™, 3@ & 11t 31
& 13th 5th & 7th 5th & 11th 5th & 13th 7th & 11th 7th & 3& 51 3&7
13t an'd 11" & iBth. 1 ’ ’ and5 &7

3.3.2 - DataBank 1 (DB,)

Data Bank 1 (DB;) is the main data bank used in this study to analyze the spectral
component grouping methods that best represent the effects of harmonics and
interharmonics on the temperature of the TIM. This data bank covers a wide range of
interharmonic frequency conditions (20 Hz — 2400 Hz). The interharmonic frequencies
and harmonic orders used in this data bank alongside with the magnitudes can be seen in
Table 3.1.

The DB, is composed of two groups (Group 1 and Group 2). Group 1 consists of the
combination of 28 individual low-interharmonic frequencies ranging from 20 Hz — 183.5
Hz with 28 individual high-interharmonic frequencies ranging from 527 Hz — 2400 Hz.
Here, the frequencies between 20 Hz and 30 Hz are combined with magnitudes of 1.5%,
2.5% and 3% independently, while the frequencies between 34.5 Hz and 55.1 Hz are
combined with magnitudes of 2%, 3% and 3.5% individually. The frequencies above 60
Hz are combined with magnitudes of 3%, 5% and 7% independently. The total number

of conditions in this group is equal to 84.
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Moreover, group 2 comprises of 75 individual interharmonic frequency from 20 Hz —
2400 Hz with magnitudes of 3%, combined with 5 individual harmonics of the 3", 5%,
71 11" and 13" orders, which are individually combined with magnitudes of 3%, 5% and
7% (a total of 15 individual harmonic conditions) and 75 individual interharmonic
frequency from 20 Hz — 2400 Hz with magnitudes of 3% combined with a group of two
harmonic having different combination of the 3™, 5™ 7" 11" and 13" orders, and also
with combined magnitudes of 3%, 5% and 7% (a total of 30 conditions with group of two

harmonic). The total number of conditions in this group is 3,375.

It is worth noting that the selection of the frequencies in the range specified in DB; (20
Hz — 2400 Hz) is arbitrary. However, this range was selected considering the following
facts observed in the literature: a) for interharmonic frequencies greater than that of the
power frequency heating effect are observed in the same fashion as those caused by
harmonic currents (IEEE interharmonic task force, 2001); b) at interharmonic frequencies
twice higher than the power frequency, the modulation impact on the rms value is small
compared to the impact in the frequency range below the second harmonic (Interharmonic
task force, 2001) and c) at steady speed of the motor, the frequencies of the disturbing
components are usually in the range of 500 Hz — 2000 Hz, but during the startup period,
this range might expand significantly (Hanzelka and Bien, 2004).

3.3.3 - Data Bank 2 (DB,)

This data bank is constituted of 1,030 interharmonic frequencies and harmonic orders.

The values of this data bank are used to identify the temperatures of the TIM.

In fact, the conditions in DB, are contained in DB, . The difference between the results of
the application of the interharmonic frequencies and harmonic orders in DB; and DB, on
the TIM is due to the dwelling time set for each data bank during the tests. In DB;, the
dwelling time between the start of the application of the condition and the data collection
is equal to 50 seconds, which is insufficient for thermal equilibrium. However, in DB,,

this time is equal to 16 minutes.
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The selection of the DB, values is performed by means of a computational algorithm
developed in SCILAB. In order to obtain the DB,, the said algorithm selects from the
DB;, the conditions whose modules of the electric currents are diversified. Then, the
database is ordered so that there are no abrupt changes in the electric currents between

consecutive conditions.

Table 3.2 shows the number of conditions imposed on the machine and the time spent, in

hours, for each data bank.

Table 3.2 - Number of conditions applied to the TIM and the duration of each of the

data bank
Data Bank Number of Conditions Applied to the TIM Duration (hours)
DB, 3,459 48
DB, 1,030 275
Total 4,489 323

As mentioned, the dwelling time of each condition consisting the DB; is 50 seconds and
16 minutes for each condition in the DB, except for the first condition in both data banks

which has a dwelling time of 3 hours so as to ensure operation in steady state.

3.4 -PROCEDURES FOR COMPARING THE GROUPING METHODS

The comparative analysis of the grouping methods is divided into two parts. In the first
part, the conditions in DB are used to measure the electric currents of the TIM. Then

from the conditions in DBy, the temperature of the TIM is measured.

The following procedures are adopted for the comparative evaluation between the

grouping methods under analysis.

1. Generation of the original waveform;

2. Subjection of the TIM to this waveform;

33



3. Measurement of the electric currents of the TIM;
4. Grouping of the original voltage spectrum according to the IEC and Chang method;
5. Reconstitution of the waveforms from the spectra obtained through the groupings;

6. Subjection of the TIM to the reconstituted waveforms;

7. Measurement of the electric currents of the TIM resulting from the individual

application of the reconstituted waveforms;

8. Comparison of the measured currents values. This will be executed using line graphs
and tables of when the TIM is subjected to the original waveforms with those from the

reconstitution from the IEC and Chang method.

It is noteworthy that, once the conditions that will be used to measure the temperatures of
the TIM has been arbitrary selected from DB3, the same procedures are repeated for the

comparative evaluation of the measured temperatures.

3.5 -FINAL CONSIDERATIONS

In this chapter, the laboratory infrastructure and the procedures that will be adopted to
obtain the results of Chapter 4 were presented. The procedures involve the elaboration of
data banks with diverse interharmonic frequencies and harmonic orders and the steps
necessary to successfully carryout the comparative analysis of the IEC and Chang

grouping methods.

For the accomplishment of this work, it was necessary to create two data banks. The DB;
consists of a large number of conditions, but the dwelling time of each conditions is
insufficient to reach thermal equilibrium. On the other hand, the DB, has a reduced
amount of interharmonic frequencies and harmonic orders, but the dwelling time of each

conditions on the machine is sufficient to reach thermal equilibrium.

Finally, the procedures for comparing the currents and temperatures resulting from the
IEC and Chang grouping methods were presented.
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4 - RESULTS AND ANALYSIS

4.1 - INITIAL CONSIDERATIONS

In this Chapter, the numerical and graphical results obtained from the use of the IEC and
Chang spectral grouping methods are presented. Initially displayed is the spectrum of the
original signal with its correspondent from the Chang and IEC methods. Such exhibition
iIs aimed at indicating the behavior of the grouping methods under evaluation,
highlighting their importance when carrying out studies involving interharmonics. Then,
in light of carrying out a comparative analysis on the grouping methods in evaluation, the
electric currents measured in the laboratory of the original signals are compared to those
measured for the IEC and Chang methods. Finally, the temperatures measured in the
laboratory for the original signals are examined in contrast to the ones from each grouping
method. The ultimate objective of this analysis is to identify the grouping method that
best represent the temperature of the TIM when subjected to signals with interharmonics

and harmonic distortions.

4.2 - ORIGINAL FREQUENCIES AND THEIR CORRESPONDING GROUP

FREQUENCIES

Figures 4.1 and 4.2 present the original frequencies and their corresponding frequencies
from the IEC and Chang grouping methods respectively. The voltage amplitudes of the

original frequencies and those from the grouping methods are also displayed.
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Figure 4.1 — Original frequencies and voltage amplitudes with their correspondents
from the IEC grouping method.
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Figure 4.2 - Original frequencies and voltage amplitudes with their correspondents from
the Chang grouping method.
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From Figures 4.1 and 4.2, it is possible to highlight that on the application of the grouping
methods to the original frequencies, new voltage amplitudes are obtained for the
frequencies originating from the grouping methods and these frequencies are not
necessarily the same as the original frequencies. The new voltage amplitudes are
represented as a percentage of the nominal voltage (127 V). It can also be observe that
these voltage amplitudes are, in some cases, significantly distinct and higher than the ones
from the original amplitudes.

From the analysis of the frequencies of the signals originating from the grouping methods,
it is observed that, for the IEC grouping method, the interharmonic frequencies have been
grouped and the harmonic frequencies and fundamental have been separated. Meanwhile,
for the Chang grouping method, the grouping of the interhamonics according to the
predominance of the symmetric components (positive, negative or zero sequence) and the
separation of the fundamental frequency is noticed. These aspects are not completely
unexpected, given that the purpose of the grouping methods is to represent through a

spectrum with a reduced number of frequencies, that which exists in the original signal.

In order to meet the objectives of the present study and considering the great volume of
data acquired in the measurements from the laboratory, only the currents and temperatures
of phase B will be used for the analysis because this phase was observed to present the
highest values for the quantities under evaluation. The results for phases A and C will be

presented in the Appendix section of this work.

4.3 - COMPARATIVE ANALYSIS OF THE ELECTRIC CURRENTS FROM
THE GROUPING METHODS

Figures 4.3 and 4.4 respectively illustrate the electric currents measured in the laboratory
for the IEC and Chang grouping methods in contrast with the original signal, as well as
the discrepancies between corresponding signals. The currents from the original signals
are displayed in black, in an increasing order, the equivalent currents from the IEC
method are in orange, the ones from the Chang grouping method are plotted alongside in
blue and in pink are the gaps that represent the signals from the grouping methods that
were inapplicable to the TIM.
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From Figures 4.3 and 4.4, it can be observed that there are many gaps in the resulting IEC
and Chang curves. The Chang curve presented a greater number of gaps in relation to the
IEC. This is because there are many conditions without a corresponding value in the
Chang than there are in the IEC. It is worth mentioning that these gaps originate from two

situations:

The first one is when the resulting signal from the grouping method has a high magnitude
combined with sub-frequencies (i.e. 21.9 Hz with magnitude 3.4% of the nominal
voltage). This culminates in signals that when applied to the TIM provoke strong
vibrations that can reduce the lifetime of the machine as well as damaging the MKDC-10
Model Torque Sensor used in the laboratory. This can be seen as a limitation of the
grouping methods under study because the vibrations observed from the same conditions
in the original signals were not as severe as those noticed from the signals originating

from the grouping methods;

The second situation is when the resulting signals from the grouping method is composed
of low frequencies whose magnitudes are too high (i.e. 69.9 Hz with magnitudes 18.7%
of the nominal voltage). In these cases, the protection system of the CSW11100
Programmable California Instrument power source was triggered, therefore, making it

impossible to subject the TIM to these signals.

From Figure 4.3, it can also be seen that the currents measured in the laboratory for the

IEC grouping method are in most cases close to the ones from the original signals.

On inspecting the graphs for the Chang grouping method in Figure 4.4, it is noticed that
only five out of the resulting signals with corresponding current values are lower than
those of the original signals. That is, 99% of the electric currents measured for the Chang

grouping methods are higher than the ones for the original signal.

Table 4.1 presents a comparative analysis on the measured electric currents between the

original signals and the grouping methods.
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Table 4.1 — Differences between the currents of the Original, Chang and IEC signals.

Analysis \ Original \ Chang \ IEC
Current (A)
Maximum Current Ia 4.205 4.275 3.999
Maximum Current Ig 4.330 4271 4.024
Maximum Current Ic 4.180 4.219 3.905
Minimum Current Ia 3.380 3.565 3.572
Minimum Current Ig 3.460 3.593 3.599
Minimum Current Ic 3.320 3.479 3.486
Average Current Ia 3.543 3.771 3.599
Average Current Ig 3.625 3.786 3.626
Average Current Ic 3.485 3.695 3.512
Standard Deviation Ia 0.051 0.0783 0.0394
Standard Deviation Ig 0.045 0.0740 0.0391
Standard Deviation Ic 0.047 0.0818 0.0384
Discrepancy (%)

Maximum Discrepancy la - 21.779 12.905
Maximum Discrepancy Ig - 19.129 11.348
Maximum Discrepancy Ic - 21.599 11.879
Average Discrepancy Ia - 6.525 1.944
Average Discrepancy Ig - 4.650 0.613
Average Discrepancy Ic - 5.892 1.126

From Table 4.1, one can observe that the Chang grouping method presented, in all phases,
maximum currents higher than those measured from the IEC grouping method. This is
because the magnitudes from the Chang grouping method are higher than the ones from
the analogous IEC method. Although the maximum currents from the Chang method are
higher, they are very close to the ones of the original signals. It is noteworthy that the IEC
grouping method culminated in higher minimum currents when compared to the Chang

method.

It can also be seen from Table 4.1 that, for conditions in which there are corresponding
IEC signals, the maximum and average discrepancies (phase B only) are 11.35% and
0.37% respectively. However, for the Chang grouping method, these discrepancies are
19.13% and 4.62%. This indicates that the electric currents resulting from the IEC signals
are closer to the ones from the original signals when evaluated in contrast with those from
the Chang method.

On evaluating the standard deviation and average currents, the IEC grouping method can

be said to result in electric currents that are closer to those of the original signals.
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Figure 4.5 displays the relative errors of the currents measured in phase B, for the Chang

and IEC grouping methods.
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Figure 4.5 - Relative error of the electric currents resulting from the Chang and IEC
grouping methods.

From the inspection of Figure 4.5, it can be noted that there are many signals without a
corresponding value. This is due to the presence of the aforementioned gaps. It is worth
highlighting that, from 3459 conditions, only 480 resulted in a corresponding value for
the Chang grouping method, which is, only 13.87% of the signals from the Chang method
were applicable to the TIM to obtain the equivalent electric currents. In the case of the
IEC, only 48.57% (1680 conditions) were applicable. One can also observe that about
95% of the currents from the IEC resulted in relative error below 2%, thus indicating good

results of the currents from the IEC grouping method.
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It can as well be concluded that the relative errors originating from the Chang grouping
method are greater when compared to the ones from the IEC grouping method. This is
because the magnitudes of the signals from the Chang grouping method are in most cases
higher than the IEC"s method.

4.4 - COMPARATIVE ANALYSIS OF THE TEMPERATURES FROM THE
GROUPING METHODS

Figures 4.6 and 4.7 respectively illustrate the temperatures measured in the laboratory for
the IEC and Chang grouping methods in contrast with the original signal, as well as the
discrepancies between corresponding signals. The temperatures from the original signals
are displayed in black, in an increasing order, the equivalent temperatures from the IEC
method are in orange, the ones from the Chang grouping method are plotted in blue and
in pink are the gaps that represent the signals from the grouping methods that were
inapplicable to the TIM.
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Figure 4.6 - Temperatures and discrepancies of the original signal and IEC grouping
method.
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From Figure 4.6, one can see that the temperatures from the IEC grouping method are
higher, in most cases than the ones from the original signal. The temperatures from the
original signals ranged from 71 °C to 86 °C and for the IEC grouping method, they vary
from 76 °C to 86.75 °C, with most cases between 76 °C and 83 °C.

It is noteworthy that there are eight conditions with temperatures above 85 °C, which is
110.37% of the nominal temperature (77.01 ° C). These temperatures culminated in high
discrepancies with the original signal, varying between 9% and 10%. Furthermore, it is
worth saying that the signals resulting in these temperatures are composed of sub-
frequencies and high magnitudes.
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Figure 4.7 - Temperatures and discrepancies of the original signal and Chang grouping
method.
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On examining the graphs displayed in Figure 4.7, it is possible to note that the
temperatures ensuing from the Chang grouping method are higher, in most situations,
when correlated with those of the original signals. In this case, the temperatures from the
Chang grouping method varied from 77 °C to 104 °C, with most cases between 76 °C and
85 °C.

It is highlighted here that there are 13 conditions with temperatures above 90 °C, which
is 116.87% of the nominal temperature (77.01 ° C). These temperatures culminated in
elevated discrepancies varying between 9% and 10%. In addition, it is worth citing that
the signals culminating in these temperatures are composed of sub-frequencies and high

magnitudes.

Table 4.2 presents a comparative analysis of the measured temperatures between the

original signals and the grouping methods.

Table 4.2 — Differences between the temperatures of the Original, Chang and IEC

signals
Analysis | Original °C) | Chang(°®C) | IEC(°C)
Temperature (°C)
Maximum Temperature Ta 85.052 103.150 86.040
Maximum Temperature Tg 86.093 104.420 87.045
Maximum Temperature Tc 84.024 101.390 84.834
Minimum Temperature Ta 70.432 75.643 75.677
Minimum Temperature Tg 70.939 76.582 76.581
Minimum Temperature Tc 68.979 74.789 74.822
Average Temperature Ta 75.868 79.051 78.014
Average Temperature Tg 76.514 80.011 78.949
Average Temperature Tc 74.514 78.109 77.114
Standard Deviation Ta 2.982 3.318 1.796
Standard Deviation Tg 3.124 3.359 1.816
Standard Deviation Tc 3.141 3.202 1.743
Discrepancy (%)

Maximum Discrepancy Ta - 10.489 9.603
Maximum Discrepancy Tg - 10.649 9.734
Maximum Discrepancy Tc - 10.329 9.304
Average Discrepancy Ta - -4.105 -2.701
Average Discrepancy Tg - -4.489 -3.067
Average Discrepancy Tc - -4.599 -3.272
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From Table 4.2, one can observe that the maximum temperature measured for the Chang
grouping method is 104.4 °C, which is 135.57% of the rated temperature (77.01 °C) while
that of the IEC grouping method is 86.75 °C, 113.03% of the nominal temperature. In
addition, the maximum temperatures from the IEC grouping method are closer to those

of the original signal than the ones from Chang.

The minimum temperature measured for the IEC grouping method is greater than most
(60.88%) of the temperatures originating from the original signals. In the case of the
Chang method, the minimum temperature measured is higher than 59.19% of the

temperatures measured for the original signal.

When inspecting the discrepancies, one can note that the maximum and average
discrepancies between the temperatures from the original and IEC signal, for the phase
under analysis (phase B), are 9.603% and -3.067% respectively. However, for the Chang
grouping method, these discrepancies are of 10.649% and -4.489% respectively.

Moreover, from the standard deviation and average temperatures, the IEC grouping

method can be said to result in temperatures that are closer to those of the original signals.

The relative errors of the temperatures measured in phase B, for the Chang and IEC

grouping methods, are shown in Figure 4.8.
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Figure 4.8 - Relative error of the temperatures resulting from the Chang and IEC
grouping methods.

From Figure 4.8, it can be concluded that the relative errors originating from the Chang
grouping method are quite close to the ones from the IEC grouping method. However,
the Chang grouping method presented higher relative errors in nine conditions. This is

due to the elevated magnitudes of the frequencies that comprises these signals.

It is noteworthy that in the case of the temperatures, of the 1030 conditions, it was possible
to obtain 955 temperatures (92.72%) for the IEC grouping method and 880 (85.44%) for
the Chang grouping method.

The gaps observed in the resulting graphs of the currents and temperatures ensuing from
the IEC and Chang grouping methods can pose a challenge when studying the effects of

interharmonics. This is because interharmoincs are normally represented in groups
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(interharmonic groups) and in a case in which the gaps are too many, the grouping of the
frequencies according to their characteristics and effects might become difficult since the
absence of corresponding values in the quantities under evaluation could lead to
misleading conclusions. Therefore, reducing the generalization capacity of the

characteristics and effects one might observe from a given interharmonic frequency

group.

4.5 - FINAL CONSIDERATIONS

The results presented in this chapter permitted in performing a comparative analysis
between the IEC and Chang grouping methods on the currents and temperatures measured
in the laboratory, of an induction motor when submitted to signals containing harmonics

and interharmonics. These results were presented in two parts, as follows:

In the first part, the results of the application of the grouping methods were shown. Then,
the currents measured in the laboratory for the original, IEC and Chang signals were
presented and discussed. Next, a table containing the differences in the currents between
the original, IEC and Chang signals was displayed. Finally, the relative errors of the

currents from the IEC and Chang signals were compared.

The results in the second part are related to the temperatures measured in the laboratory
for the original, IEC and Chang signals. Initially, the temperatures measured in the
laboratory for the original, IEC and Chang signals were exhibited and discussed. Then, a
table containing the differences in the temperatures between the original, IEC and Chang
signals was presented. Finally, the relative errors of the temperatures from the IEC and

Chang signals were examined in contrast.
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5 - CONCLUSIONS AND SUGGESTIONS

5.1 - CONCLUSIONS

In this study, for the context of the spectral grouping of harmonics and interharmonics,
two frequency grouping methods, referred to in this work as the IEC and Chang grouping
methods were evaluated. The main idea was to carry out a comparative analysis of the
results from the frequency grouping methods on the currents and temperatures measured
in the laboratory, of an induction motor when fed with signals containing harmonics and

interharmonics.

In Chapters 1 and 2, a bibliographic review was presented. In this review, the difficulties
and importance of the measurement of interharmonics were deliberated. The case of the
ongoing increase in the installation of renewable energy source such as the photovoltaic
system was highlighted, indicating that this type of energy is a source of interharmonics.
Considering these aspects, when aiming to study the impacts of interharmonics on the
power network, the importance of measurement techniques like the frequency grouping
method proposed in the IEC 61000-4-7 international standard was emphasized. In
addition, the algorithms used for simulating the grouping methods examined in this work

were displayed.

Furthermore, the experimental apparatus and methodology employed to archive the
contribution proposed in this study were exhibited in Chapter 3. This Chapter was

structured in the following manner:

e Firstly, the laboratory apparatus used to perform the tests necessary for obtaining
the quantities evaluated are introduced. A detailed description of each equipment

composing the laboratory system was presented;

e Secondly, the data bank contemplating numerous interharmonic frequencies and

harmonic orders was elaborated;

e Finally, the procedures adopted for comparing the grouping methods under
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evaluation were deliberated:;

In Chapter 4, the result of the grouping methods was shown. Then a comparative analysis
of the currents and temperatures originating from the grouping methods was performed.
This analysis was carried out using the discrepancies obtained from each grouping
method as well as the maximum and minimum values of the currents and temperatures
measured for both methods. Comparatively, it was possible to observe that the signals
from the IEC grouping method presented discrepancies that are lower than those from the
Chang method. The Chang method also resulted in higher maximum currents and

temperatures.

Still, in Chapter 4, the relative errors between the grouping methods was discussed. From
this analysis, it was possible to note that the Chang grouping method culminated in high
relative errors because the magnitudes associated with the frequencies of its signals are

more elevated than the ones of the IEC method.

In addition, the presence of gaps were noticed in graphs of both grouping methods. The
gaps were observed to originate from two situations, which were individually discussed
and the first situation was said to indicate a limitation of the grouping methods because
the signals composing these cases resulted in extreme vibrations capable of reducing the
lifetime of the TIM and also damaging the torque sensor used during the experiments. On
the other hand, the second situation was attributed to the limitation of the CSW11100
Programmable California Instrument power source. In this case, the projection system of
the power source was triggered, making it impossible to submit the TIM to these

conditions.

A discussion was also made on the challenges the existing gaps might bring when
examining the effects of interharmonics through the frequency grouping methods. This
challenge could culminate in misleading and/or inconclusive results on the characteristics

and effects a given interharmonic group can pose on the power network.

Ultimately, based on the comparative analysis carried out in Chapter 4, it was possible to
conclude that the frequency grouping method recommended by the IEC 61000-4-7

international standard best represent the effects of harmonics and interharmonics on the
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currents and temperatures of a TIM when examined in contrast with the grouping method

proposed by Chang.

5.2 - SUGGESTIONS

From the observations made during the execution of this study, some analysis and future
studies can be performed viewing to contribute or/and continue the study on the
importance of the measurements of interharmonics through the frequency grouping
methods present in the literature. In light of this, the following are presented as proposals

for future studies:

e Realization of studies on the generalization capacity of the characteristics and
effects of an interharmonic group when there are no corresponding values of some

signals due to the existence of gaps in the resulting group frequencies;
e Elaboration of a thermal model that can represent the effects of interharmonics

and harmonics on the temperature of a three-phase induction motor when applying

the frequency grouping methods;

e Performing of laboratory tests to investigate the effects of interharmonics on other

electric quantities when employing the frequency grouping methods.

50



BIBLIOGRAPHY

Abreu, J.P.G., Emanuel, A.E. “Induction Motor Thermal Aging Caused by Voltage
Distortion and Imbalance: Loss of Useful Life and Its Estimated Cost.” In: IEEE
Transactions on Industry Applications, vol. 38, no 1, 2002.

Aiello, M., A. Cataliotti, S. Favuzza, and G. Graditi. “Theoretical and Experimental
Comparison of Total Harmonic Distortion Factors for the Evaluation of Harmonic
and Interharmonic Pollution of Grid-Connected Photovoltaic Systems,” IEEE
Trans. Power Del., vol. 21, no. 3, pp. 1390-1397, Jul. 2006.

Arrillaga, J. and N.R. Watson. “Power system harmonics”. 2nd ed. 2003, West Sussex,
England; Hoboken, NJ: J. Wiley & Sons. X, 399 p, 2003.

Bousbaine, A., McCorrnick, M., Low, W.F. “In-Situ Determination of Thermal
Coefficients for Electrical Machines.” In: IEEE Transactions on Energy
Conversion, vol. 10, no. 3, p. 385-391, 1995.

C.1., 1000-2-1. “Electromagnetic Compatibility, in Description of the Environment -
Electromagnetic environment for low-frequency conducted disturbances and
signalling in public power supply systems” 1990.

Chang, Y.-N.; Chiou, G.-J.; Chan, S.-Y.; Leou, R.-C. “The estimation of interharmonics
by group frequencies”. In: TENCON 2004. 2004 IEEE Region 10 Conference.
[S.I.: s.n.], 2004. C, p. 224-227 Vol. 3, 2004.

Chicco, G., J. Schlabbach, and F. Spertino. “Experimental assessment of the waveform
distortion in grid-connected photovoltaic installations,” Solar Energy, vol. 83, no.
7, pp. 1026-1039, Jul. 2009.

Chowdhury, S.K., Baski, P.K. “A Simple Lumped Parameter Thermal Model for
Electrical machine of TEFC Design.” In: 2010 Joint International Conference on
Power Electronics, Drives and Energy Systems (PEDES) & 2010 Power India,
2010.

Chun Li, Wilsun Xu and Thavatchai Tayjasanant. “Interharmonics: basic concepts and
techniques for their detection and measurement,” Electric Power Systems
Research 66 (2003) 39-48. Elsevier Science B.V. doi: 10.1016/S0378-
7796(03)00070-1, 2003.

Enslin, J. H. R. and P. J. M. Heskes. “Harmonic interaction between a large number of
distributed power inverters and the distribution network,” IEEE Trans. Power

Electron., vol. 19, no. 6, pp. 1586-1593, Nov. 2004.

Erich W. Gunther. “Interharmonics in Power Systems” Power Engineering Society
Summer Meeting, Electrotek Concepts, 2001.

o1



Feola, L., R. Langella, Marino P., Raimondo G., Rubino L., Serbia N. and Testa A., “On
the Effects of Interharmonic Distortion on Grid Connected Three-Phase PV
Inverters”. IEEE 978-1-1673-1913-0/12, 2012.

Fitzgerald, A. E.; JR., C. K.; Umans, S. D. “Maquinas Elétrica, com introducdo a
Elétrénica de Poténcia”. 6. ed. [S.l.: s.n.], 2008.

Fuchs, E., and M. A. Masoum. “Power quality in power systems and electrical machines”.
New York: Academic/Elsevier, 2008.

G.W. Chang, C.I. Chen, Y.J. Liu and M.C. Wu. (2008). “Measuring power system
harmonics and interharmonics by an improved fast Fourier transform-based
algorithm”. The Institution of Engineering and Technology, 2008.
DOI:10.1049/iet-gtd:20070205. IET Gener. Transm. Distrib., Vol. 2, No. 2,
March 2008.

Gallo, D. R., Langella, A. Testa, J. C. Hernandez, 1. Papic, B. Blazic, and J. Meyer, “Case
studies on large PV plants: Harmonic distortion, unbalance and their effects,” in
Proc. IEEE Power Energy Soc. General Meeting, pp. 1-5, Jul. 2013.

Gnacinski, P., “Effect of unbalanced voltage on windings temperature, operational life
and load carrying capacity of induction machine.” In: ScienceDirect Energy
Conversion and Management, vol. 49, no. 4, 761 - 770, 2008.

Gross, C.A. “Electric Machines”. 1. ed. [S.l.]: Taylor and Francis, 2007.

Hamid Soltani, Pooya Davari, Poh Chiang Loh, and Frede Blaabjerg. “Input current
interharmonics in Adjustable Speed Drives caused by fixed-frequency modulation
techniques” IEEE 2016. 978-1-4673-9550-2/16.

Hanzelka, Z.; Bien, A. “Harmonicas - inter-harmonicas. In: Guia de Aplicacdo de
Qualidade de Energia”. [S.l.: s.n.], 2002. p. 1-24, 2002.

Hanzelka, Z.; Bien, A. “Harmonicas - inter-harmonicas”. In: Power Quality Application
Guide. p. 1-24, 2004.

Hao Qian, Rongxiang Zhao, and Tong Chen. “Interharmonics Analysis Based on
Interpolating Windowed FFT Algorithm”. 2007.

Hernandez, J.; Ortega, M; & Medina, A. “Statistical characterization of harmonic current
emission for large photovoltaic plants”. In: International Transactions on
Electrical Energy Systems, Vol. 24, Issue 8, pp. 1134-1150. John Wiley & Sons,
2014. DOI:10.1002/etep.1767.

IEC. International Standard 61000-4-7: Part 4-7: “Testing and measurement techniques -
general guide on harmonics and interharmonics measurements and

instrumentation, for power supply systems and equipment connect thereto”.
Geneva. [S.1.], 2002. (CEI/IEC 61000-4-7:2002).

52



IEEE Interharmonic Task Force, Cigré 6.05/CIRED - “Interharmonics in Power Systems”
2 CCO02 Voltage Quality Working Group. 2001.

Infield, D. G., P. Onions, A. D. Simmons, and G. A. Smith. “Power quality from multiple
grid-connected single-phase inverters,” IEEE Trans. Power Del., vol. 19, no. 4,
pp. 1983-1989, Oct. 2004.

Jain, S. K. & Singh, S. N. “Harmonics Estimation in Emerging Power System: Key Issues
and Challenges™. In: Electric Power Systems Research, vol. 81, pg. 1754-1766.
Elsevier, 2011. DOI: 10.1016/j.epsr.2011.05.004.

Jin Hui; Honggeng Yang; Wilsun Xu and Yamei Liu. “A Method to Improve the
Interharmonic Grouping Scheme Adopted by IEC Standard 61000-4-7”. IEEE
Transaction on Power delivery, Vol. 27, No.2, April 2012.

Katiraei, F., K. Mauch, and L. Dignard-Bailey. “Integration of photovoltaic power
systems in high-penetration clusters for distribution networks and mini-grids,” Int.
J. Distrib. Energy Resources, vol. 3, no. 3, pp. 207-223, 2007.

Kersting, W.H. e Phillips, W.H. “Phase Frame Analysis of the Effects of Voltage
Unbalance on Induction Machines”. In: IEEE Transactions on Industry
Applications, vol. 33, no. 2, p. 415-420, 1997.

Koponen P., H. Hansen, and M. Bollen, “Interharmonics and light flicker,” in Proc.
CIRED, pp. 1-5, Jun. 2015.

Krause, P.C.; Wasynczuk, O.; Sudhoff, S. D. “Analysis of electric machinery”. 1. ed.
[S.l.:s.n.], 1995.

Langella, R., A. Testa, S. Z. Djokic, J. Meyer, and M. Klatt, “On the interharmonic
emission of PV inverters under different operating conditions,” in Proc. ICHQP,
pp. 733-738, Oct. 2016.

Lathi, B. P. “Modern Digital and Analog Communication Systems”. 3. ed. [S.l.:s.n.],
1998.

Lee, C.Y. et. al. “Effects of voltage harmonics on the electrical and mechanical
performance of a three-phase induction motor”. In: (IEEE-Xplore Proceedings)
Industrial and Commercial Power Systems Technical Conference, Edmond, 1998.
IEEE, 1998.

Li, C., W. Xu, and T. Tayjasanant. “Interharmonics: Basic concepts and techniques for
their detection and measurement,” Elect. Power Syst. Res., vol. 66, pp. 39-48,
2003.

Lin, H.C., C. H. Chen, L. Y. Liu. “Harmonics and Interharmonics Measurement using

Group-harmonic Energy Distribution Minimizing Algorithm”. Engineering
Letters, 19:3, EL_19 3 17. Advance online publication: 24 August 2011.

53



Lin, H.C. “Sources, effects, and Modelling of Interharmonics”. Hindawi Publishing
Corporation. Mathematical problems in Engineering. Research article, academic
Editor: her-Terng Yau, 2014.

Macedo JR, J. R. “Uma contribuigo a analise das componentes inter-harménicas e seus
efeitos nos indicadores de flutuagao de tensdo”. Doctorate Thesis — UFES,
Espirito Santo, 2009.

Mellor, P.H., Roberts D., Turner D.R., “Lumped parameter thermal model for electrical

machines of TEFC design.” In: Electric Power Applications, IEE Proceedings B,
vol. 138, no. 5, p. 205-218, 1991.

Messo T., J. Jokipii, A. Aapro, and T. Suntio, “Time and frequencydomain evidence on
power quality issues caused by grid-connected three-phase photovoltaic
inverters,” in Proc. EPE, pp. 1-9, Aug. 2014.

Michael B. Marz. “Interharmonics: What They Are, Where They Come From and What
They Do”. American Transmission Company Waukesha, W1, 2014.

Morrison, R. E.; Baghzouz, Y.; Ribeiro, P. F. & Duque, C. A. “Probabilistic Aspects of
Time-Varying Harmonics”. In: Ribeiro, P. F. (Edt.) Time-Varying Waveform
Distortions in Power Systems. John Wiley & Sons Ltd., 2009, Part | - Chap. 2.
ISBN 978-0-470-71402-7.

Oliveira, W. R. de. “Uma avaliacdo sobre inversores de frequéncia e dirtor¢des
harménicas e inter-harmonicas”. [S.1.], 2013.

Oliva, A. R., and J. C. Balda, “A PV dispersed generator: a power quality analysis within
the IEEE 519,” IEEE Trans. Power Del., vol. 18, no. 2, pp. 525-530, Apr. 2003.

Oppenheim, A. V.; Schafer, R. W. “Discrete-time signal processing”. 3. ed. [S.L.]: Series,
2010.

Oraee, H. “A Quantitative Approach to Estimate the Life Expectancy of Motor Insulation
Systems.” In: IEEE Transactions on Dielectrics and Electrical Insulation, vol. 7,
no. 6, p. 790-796, 2000.

Pakonen, P. A., Hilden, T. Suntio, and P. Verho, “Grid-connected PV power plant
induced power quality problems - experimental evidence.” in Proc. EPE, pp. 1-
10, Sep. 2016.

Petrovic, P.; Stevanovic, M. “Measuring active power of synchronously sampled AC
signals in presence of interharmonics and subharmonics”. Electric Power
Applications, IEE Proceedings -, v. 153, n. 2, p. 227-235, 2006. ISSN 1350-2352.

Pillay, P., Manyage, M. “Loss of Life in Induction Machines Operating With Unbalanced
Supplies.” In: IEEE Transactions on Energy Conversion, vol. 21, no. 4, p. 813—
822, 2006.

Ribeiro, P. F. & Duque, C. A. “Probability Distribution and Spectral Analysis of
Nonstationary Random Process”. In: Ribeiro, P. F. (Edt) Time-Varying

54



Waveform Distortions in Power Systems. John Wiley & Sons Ltd., 2009, Part | -
Chap. 2. ISBN 978-0-470-71402-7, 20009.

Ribeiro, P. F. “Time-Varying Waveform Distortions in Power Systems”. 1. ed. [S.I.: s.n.],
2009.

Rocha, G.; Bernardes, R. “Monitoramento de motores assincronos. O setor Elétrico”,
June 2010.

Sangwongwanich, A., Yang, Y., Sera, D., and Blaabjerg, F., “Interharmonics from Grid-
Connected PV Systems: Mechanism and Mitigation.” 978-1-15090-5157-1/17,
IEEE, 2017.

Shenkman, A., Chertkov, M. “Heat conditions of a three-phase induction motor by a one-
phase supply.” In: Electric Power Applications, IEE Proceedings, vol. 146, no. 4,
p. 361-367, 1999.

Silva, M.D.C., A. L. F. Filho, Zanetti, G. R., and Abada, C. C., “Avalia¢do do
Desempenho de um Modelo Térmico Simplificado de um Motor de Inducédo
Trifasico Submetido a Desequilibrios de Tensdo.” CBQEE2017 - XII Conferéncia
Brasileira sobre Qualidade da Energia Elétrica, CBQEE2017-0221, 2017.

Singh, G. K. “Power system harmonics research: a survey”. In: European Transactions
on Electrical Power, Vol. 19, pg. 151-172. John Wiley & Sons, 2007.

Souto, O.C.N. “Modelagem e Analise do Desempenho Térmico de Motores de Indugéo
sob Condi¢des ndo Ideias de Alimentagdo.” Doctoral Thesis, Federal University
of Uberlandia, 2001.

Testa, A.; Akram, M.; Burch, R.; Carpinelli, G.; Chang, G.; Dinavahi, V.; Hatziadoniu,
C.; Grady, W.; Gunther, E.; Halpin, M.; Lehn, P.; Liu, Y.; Langella, R.;
Lowenstein, M.; Medina, A.; Ortmeyer, T.; Ranade, S.; Ribeiro, P.; Watson, N.;
Wikson, J.; Xu, W. Interharmonics: Theory and modeling. Power Delivery, IEEE
Transactions on, v. 22, n. 4, p. 2335-2348, Oct 2007. ISSN 0885-8977.

Testa, A., R. Langella, J. Meyer, F. Mller, R. Stiegler, and S. Z.Djokic, “Experimental-
based evaluation of PV inverter harmonic and interharmonic distortion due to

different operating conditions,” IEEE Trans. Instrum. Meas., vol. 65, no. 10, pp.
2221-2233, Oct. 2016.

Varma R. K., S. A. Rahman, T. Vanderheide, and M. D. N. Dang, “Harmonic impact of
a 20-MW PV solar farm on a utility distribution network,” IEEE Power Energy
Technol. Syst. J., vol. 3, no. 3, pp. 89-98, Sep. 2016.

Xu, X., A. J. Collin, S. Djokic, S. Yanchenko, F. Moller, J. Meyer, R. Langella, and A.
Testa, “Analysis and modelling of power-dependent harmonic characteristics of
modern PE devices in LV networks,” IEEE Trans. Power Del., vol. PP, no. 99,
pp. 1-9, 2016.

55



Yang, Y., K. Zhou, and F. Blaabjerg, “Current harmonics from singlephase grid-
connected inverters - examination and suppression,” IEEE J. Emerg. Sel. Top.
Power Electron., vol. 4, no. 1, pp. 221-233, Mar. 2016.

56



APPENDIX

A.1 - COMPARATIVE ANALYSIS OF THE ELECTRIC CURRENTS FROM
THE GROUPING METHODS (PHASES A AND C)

In this section, the results related to the electric currents measured in the laboratory for
phases A and C from the grouping methods are presented. Figures A.1 and A.2 display
the electric currents from the IEC grouping methods while Figures A.3 and A.4 show the

electric currents from the Chang method.
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Figure A.1 - Currents and discrepancies of the original signal and IEC grouping method
from phase A.
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Figure A.2 - Currents and discrepancies of the original signal and IEC grouping method

from phase C.
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Figure A.3 - Currents and discrepancies of the original signal and Chang grouping

method from phase A.
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Figure A.4 - Currents and discrepancies of the original signal and Chang grouping
method from phase C.

From Figures A.1 and A.2, it is possible to note that the electric currents measured for the
IEC grouping method, for both phases, are in most cases close to the ones from the
original signals. The discrepancies from 10 conditions can be seen to be above 9%.

Meanwhile, from Figures A.3 and A.4, one can see that the discrepancies from 17

conditions are above 10%, with 4 cases having discrepancies higher than 20%.

When comparing the currents from the IEC to those from the Chang grouping method, it
can be observed that there are only two cases from the Chang method with currents higher
than the ones of the original signals. However, there are many cases from the IEC with
electric currents below or equal to those of the original signals. Indicating that the IEC

presented electric currents that are closer to those from the original signals when
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examined in contrast with the Chang grouping method.
Figures A.5 and A.6 display the relative errors of the currents measured in phases A and

C, for the Chang and IEC grouping methods.
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Figure A.5 - Relative error of the electric currents resulting from the Chang and IEC
grouping methods (Phase A).
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Figure A.6 - Relative error of the electric currents resulting from the Chang and IEC
grouping methods (Phase C).

From Figures A.5 and A.6, one can conclude that the relative errors originating from the
Chang grouping method are greater when compared to the ones from the IEC grouping
method. This is because the magnitudes of the signals from the Chang grouping method
are in most cases higher than the IEC"s method. It can also be noted that there are many
signals without a corresponding value. This is due to the presence of the gaps discussed

in section 4.3 of Chapter 4.
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A.2 - COMPARATIVE ANALYSIS OF THE TEMPERATURES FROM THE
GROUPING METHODS (PHASES A AND C)

Figures A.7 and A.8 show the temperatures and discrepancies from the IEC grouping
method for phases A and C respectively. In Figures A.9 and A.10, the temperatures and
discrepancies originating from the Chang method are exhibited for phases A and C.
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Figure A.7 - Temperatures and discrepancies of the original signal and IEC grouping
method from phase A.
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Figure A.8 - Temperatures and discrepancies of the original signal and IEC grouping
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Figure A.9 - Temperatures and discrepancies of the original signal and Chang grouping

method from phase A.
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Figure A.10 - Temperatures and discrepancies of the original signal and Chang
grouping method from phase C.

From Figures A.7 and A.8, one can see that the temperatures from the IEC grouping
method are higher, in most cases than the ones from the original signal. It is noteworthy
that there are eight conditions with temperatures above 85 °C, which is 110.37% of the
nominal temperature (77.01 ° C). These temperatures culminated in high discrepancies
with the original signal, varying between 14% and 19%.

On the other hand, from Figures A.9 and A.10, it is possible to observe that the
temperatures ensuing from the Chang grouping method are higher, in most situations,
when correlated with those of the original signals. However, these temperatures in most

cases are much higher than the ones measured from the IEC grouping method.

It is possible to see that in the results from the Chang method, there are nine cases with
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temperatures above 100 °C, which is 129.85% of the nominal temperature. Therefor

culminating in discrepancies, that are greater than the ones obtained from the IEC method.

Figures A.11 and A.12 display the relative errors of the temperatures measured in phases

A and C, for the Chang and IEC grouping methods.

The relative errors of the temperatures measured in phases A and C, for the Chang and

IEC grouping methods, are shown in Figures A.11 and A.12 respectively.
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Figure A.11 - Relative error of the temperatures resulting from the Chang and IEC

grouping methods (Phase A).
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Figure A.12 - Relative error of the temperatures resulting from the Chang and IEC
grouping methods (Phase C).

From Figures A.11 and A.12, it can be concluded that the relative errors originating from

the Chang grouping method are quite close to the ones from the IEC grouping method.

However, the Chang grouping method presented higher relative errors in nine conditions.

This is due to the elevated magnitudes of the frequencies that comprises these signals.

66



