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Abstract: Fuzzy-based control systems have demonstrated a remarkable ability to control nonlinear
processes, a characteristic commonly observed in power systems, particularly in the context of
power quality enhancement. Despite this, an updated and comprehensive literature review on the
applications of fuzzy logic in the domain of power quality control has been lacking. To address
this gap, this study critically examines published research on the effective and efficient use of fuzzy
logic in resolving quality issues within power systems. Data sources included the Web of Science
and academic journal databases, followed by an evaluation of target articles based on predefined
criteria. The information was then classified into seven categories, including control system type,
features of the fuzzy logic controller, fuzzy logic inference strategy, power quality issue, control
device, implementation methodology (efficacy testing), and efficiency improvement. Our study
revealed that fuzzy-based control systems have evolved from simple type-1 fuzzy controllers to
advanced control systems (type-2 fuzzy and hybrid) capable of effectively addressing complex power
quality issues. We believe that the insights gained from this study will be useful to both experienced
and inexperienced researchers and industry engineers seeking to leverage fuzzy logic to enhance
power quality control.

Keywords: fuzzy control system; fuzzy logic controller; intelligent control systems; power quality;
reactive power; harmonics; voltage variations; frequency control; control device; power systems

1. Introduction

More than six decades have passed since the introduction of the fuzzy sets by Lotfi A.
Zadeh [1]. It has also been 50 years since M. Mamdani [2] proposed fuzzy control based
on Zadeh’s papers [3,4]. The first fuzzy logic controller (FLC) appeared in [5], where the
authors presented a laboratory application used to control a steam engine. These articles
had a significant impact on fuzzy control research, leading to thousands of control systems
based on fuzzy logic being proposed in the literature since the original FLC 49 years ago [6].

In the field of power systems, and particularly power quality (PQ) [7], one of the
primary fuzzy logic applications used to control reactive power was produced in 1990.
Later, more researchers presented FLCs in the literature dedicated to controlling PQ using
filters and specialized devices [8-10]. Table 1 shows a historical sequence of 17 FLCs
proposed for PQ improvement in the literature [11-30]. A review of the works published in
the 1990s reveals that FLC research was initially focused on reactive power compensation,
power factor rise, and voltage and frequency regulation, i.e., power system stability [31].
Basic information on the structure of fuzzy control systems (FCSs) in power systems was
also provided during this period [32]. In the later years of the decade, new prospects of
fuzzy logic were considered for power quality control, such as the use of UPQCs (Unified
Power Quality Conditioners). In the next decade, many researchers proposed FLCs to
control other PQ issues, including harmonic distortion and voltage sags. Additionally, the
effectiveness of fuzzy logic control combined with other artificial intelligence techniques
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like genetic algorithms was demonstrated in several studies [33,34]. In the last 15 years,
there have been many papers focused on PQ improvement considering UPQCs, distributed
generation, and other Al technologies in combination with fuzzy logic control.

Table 1. History of fuzzy logic applications dedicated to power quality control.

Year Published Works

The authors of [11] introduce frequency control in power systems using an FLC with
two inputs and an output.

The authors of [12] propose an FLC for reactive power compensation using
automatically switched capacitor banks employing TCR/TSC .

1994 Hiyama and his colleagues propose a PID 2 fuzzy stabilizer for voltage control [13].
The control of a UPQC with fuzzy logic control was achieved in the research

1991

1993

1998 .
presented in [14].
Jurado and Valverde demonstrate that voltage sags can be effectively eliminated by

2004 using a dynamic voltage restorer controlled by an FLC [15]. Kirawanich determines
that harmonic distortion and power factor issues are improved using an FLC that
commands a line conditioner [16].

2006 The authors of [17] present a Takagi-Sugeno FLC dedicated to operating an active
power filter to eliminate harmonics.

2008 Using simulations made in MATLAB, the authors of [18] demonstrate the efficacy of
a fuzzy hysteresis controller in controlling a UPQC.

2011 The authors of [19] consider balanced and unbalanced conditions when analyzing
the performance of a shunt active filter controlled by an FLC.

2014 To improve the operation of the control system, the authors of [20] employ a type-2

FLC that controls an active power filter.

A hybrid FCS that combines artificial neural networks and Takagi-Sugeno-Kang
2015 probabilistic fuzzy control performs reactive power compensation with superior

results compared to conventional techniques [21].

Ghafouri and his colleagues propose an adaptive fuzzy controller to stabilize power

2018 system frequency in consideration of microgrids and other distributed generation
units [22].
The authors of [23] propose a fuel-cell-integrated UPQC controlled by a hybrid
2019 fuzzy system to compensate PQ problems. The frequency control of modern

multi-area power systems is solved with fuzzy logic in [24].

The authors of [25] control a 24-pulse GTO-based STATCOM *# using fuzzy logic.
2020 Echalih and his colleagues describe the use of hybrid fuzzy control to command a
shunt active filter [26].
Vanaja and his colleagues are researching the use of an FLC-controlled STATCOM in
association with an enhanced second-order generalized integrator [27]. The voltage

2021 dynamic problem is solved using fuzzy logic considering the Malaysian power
system [28].

2022 The authors of [29] propose the use of fuzzy fault-tolerant control and four-switch
voltage source inverters to increase the stability of power systems.

2023 The authors of [30] present the use of ANFIS 2 to improve power quality in a

microgrid.

1 TCR/TSC—thyristor-controlled reactor/thyristor-switched capacitor, 2 PID—proportional-integral-derivative,
3 ANFIS—adaptive neuro-fuzzy inference system, 4 STATCOM—static synchronous compensator.

Fuzzy control systems are an important component of intelligent control systems. The
most significant advantage of fuzzy logic that attracts power systems specialists is its ability
to handle imprecise, incomplete, and vague data, as it broadens the set theory so that a set’s
element belongs to it based on a membership function value, as an alternative to conven-
tional binary methods. Therefore, FCSs provide a way to deal with uncertainties through
linguistic values and logical inferential rules, allowing specialists to perform dynamic
modeling and controller descriptions using simple linguistic statements [35]. FLCs have
been criticized due to the absence of a systematic design and a stability analysis method,
plus the financial aspects regarding the replacement of traditional PID controllers [36]. Then
again, in many cases, they are the first option when working with non-linear, time-delayed,
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and high-order systems [37], and are overtly acknowledged as superior replacements for
their PID counterparts [8].

Modern power systems are complex and often experience uncertainty due to the
diverse range of electricity consumers and prosumers they serve, as well as the presence of
distributed generation units and interconnected microgrids. The integration of different
generation units that rely on renewable resources such as solar energy and wind can lead
to PQ issues, including voltage sags, voltage swells, voltage transients, harmonics, voltage
oscillations, unbalance, and low-power factors [38]. In addition, devices and equipment
with nonlinear characteristics, as well as unbalanced and varying loads, can cause non-
sinusoidal and unbalanced currents and voltages, voltage fluctuations, and flicker in utility
electricity networks and consumer installations [39,40].

PQ disturbances in power systems can cause a range of problems, including supple-
mentary power losses, premature aging of components, low-power factors, equipment
malfunction, and even total failure [41-43]. To help prevent these issues, international
standards have been developed by organizations such as the European Norms, Ameri-
can National Standard Institute, IEC, and IEEE. These standards provide guidelines for
power-generating companies, consumers, manufacturers, and national power system or-
ganizations on the acceptable limits of PQ disturbances. Table 2 shows the limits of PQ
disturbances according to IEC 61000, EN 50160, and IEEE 519-2022 [44,45]. The thresholds
of the PQ indices are the reference magnitudes against which the adjustment of voltages
and currents are made.

Table 2. Power quality limits.

Limits
LV MV

Afo, ! +1% EN 50160
IEC 61000-4-11/

Issue Index Standard/Observations

Frequency variation

Voltage sag Auigy, 2 10-95% of fundamental 0.5 cycle—several
seconds
Harmonics THD 3 8% 5% IEC 61000-4-7, IEEE 519
2022
IEC 61000-2-5/
4 o, o, o,
Unbalance VUF 2% (3%) 1% IEC 61000-2-12
Voltage transients N 5% 3% IEC 61000
Voltage Py ? ! IEC/EN61000-3-3
fluctuations/Flicker Py7 0.65
Reactive power/Power
factor (PF) PE 09
Voltage interruptions Autjo, 8 more than 95% of fundamental IEC 61000-4-11/

10 ms—-60 s

1 Frequency deviation (error); 2 voltage deviation; 3 total harmonic distortion factor; * voltage unbalance factor;
5 voltage deviation; ® short-term flicker perceptibility; 7 long-term flicker perceptibility; 8 voltage deviation.

After analyzing the information provided above, it is important to understand the
significance of utilizing appropriate control systems, such as FCSs, to improve power
quality. To achieve an effective and efficient controller, one must have a sound knowledge
of the structure and limitations of FCSs, as well as explore their possibilities. Although
FCSs have been studied and analyzed in various engineering fields, such as refrigeration,
and hydraulic and pneumatic systems [46-49], only a few authors have focused exclusively
and intensively on PQ improvement in power systems in recent years. These studies
emphasize the usefulness of fuzzy logic and explore different aspects of control systems
and power systems. In the field of microgrids, a study [50] was conducted to examine the
effectiveness of fuzzy control. The study concludes that a simple FLC with only one input
can provide comparable results to a traditional PI (proportional-integral) controller, but it
is easier to adjust. Another study [10] classified the different types of UPQCs, along with
their corresponding control strategies, to eliminate or reduce PQ issues. The authors of this
study mention that fuzzy logic controllers in association with other artificial intelligence
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techniques have the capability to improve PQ. Similarly, in a review [51], voltage variation
compensators are examined, and the authors conclude that employing fuzzy logic in the
control of these compensators can improve PQ. Devices such as active power filters are
also reviewed in [10,52,53], and different control methods are discussed. One significant
conclusion from these studies is that a PI controller in association with fuzzy logic provides
better results than a conventional PI controller in PQ improvement.

Upon reviewing the available literature, it is evident that there are still unanswered
questions regarding the use of fuzzy control for improving power quality. These questions
can only be addressed by systematically analyzing the literature. Thus, the main objective of
this work is to provide a comprehensive review of the applications of fuzzy logic control in
power quality issues, with a focus on FCSs’ effectiveness and efficiency. The review covers
information on fuzzy-based control systems, input and output values, fuzzy numbers,
inference rules, decisions, and defuzzification methods, as well as the implementation of
fuzzy logic. The work focuses on control systems that contain fuzzy logic controllers in
their simple (type-1 fuzzy) and advanced (type-2 fuzzy) forms, or in association with other
conventional techniques, such as PI or hysteresis control, and novel techniques like genetic
algorithm optimization. In the research, ANFIS was not considered; only control strategies
that maintain the classic structure and logic-based functioning of an FLC were considered.

The Section 2 of the work details the methodology employed to obtain the articles
used in the review and the criteria to assess the literature. The Section 3 presents the
results of the research concerning bibliometric aspects and the seven criteria (technical
characteristics): control system, FLC features, FLC inference strategy, PQ issue, control
device, implementation, and assessing efficiency. This section also enlists the most relevant
research. The next section of the work discusses the findings and the future work that can
be completed in this area. Special attention is given to different types of PQ issues and
the types of control systems used to solve them. The last section concludes with the main
results of the review and underlines future directions of the present work.

2. Methodology

This literature review presents an organized analysis of relevant international studies
on the topics of power quality improvement, fuzzy logic control, and devices for PQ control.
To initiate the study, a comprehensive search was conducted for surveys, reviews, and
state-of-the-art reviews that focused on the aforementioned subjects. These works were
subsequently used as the foundation for the research and selection process of the review’s
portfolio. Following the trends of literature reviews [10,54], a thorough examination of
diverse databases was executed to obtain information on the content of the papers to make
up the final set of papers. The Web of Science database was the primary source scrutinized
to obtain the list of papers, considering the data found in the titles, keywords, and abstracts
of papers. Only the research areas of “Engineering”, “Automation Control Systems”,
“Mathematics”, and “Computer Science” were considered. The resulting unfiltered list was
then meticulously evaluated, and papers that did not conform to the research scope were
eliminated. This action led to the initial set of papers. The primary search keywords for the
papers were as follows:

“power quality” OR “harmonics” OR “frequency” OR “voltage sag” OR “unbalance”
OR “reactive power” OR “voltage variation” OR “power factor” OR “flicker”

AND

“ftuzzy control” OR “fuzzy logic control” OR “fuzzy controller” OR “fuzzy logic
controller” OR “FLC”.

Secondarily, the papers’ main sources were accessed, among which were IEEE Xplore,
MDPI journals, Taylor & Francis journals, Elsevier journals, and Wiley journals. Further,
the papers were again selected based on a more detailed content analysis. It must be
emphasized that the selected papers that went in the final set and additionally were further
analyzed and listed as references were the ones that respected the review’s eligibility
criteria, i.e., presentation of the efficacy and effectiveness of the fuzzy logic control systems

7
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in the process of power quality improvement. Because of this, more than half of the initial
list of papers were ignored in the next stage of the study.

To provide a timeframe for the study, the research focused on studies published in
the last 30 years, with particular emphasis on papers from the last 15 years. However,
eligible works were included in the final set regardless of publishing year. The articles were
classified based on the criteria outlined in Table 3. Additionally, taking into account the
methodology from reference [10], the table includes detailed information about the criteria
and their characteristics.

Table 3. Assessment criteria of the article set—overview of the criteria used to classify and assess the

articles in the final set.

Analysis Criteria

Details

Examples

Control system

Control systems may include not only a
typical FLC, but also other elements
from conventional methods or other AI
techniques.

Typical FLC (Type-1 fuzzy)
Fuzzy-PI
Hysteresis fuzzy control
Fuzzy-PID logic controller

FLC's features

The number of inputs and outputs of the
controller, the number of linguistic
variables, the types of fuzzy
membership functions, and
defuzzification methods.

Triangular, trapezoidal, and
gaussian fuzzy numbers
Center of gravity
defuzzification method

FLC’s inference strategy

The inference strategy refers to the way
the output is obtained. It is
implemented in the FLC to realize the
aggregation of the rules and combine

Mamdani
Takagi-Sugeno

them.
PQ issue The type of disturbance affecting the Frequency variation
power quality in power systems [38]. Voltage variation, harmonics,
unbalance
Devices used for PQ improvement USIYQCC
Control device depend on the type of PQ issue and its DVR
location in the power system [39]. STATCOM
The control systems were implemented
Implementation and tested using simulations, that is, Simulations
(e f}f)icac roof) employing appropriate environments Laboratory or on-site hardware
yP like MATLAB and DIgSILENT, or implementation
experimental laboratory or infield tests.
Was the control system assessed for Yes/No

Assessing efficiency and
improvements

improvement and/or was the fuzzy
controller tested considering different
fuzzy numbers, inferences, and/or
defuzzification methods?

Yes—testing diverse features of
FLCs or enriching FLCs with
additional elements

3. Results

3.1. Bibliometric Analysis

The set of papers considered in this review includes publications from journals and
conference proceedings. The results of the paper selection process from the Web of Science
were as follows:

e Initial unfiltered set of papers—460 papers. This set contains the raw list of papers
used in the review.

e Initial set of papers—278 papers. The initial set is a list of papers that correspond to
the subject of power quality improvement using fuzzy control.

e Intermediary set of papers—122 papers. These articles were the most relevant of the
initial set of papers that were published in the last 15 years (2009-2023).

e  Final set of papers—135 papers. The final set of papers that was considered included
the previous ones plus 13 more papers available before 2009. Going forward, all
recommendations and observations we make are regarding this final set of papers.
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The first noticeable applications of fuzzy control in PQ were in the 1990s. An as-
sessment of the publications from the 1990s and 2000s showed that, yearly, less than ten
articles were published in the research area of interest. Later, the number of articles grew
substantially, with a maximum of 43 in 2016.

When focusing on the most relevant journal, IEEE Access was the most prolific, with
13 publications, followed by Electric Power Systems Research, IEEE Industrial Electronics
Society, and IET Generation, Transmission & Distribution, with more than 8 articles each.
Regarding conference proceedings, relevant papers from the initial set were distributed
among many of them, but the majority were found in the proceedings published before
2020.

The most cited paper found through the selection was “Load Frequency Control of a
Multi-Area Power System: An Adaptive Fuzzy Logic Approach” [55], with 207 citations in
the Web of Science. The paper introduces fuzzy logic for the adaptive (type-2 FLC) control
of load frequency and demonstrates through simulations that the proposed control system
is more efficient than a PID system and a simple type-2 fuzzy controller.

3.2. Technical Analysis

The technical analysis aimed to evaluate the articles based on the seven specific criteria.
To achieve this, a separate subsection is dedicated to each criterion. These subsections
provide statistical results regarding the corresponding criterion’s characteristics and list the
papers significant to each criterion.

3.2.1. Control System

Control systems based on fuzzy logic have a structure that may include not only the
body of a typical FLC, but also other elements borrowed from conventional control (PI, PID,
and hysteresis) or other Al techniques, such as neuronal networks and evolutive algorithms.
The types of control systems that have extra elements are hybrid fuzzy controllers, which
in the literature we can find as fuzzy-PI, fuzzy-PID, hysteresis fuzzy, self-tuning fuzzy,
adaptive fuzzy, and neuro-fuzzy controllers.

The structure of a typical FLC (type-1 fuzzy) consists of three blocks: fuzzification,
inference, and defuzzification blocks, as shown in [12]. The structure of a fuzzy-based
hybrid system additionally contains blocks such as P, I, and D blocks [9], hysteresis-band
blocks [18], and second-order generalized integrators [27]. A type-2 fuzzy controller has the
same structure as a type-1 fuzzy controller, plus a type-reduction block positioned before the
defuzzification component [55]. To increase the performance of the control process, authors
use evolutionary algorithms such as genetic algorithms [33,34] and machine learning
algorithms like artificial neuronal networks, which lead to ANFIS [30].

In the review and research process, we considered papers that proposed typical and
hybrid fuzzy-based control systems that maintained the general structure of a fuzzy logic
controller. As a result, this work does not include detailed information about adaptive
neuro-fuzzy inference systems or other similar control systems. Consequently, we excluded
more than 18% of the total number of papers from our initial filtered set of 278 papers due
to the type of control system. The number of excluded papers was 53, with 26 of them
being published within the last five years, of which [56-65] are the most significant.

The complete list of types of fuzzy-based control systems and their numbers is dis-
played in Figure 1. We ought to mention that we added genetic algorithm fuzzy control
systems to the final list because the additional components do not change the structure of
the fuzzy controller, and they are used to increase the efficiency of control systems. The
chart indicates that the most popular type of control system is based on a type-1 fuzzy con-
troller, with 49 papers proposing it. The other types of control systems are fuzzy adaptive
with 19 papers, and fuzzy-PI with 17 papers. A time-distribution analysis of these control
systems’ appearance shows that they have been proposed mostly in the last 15 years. The
types of control systems characterized by small numbers of published papers were mainly
proposed in the last five years.
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n

[l o S o N I FS
L5 ) I LSS ) I e

o
=

Number of published papers

TIF PIF FIDF HF AF TF FA DF TZF FOF HyF PDF FFF GAF STF RF UF

= W

Control system type

Figure 1. The numbers of published articles based on control system type. T1F—type-1 fuzzy;
FPI—fuzzy-PI; FPID—fuzzy-PID; HF—hysteresis fuzzy; AF—adaptive fuzzy; TF—tuned fuzzy; FA—
fuzzy-active; DF—decupled fuzzy; type-2 fuzzy; FOF—fractional-order fuzzy; HyF—hybrid fuzzy;
FPD—fuzzy-PD; FFF—feed-forward fuzzy; EAF—evolutionary algorithm fuzzy; STF—self-tuned
fuzzy; RF—recursive fuzzy; UF—unified fuzzy.

Table 4 enumerates 10 relevant papers which contain detailed information about the
type and structure of the proposed control systems. The table presents the control systems’
type and description, plus data about the control systems” efficacy testing and efficiency
demonstrations. The articles from the table relate to the first 11 types of control system
proposed in the literature: type-1 fuzzy, fuzzy-PI, fuzzy-PID, hysteresis fuzzy, adaptive
fuzzy, tuned, type-2 fuzzy, evolutive algorithm fuzzy, fractional-order fuzzy, hybrid fuzzy,
and self-tuned fuzzy controllers.

Table 4. Relevant papers considering the type of fuzzy-based control system.

Reference Control System Description Efficacy Efficiency
Supercapacitors are proposed and .
controlled to reduce THD and Tested through Comparls.on betwe_en the
[66] Type-1 fuzzy . : ; . system with and without
regulate reactive power for wind simulations .
farms supercapacitors
Multi-feeder UPQC fuzzy . . Results compared with
[67] Fuzzy-PI controlled to reduce voltage and Sc;f)t;/\;aé‘iec:cnp (leil;}ir;tt?;?n classical PI and type-1 fuzzy
current imperfections y controller
Frequency and power control in .
insolated distribution generation Efficacy assessment ResulIt)sHSoal?lsaIer]ch wllf; only
[68] Fuzzy-PID units, considering also through software superconductin rIr)1a otic
superconducting magnetic energy implementation P § magn
storage energy storage
Hysteresis controller bands Demonstrated through cogleari'z(épﬁszflelr}elseitsh‘?vcilth
[69] Hysteresis fuzzy adapted by a fuzzy controller for . . 8 P yster
harmonics elimination simulations fixed bands with zero
fixed-band controllers
Inverters controlled for power . . The propo'sed controlller
. . Software implementation contrasted with conventional
[70] Adaptive fuzzy factor tracking changes and power ) . .
fluctuation decrease for efficacy evaluation PI and Takagi-Sugeno
probabilistic fuzzy controller
Load frequency control and
frequency stability considering the Tested through Comparison with PI and
(711 Type-2 fuzzy high penetration of distributed simulations type-1 fuzzy controller

generation
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Table 4. Cont.

Reference Control System Description Efficacy Efficiency
Mitigation of voltage sags, voltage, Efficacy assessment usin Comparison between the
[72] Self-tuned fuzzy-PI and THD by using a dynamic };imulations & system with and without
voltage restorer and two FLCs dynamic voltage restorer
Single-phase active power filter Simulations and Proposed methodology with
Fuzzy
[73] fractional-order PI controlled to increase power factor ~ experimental testing of the the controller without fuzzy
and limit harmonics efficacy usage
Voltage and frequency control with . . Results show the COMPpArtson
. Software implementation of the proposed method with
[74] EV-fuzzy-PID automatic voltage regulator and ) . .
. SR for efficacy evaluation another hybrid method from
particle swarm optimization .
the literature
Frequer}cy regulation emp}oymg Efficacy assessment The propo.sed method
[75] Tuned fuzzy-PID static synchronous series throtgh software compared with the control
Y compensator (55SC) and teaching implegmenta tion without SSSC and with the

learning optimization technique genetic algorithm

3.2.2.

During the development of an FLC, researchers must consider several critical aspects:

Fuzzy Logic Controller Features

the inputs and outputs, the number of linguistic variables, the type of fuzzy numbers
used in the fuzzification block, and the defuzzification method. Additionally, the FLC’s
rule aggregation strategy, or inference strategy, is a vital consideration. Analyzing the
papers from the final set, we found the following about the features of the proposed fuzzy
controllers by the researchers:

1.

Number of inputs and outputs: The most used configuration is two inputs and one
output, with a percentage of more than 75%, of which [76-87] are typical examples.
This aspect is seen clearly in Figure 2, where other configurations that appear in
more than one article are one input-one output [88], two inputs—three outputs, two
inputs—two outputs, and four inputs—two outputs.

Number of linguistic variables: The most popular number of linguistic variables
used in the fuzzification stage for the inputs and outputs was seven [78,79,82,88],
followed by five and three [76,80,83]. Considering the differences between the inputs
and outputs, the proposed FLCs had the same number of linguistic variables for both
inputs and outputs [76], but there were also FLCs characterized by different numbers
of linguistic variables [83,87]. This aspect can be seen in Table 5. Thus, we introduced
both numbers of variables in the assessment. The chart from Figure 3 illustrates the
number of linguistic variables.

Type of fuzzy numbers (membership functions): The authors extensively used a
combination of trapezoidal and triangular membership functions [78,81,83,88], as
shown in Figure 4. Close behind are the utilization of the triangular function, the
Gauss function [79], and singletons [76]. Other functions used in the fuzzification
stage, but rarely, are the bell-shaped, trapeze, and sigmoid functions. Like the number
of linguistic variables, we found FLCs that use the same type of function to describe the
memberships of the inputs and outputs [86], but also FLCs with different membership
functions for the input and output quantities [87].

Defuzzification method: The center of gravity [78,81,86] is the defuzzification method
normally used to obtain crisp outputs, with a percentage of 41 (55 papers). The other
defuzzification methods are bisector, weighed average [76,77], and singleton, which
together appear in 28 articles (20%). Unfortunately, the rest of the 51 papers did not
contain clear information about the defuzzification method, even though there were
data about other features of the FLC that implied the use of certain defuzzification
methods. For example, when using the Mamdani style of inference from MATLAB's
Fuzzy Logic Toolbox, the predefined defuzzification method is the centroid—the
center of gravity—or, when using the Takagi-Sugeno style of inference, the authors
can define corresponding functions to determine the crisp outputs.
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100
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Number of inputs = Number of outputs

Number of articles

Figure 2. Article distribution regarding the number of inputs and number of outputs of the fuzzy

controllers.

Number of linguistic variables

m3
m5
u7

9

| I = other

= NLA.

Figure 3. Article distribution regarding the number of linguistic variables of the fuzzy controllers.

Number of articles
B B85 33

-II-_II
Be

Tr Ta Ga Tré&Ta 51 5in N.A
Type of membership function

Figure 4. Article distribution regarding the type of membership function. Tr—triangle; Ta—trapeze;
Ga—Gauss; Tr&Ta—triangle and trapeze; Be—bell; Si—sigmoid; Sin—singleton.
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Table 5. Relevant papers considering the features of fuzzy logic controllers.

Inputs and Number of Defuzzification
Reference Linguistic Fuzzy Numbers Efficacy Efficiency
Outputs 7 Method
Variables
Triangle Processor-in-the- Comparison with a simple
[76] 2->1 5 rang Weighted average loop technique panse P
singleton and simulations repetitive controller
5 Triangle and Demonstrated by relation
[77] 2->1 7 trapeze Weighted average Simulations with conventional droop
triangle control
[79] 2->1 7 Gaussian Weighted average Simulations Comparison with PI
controller
Triangle and . . . ComParlson with a
[88] 1->1 7 + Centroid Simulations hysteresis controller with
rapeze fixed bands
3 Gaussian Results comparison without
[80] 2->1 5 triangle and Centroid Simulations P
- trapeze the control system
4 Triangle . . A ProPosed method compared
[74] 2->3 3 sinoleton Weighted average Simulations with other methods from
8 the literature
3 Singleton Simulations and gieasilj(;nggla ! Eith?joolgegg
[89] 2->2 triangle and Weighted average hardware - o'y the prop
5 . . method considering diverse
trapeze implementation . .
situations
The proposed method
Triangle and . Simulations and compared with the control
751 2->3 5 trapeze Centroid hardware testing ~ without SSSC and with the
genetic algorithm
. Experimental .
[85] 2->1 3 Ijrzang le Weighted average setup and Propqsed adaptive fuzzy
5 singleton simulations with type-1 fuzzy
[87] 251 3 Trzungle Centroid Simulations Results comparison without
5 gaussian the control system

Table 5 presents 10 articles that contain whole data about all features of the proposed
FLC. The table’s header is divided into the four FLC features, the reference number, and
the fuzzy-based control systems’ efficacy testing and efficiency demonstrations.

3.2.3. Fuzzy Logic Controller’s Inference Strategy

There are three main types of fuzzy control system inference strategy that are classified
by the way the logical rules between the inputs and outputs are built: Mamdani, Takagi-
Sugeno, and the singleton strategy [6,90].

Evaluating the final set of papers to determine the utilized inference strategy, we found
that the most employed inference strategy used by the inference engine was Mamdani’s.
Figure 5 shows this aspect, as 41% of the authors of the analyzed articles mention the use of
Mamdani’s inference strategy [91]. The next most used was Takagi-Sugeno [92], followed
by the Mamdani’s “Min-Max” method [93] (declared by the authors, as 18 mentioned
Mamdani’s “Min-Max” method, or simply the “Min-Max” method). The other strategy is
the singleton methodology. Unfortunately, more than 27% of the papers did not contain
clear information about the inference strategy. Consequently, we did not consider these
studies further when selecting the most relevant papers, which are listed in Table 6.
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Figure 5. Article distribution regarding inference strategy. T-S—Takagi-Sugeno.

Table 6. Relevant papers considering the inference strategy of the FLCs.

Reference Inference Strategy Efficacy Efficiency
Proposed method results are compared to
[90] Takagi-Sugeno Simulations results obtained with a PI controller or
without a PQ improvement apparatus
[91] Mamdani Simulations a;:isexperlmental Comparison with a PI controller
. . . Comparison with a conventional PI
[92] Takagi—Sugeno Simulations controller
Comparison between different versions
. . . of the proposed fuzzy-based on-load tap
[94] Mamdani Simulations changer control (OLTC) and a classic
OLTC
[95] Pm‘;?;;;:[s :lence Simulations Comparison with a PI controller
Simulations and experimental Simulation results of the proposed
[96] Explained but not classified test P method compared with results associated
ests with a PI controller
Simulations and experimental No additional methodology is tested,
[89] Takagi—Sugeno tests P only the proposed method considering
diverse situations
[97] Mamdani Simulations Comparison with a PID controller
(98] Takagi-Sugeno Simulations Proposed adaptive fuzzy compared with
conventional fuzzy controller
[99] Min inference Simulations Results comparison without the control

system

Table 6 introduces 10 significant articles that clearly describe their inference strategies;
thus, it is easy for the readers to understand these aspects of fuzzy control. The table below
gives data about the references, the inference style, the proposed method'’s efficacy, and the
efficiency assessment. One can observe that five papers from the table used Takagi-Sugeno
fuzzy strategies, but this aspect does not follow the data from the chart in Figure 5. We made
this choice as the authors of these articles gave greater descriptions of their methodologies.

3.2.4. Power Quality Issues

The power quality issues described in the analyzed papers were very varied, from
frequency variations to high-voltage THD, from voltage sags/swells to low-power factors.
Considering the number of PQ issues considered, 88 studies focused on one problem,
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whereas the other 46 were on multiple issues. Figure 6 illustrates these aspects, as one can
see that the first seven categories describe only one disturbance, e.g., voltage sag/swell
or harmonics/THD, and the last eight categories describe multiple disturbances, such as
frequency variations, harmonics/THD, and reactive power (stability power systems).

35
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Power quality issue

Figure 6. Article distribution considering the approached PQ issue. 1—voltage sag/swell;
2—harmonics/THD; 3—voltage unbalance; 4—frequency variations; 5—low-power factor, reactive power;
6—voltage variation; 7—load frequency control; 8—frequency, harmonics/THD, and reactive power;
9—harmonics/THD and voltage sags; 10—harmonics/THD and reactive power; 11—frequency, voltage
variations, harmonics/THD and reactive power; 12—voltage sag and flicker; 13—frequency variations

and flicker; 14—reactive power and flicker; 15—voltage unbalance and flicker.

Assessing the data from the chart in Figure 6, we deduced that diminishing harmonic
distortions and decreasing THD was the goal of almost a quarter of the studies that used
fuzzy logic control, i.e., 33 papers. Furthermore, the number of studies that focused only
on one disturbance represented more than 65% of the total of 134 analyzed papers. The
next most studied PQ issues were voltage variations (category 6) and the combination of
frequency variations, harmonics/THD, and reactive power (category 8), which influence
the stability of power systems. Closely behind, 12 studies focused on the power system’s
frequency control and the combinations of harmonics with reactive power, frequency
variations, voltage variations, harmonics/THD, and reactive power.

Table 7 lists 10 papers that are relevant to the categories mentioned in Figure 6. The
table provides information about the PQ issues addressed in each paper, a brief summary of
the proposed method, and the results of the efficacy and efficiency testing of the fuzzy-based
control systems.

Table 7. Relevant papers considering power quality issues.

Reference Power Quality Issues Description Efficacy Efficiency
Voltage (saglswell, The inverter is controlled The proposed method
imbalance), frequency, using the fuzzy space vector . . compared with the
[100] reallreactive power, pulse-width modulation Simulations conventional ST-PWM
and harmonics (FSV-PWM) technique control
Sever'l—level modular The proposed method’s
multilevel converter results compared with
[101] Harmonics reduction (SLMMC)-based shunt active Simulations P

filter controlled by type-1
fuzzy

PI—SLMMC control and
without filter
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Table 7. Cont.
Reference Power Quality Issues Description Efficacy Efficiency
Hybrid fuzzy control for inner The proposed method
Load frequency control loop control and genetic . . compared with an improved
[102] (LFC) algorithm to optimize the Simulations PI and adaptive fuzzy
control parameters controller
Superconducting magnetic . .
[103] Voltage sag and flicker energy storage (SMES) with Simulations Results comparison without
. the control system
hysteresis fuzzy controller
Voltage sag, harmonics, Power electronic dlstrlb.u tion . . Comparison with a PI
[104] transformers and adaptive PI Simulations
sudden load change controller
fuzzy controller
Capacitor banks and on-load The proposed method’s
[105] Voltuge.control and tap changer in substat19ns Simulations results cqmpared w1t}'1
reactive power controlled by dynamic results obtained only using
programming and type-1 fuzzy dynamic programming
. Three-level shunt active power . .
[106] Harm.omcs and filter (APF) controlled by Simulations Corr'lp‘arlson with a Pland
reactive power digital RST controller
type-1 fuzzy
Takagi-Sugeno fuzzy . . . .
. . Simulations and Results comparison without
[107] Harmonics controller and shunt active .
. laboratory testing the control system
power filter
[108] LEC Indirect aFlaptlve fuzzy control Simulations Comparison with a PID
for multi-area power system controller
Type-1 fuzzy controller used to
Harmonics and optimize the energy storage of . .
[109] reactive power under a DC capacitor voltage of a Simulations Results comparison without

unbalance

three-phase shunt active
power filter

the control system and APF

3.2.5. Control Devices

Power quality control devices are introduced to eliminate and/or diminish the distur-
bances that negatively affect the quality of electrical energy. These devices are classified
depending on their operation, physical structure, applications, and when they were first
pioneered. The devices were comprehensively synthesized in the review articles [10,68,69].
In this review, we divided the control devices by their applications. Subsequently, the
complete list of these devices that we found in the analyzed set of papers is summarized in
Figure 7: APF (active power filter—47 papers), STATCOM, UPFC (Unified Power Flow Con-
troller), UPQC (Unified Power Quality Conditioner), FACTS (Flexible Alternating Current
Transmission System), SVC (Static Var Compensator), DVR (dynamic voltage restorer). In
addition to this list, as shown in Figure 7, there is the “Controller” category, which includes
the applications where the researchers combine diverse components of the power system,
i.e., converters, generators, storage systems, transformers, power line conditioners, and
capacitor banks, with the fuzzy-based controller to improve power quality issues. Of these
devices, the most popular are the converters, with 25 appearances, followed by storage
systems in 10 papers.
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Figure 7. Article distribution considering control devices.

Table 8 is a collection of data that show information on 10 important articles. These
articles used various control devices to improve the quality of power and employed FCSs.
The table provides details about the characteristics of each study presented in the selected
papers, which are from each category of the chart in Figure 7. Moreover, the table also
gives information about the efficacy testing and efficiency demonstration of the proposed
control methodology.

Table 8. Relevant papers concerning control devices.

Reference Control Device Description Efficacy Efficiency
Type-1 fuzzy control
[110] Controller asynchronous motor to increase Simulations Results comparison without the
(asynchronous motor) power factor and regulate control system
voltage
Hybrid automata—fuzzy control
[111] APF for THD and power factor Simulations Comparison with a simple PI
decrease
Rise of STATCOM efficiency Results comparison without the
[112] STATCOM through sub-synchronous Simulations fuzzy Com.TOl of STATC.OM and
resonance using type-1 fuzzy active disturbance rejection
control
Mamdani and Takagi-Sugeno Laborator
fuzzy controllers and experimental sye t Comparison with conventional
[113] urQcC phase-locked loop (PLL) control hzr dware in loo b modified PLL and TS-PLL
Harmonics, unbalance, and real-time s sterr}: control strategy
voltage variations Y
Self-tuned type-2 fuzzy PI . . ~
[114] DVR controller for voltage sag and Simulations Comparls;))lll X)ﬁggﬂtgfe 1 fuzzy
THD alleviation
Type-1 fuzzy controls with active . _ Results comparison without the
[115] UPFC and reactive power variations Simulations fuzzy control of UPFC and PID
P control
Controller Fuzzy supervisory with fuzzy Comparison with classic
[116] (inverter) PID control for voltage and Simulations supervisory PID and classic
current THD reduction supervisory FPID
Direct power control (DPC) Simulations and . .
[117] C'ontroller based on type-1 fuzzy and fuzzy laboratory Results compartson with the
(inverter) basic DPC
PI for THD diminishing experiments
Review about the control Comparison with a simple
strategies of series APF for . . fixed-band hysteresis, adaptive
[118] APF decreasing THD, fuzzy Simulations hysteresis band, and fixed
hysteresis method hysteresis band
Power line conditioner Line current harmonic Software and Comparison with a simple PI
[16] (PLO) distortions and power factor hardware and a gained scheduled
Fuzzy PI controller implementation controller
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3.2.6. Implementation (Efficacy Proof)

To verify the functionality of the control systems proposed in their papers, the re-
searchers employed two strategies. The first strategy is based on simulations and implies
the use of a dedicated simulation environment to model the controlled process together
with the control system using predefined blocks or blocks and functions designed and
developed by the researchers. The most popular software used to perform simulations
is MATLAB, which has specialized components like Simulink and Fuzzy Logic Tool-
box [118]. Other software found rarely in the papers included DIgSILENT, dSPACE, C++,
and PSCAD/EMTP. The second strategy used to show the efficacy and efficiency of the
proposed control methodology is physical experimental implementation. When approach-
ing the experimental assessment, the researchers used down-scaled and equivalent power
system models, signal generators, qualified measurement apparatus, dedicated sensors
and transducers, and specialized microcontrollers.

In the analyzed papers, we found studies that used simulations and papers that
utilized both simulations and laboratory (real-time) experiments. Figure 8 graphically
shows the yearly distribution of implementation strategies employed in the surveyed
articles. The chart’s columns underline the preference for simulations over hardware
laboratory experimentations, as software implementations represent more than 80% of the
total number of 135 implementation methods used in the analyzed papers.

& 16 N.A.
3
= 14 Software and Hardware
(oW
T 12 Other software
2 10 B MATLAB
°
> 8
o
5 6
)
'@ 4
) ||

<2009 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Year

Figure 8. Yearly distribution of published papers concerning the proposed control systems’ im-
plementation and testing. Software and hardware—simulations using MATLAB and laboratory
implementation; Other software—PSCAD/EMTP, dSPACE, C++, DIgSILENT; MATLAB—Simulink,
SimPowerSystems, Fuzzy Logic Toolbox.

Table 9 enumerates and briefly describes the 10 chosen papers from the final set that
clearly explain the implementation procedure and the obtained results. Another four papers
had detailed information about the implementation process, but they are not included in
the table below as they are already described in Table 8 [118], Table 7 [119], Table 6 [76],
and Table 4 [120].
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Table 9. Relevant papers considering the implementation of fuzzy-based systems.

Reference Description Implementation Efficiency
Voltage stablhty., active and. reactive RT-LAB experiments Efficiency testing considering diverse
[121] power control in island microgrid . . .
. MATLAB/Simulink operating states.
Fuzzy adaptive impedance controller
Adaptive virtual capacitor and
rotational lr;fll;;a (ign;tzol based on RT-LAB experiment (experimental Demonstrated by comparing the
[122] (virtual s chron}(])usg enerator VSG platform hardware in loop) proposed method with the traditional
v 8 MATLAB/Simulink VSG control.
strategy) for frequency and voltage
stability
Simulation testing—Proposed method
Modified adaptive fuzzy control with Experl.mental setup—APF prototype versus two improved sl;dmg-mode
[123] APF for power quality improvement with the proposed controller control strategies.
P 1 ymp MATLAB/Simulink Hardware testing—Efficiency testing
considering various conditions.
DPC is applied to parallel active . S1mglat1§n—Demonstratid by ith
[124] Hltering using type-1 fuzzy Laboratory experimental setup comparing the proposed method wit]
MATLAB/Simulink the conventional DPC strategy.
to decrease THD 07
Hardware—Before and after filtering.
. e . . . . Software—Results obtained when
Harmonics mitigation using Laboratory implementation using P
. oy . considering APF + fuzzy control, APF
- three-level inverter-based APF digital signal processor and - -
[125] . , without fuzzy, and without
controlled by fuzzy-based dwell-time experimental setup d P d af
allocation algorithm (type-1 fuzzy) MATLAB/Simulink APFHardware—Before and after
connecting APF+ fuzzy control.
Selective harmonic compensation Proposed method vs. hysteresis,
[126] using microcontroller fuzzy-based Laboratory hardware testing “predictive 1” and “predictive 2”
control control.
Harmonics current compensation The proposed method's results
. P MATLABI/Simulink and compared the obtained results
[127] using APF controlled by three type-1 . . . .
SimPowerSystems toolbox simulating the system without the
fuzzy controllers
APF and fuzzy control.
Fuzzy-PI current control of Results obtained with the proposed
[128] DSTATCOM for power quality MATLABI/Simulink method vs. results obtained using a
improvement simple PI controller.
Stability improvement in an island
microgrid using a battery storage
[129] system controlled by a fuzzy DIgSILENT Power Factory software Proposed method vs. robust control.
controller
Harmonic current compensation MATLAB/Simulink Results obtained with the proposed
[86] using hybrid power filter, P-Q theory, Hardware implementation using method vs. results obtained using a
and fuzzy control FPGA simple PI controller.

3.2.7. Assessing Efficiency and Improvements

When demonstrating the efficiency of the proposed methods described in their pa-
pers, researchers chose one or more of the following four strategies enumerated below to
compare the results obtained using their control methods with the results obtained when
(1) no control system was employed or no PQ improvement device was utilized [87], (2) a
conventional PI, PID, or control method was used as the control system [111], (3) a simple
(less efficient) version of the proposed method was employed [130], or (4) other methods
proposed in similar studies from the literature were used [131].

The chart in Figure 9 illustrates the yearly distribution of the efficiency demonstrations
of the four strategies enumerated above. As some papers contained more than one testing
strategy [131], the number of methodologies is greater than the number of papers.



Appl. Sci. 2024, 14, 4468

17 of 28

Number of papers

]
L=

o
Ln

[t
Ln

—
L)

i

[ |
mv
IV
l II1
i : |I||| | II II -
ml
<2009 2009 2010 2011 2012 20103 2014 2015 2006 2017 2018 2019 2020 2021 2022 2023

Year

Figure 9. Yearly distribution of efficiency testing strategies in published papers. I—no control;
II—PI/PID; Ill—other fuzzy; IV—literature methods; V—experimental.

Fuzzy logic’s strength lies in its capability to work with the nonlinearities of complex
systems and the fact that no mathematical description of the control process is necessary, so
only the knowledge and experience of experts are needed to provide the data to build an
operative FCS [131,132]. However, a classic (type-1) FLC proved deficient when working in
the presence of uncertainty factors [130]. This is the reason why many researchers studied
and proposed the use of enhanced hybrid fuzzy-based controllers to obtain superior results,
for example, the combination of an FLC and a PID controller, where the FLC is used to tune
the three constants of the PID controller [68,75,133], or the use of evolutionary algorithms,
like particle swarm optimization [74,134], to improve the parameters of the control system.

Figure 10 presents the results (number of papers per year) of the analysis of the final set in
relation to the efficiency-improving methodologies used by the researchers in their studies.
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Figure 10. Yearly distribution of published papers concerning methods of efficiency improvement.
A—no improvement; B—improvement using PI/PID/hysteresis; C—improvement using optimization
algorithms; D—improving the features of FLC; E—improvement using other methods (adaptive, unified).

Another aspect that we considered in the analysis was the FLC’s efficiency testing
and improvement concerning the fuzzy controller’s features (Sections 3.2.2 and 3.2.3), as
in [132], where the authors present the difference between the Mamdani and T-S strategies
when controlling an SVC for power factor reduction. From the 135 papers of the final set,
as underlined in Figure 10, only 12 papers contained this type of FLC efficiency-improving
methodology.

Table 10 describes 10 studies that focused on the efficiency of the fuzzy control assess-
ment and improvement. The information in the table gives a general description of the
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selected papers, information on the efficacy testing technique, and a detailed presentation
of the efficiency testing and improvement method for each proposed FLC.

Table 10. Relevant papers assessing and improving the efficiency of the proposed FLCs.

Reference Description Efficacy Efficiency
[63] Frequency control using optimized Simulations Comparison with type-1 fuzzy and PI
type-2 fuzzy controller
LFC in power systems with Development and comparison of a
[130] wind-generation units using robust Simulations simple type-1 fuzzy controller with the
fuzzy controller proposed hybrid fuzzy controller
) Online frequency regulation using . . The proposed method vs. three methods
[64] fractional-order type-2 fuzzy Simulations proposed in the literature
APF controlled by hybrid (inverted error Development of both fuzzy controllers
[135] deviation) fuzzy controller for decrease Simulations and experiments (type-1 fuzzy and hybrid) and
in harmonics comparison with a classic PI controller
Frequency control.m a microgrid wit h . . The proposed method vs. conventional
[136] multiple types of distributed generation Simulations PI and classic type-1 fuzzy PI controller
using hybrid type-2 fuzzy PI ype-1 fuzzy
Frequency dev1at19ns and ﬂ,ICker 1ssues Results obtained with the proposed
solved using a hybrid (genetic algorithm . . .
[137] o Simulations method compared with the results
optimizer) FLC that controls the . .
obtained without control
generators
SVC is controlled using fuzzy-PI and . . Comparison with the classic type-1
[138] grey theory to improve voltage Simulations .
a LT fuzzy and without the control system
uctuation issues
Comparison between PI-like fuzzy
D-STATCOM controlled by different . . controller, PI gain schedul?df w2y
[139] . . Simulations controller, and hybrid
topologies of FLC for decrease in THD
fuzzy-PI controller
Fuzzy load frequency control with Comparison with the classic PI
[140] auto-tuned membership functions and Simulations controller and a hybrid fuzzy controller
fuzzy control rules (FLC + particle swam optimization)
Direct adaptive fuzzy logic control for The proposed method’s results compared
[55] load frequency regulation in multi-area Simulations with a classic PID and a type-2 fuzzy

power system

controller

4. Discussion

The analysis of the literature in the field of PQ improvement using FCSs highlights the
potential of fuzzy logic in solving complex problems of modern power systems, including
frequency, voltage, reactive power, harmonic distortion, and voltage unbalance control
issues. Next, we focus on relevant solutions to solve these issues and future directions.

Frequency control is an essential aspect of modern power systems and is closely related
to connecting distributed generation units to the grid, operating isolated microgrids, and
interconnecting different areas of power systems.

Isolated microgrids that contain fluctuating generation sources (such as PV, wind, and
hydro) and energy storage systems (EESs) often experience frequency fluctuations. To
address this issue, researchers have used fuzzy logic to control EESs and loads, as demon-
strated in [68,129,141]. Simple multiple type-1 fuzzy controllers were applied in [129,141].
Indeed, the authors of [141] use four FLCs to control the battery, dump load, load, and
whole system, while [129] proposes two FLCs for active power and reactive power control,
respectively. Mukherjee in [68] improved the proposed fuzzy-PID controller by tuning the
PID parameters using a harmony search algorithm. These studies prove the effectiveness
of FCSs through simulations by employing MATLAB [129,141] and DIgSILENT PowerFac-
tory [129]. Efficiency is demonstrated by comparisons with other literature solutions [141],
including simple PID [68] and robust control [129]. The comparison with the other methods
showed that the fuzzy approach does not give frequency ripples as the robust control [129],
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and the FOD performance analysis’s results are superior in the case of fuzzy PID (0.21 with
1% increase in load demand), contrary to PID (0.68 in the same conditions) [68].

Frequency stability using improved FCSs when interconnecting multi-area power sys-
tems is the aim of many researchers. Thus [63,64,71,136] used simulations to demonstrate
the efficacy of their hybrid type-2 fuzzy controllers and compared their proposed methods
with type-1 fuzzy controllers. Aluko and his colleagues in [71] combine the UIO (Uknown
Input Observer) with interval type-2 control to increase the stability and the unknown
input aspect. They demonstrate in their work that the proposed type-2 FLC deals much
better with undershoot frequency deviations than type-1 FLCs and PI controllers. The
authors of [136] describe the combination of an interval type-2 FLC (two inputs and two
outputs), a PI controller, and a dynamic selector switch to build a hybrid control system
that decreases frequency ripples (maximum overshoot (MO) 0.1), contrary to type-1 fuzzy +
PI (MO-0.51) and PI control (MO-0.56). The authors of [75,140] use optimization algorithms
(TLBO—teaching learning-based optimization; and ABC—artificial bee colony) to adapt the
parameters of the controllers. The researchers prove in [75] that their TLBO better tunes the
proposed fuzzy-PID through a filter controller than a GA (ITAE = 2.74) and other methods
from the literature (fuzzy PD-PI—IATE = 0.17), as the proposed method gave the lowest
error (ITAE = 0.0976). The ABC algorithm tunes the two FLCs used in [140] better than
PSO (particle swam optimization), as the ISE is 3.75 for ABC-FLCs and 4.25 for PSO-FLCs,
and the Pl is 30.13. Smart fuzzy control that solves uncertainty factors by dealing with the
FLC’s outputs and values differently is proposed in [130]. Experimental validation using
test setups is presented in [75,122], whereas [102] shows real-time efficacy justification. In-
deed, a large-scale real-time laboratory simulation is used in [102] to compare the methods
described in the paper. Thus, the BAAL (balancing authority ACE limit) for the proposed
universe variable FLC was 94.84%, better than the adaptive FLC (BAAL = 92.36%) and the
improved PI (BAAL = 89.06%) [102].

Maintaining voltage levels between the standard limits is a desiderate of electricity
utility companies, as this aspect is required for power systems’ safe operation and the
normal functioning of electricity consumers’ installations and apparatus. Thus, voltage
control is necessary in cases of voltage sags or swells, voltage fluctuations, and variations.
These scenarios appear in several situations, for example when connecting distributed
generation units, as presented in [94,142,143]. A STATCOM regulated the voltage in a
wind power system being controlled by a type-1 (two inputs—two outputs) fuzzy controller
and gave superior results than a PI controller in a simulation study [143]. The authors
of [142] demonstrated using simulations that a multi-mode fuzzy (three type-1 FLCs with
three inputs and one output) controller that controlled an inverter in a power system
with high-ratio PVs was better at suppressing voltage variations than a simple fuzzy
controller and a simple multi-mode controller. The results showed that the multi-mode
+ fuzzy controller had a voltage offset equal to 12.23, and the simple fuzzy approach
had a voltage offset of 34.46. Fuzzy-based reactive and active power control is proposed
in [94] to regulate voltage considering an on-load tap changer and distributed generation
units. Simulation and hardware in-loop tests demonstrated the superiority of the proposed
method in comparison with a simple version of the control system. The authors of [119]
present two FCSs (adaptive tap control and adaptive reference control) that command
power transformers dedicated to voltage control, considering simulations with real data
and real-time experimental tests. The adaptive reference control was the superior method.
Voltage sag and flicker reduction using a hysteresis fuzzy control that drove the EES showed
superior voltage stability in simulations than in a scenario without the control system [103].
The authors of [72] developed a self-tuned fuzzy-PI controller for a DVR and demonstrated
through simulations that the proposed method better mitigated severe voltage sag.

Decreasing harmonic distortions of voltages and currents is solved using APFs, which
in many cases are upgraded by FSCs to better serve their purpose. This situation is found
in [88], where the authors designed a thyristor-controlled LC-coupling hybrid APF and
used a hysteresis FLC to adjust the parameters of the filter for THD reduction in medium-
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voltage-level systems. The results showed a switch loss decrease of 38% compared to using
hysteresis control with a fixed band. In [84], the authors proposed an auto-tuning scheme
based on an FLC to automatically calibrate the APF’s control coefficient and maintain
the voltage’s THD within the standard limits in wind farms. Furthermore, an adaptive
fuzzy method with a supervisory compensator for a three-phase APF is described in detail
in [95]; more specifically, the authors use a Sugeno FLC, an adaptive law and supervisory
controller, to reduce the THD from 24.71% to 1.72%. The efficacy assessment was performed
using both simulations and experiments from [73,76,96,123]. The researchers in [73] used
a hybrid FCS that contained a Takagi-Sugeno type-1 fuzzy controller to automatically
switch between a PI and fractional-order PI controller. This approach gave greater results
than employing only a PI controller, as the THD reduced from 55.8% to 2.4% and 5%.
An adaptive hysteresis FLC has proven to give superior outcomes than a PI controller
under various scenarios [75]. The implementation of a modified FLC on a microcontroller to
control a shunt APF is described in [96]. The authors of [76] upgraded a repetitive controller
with fuzzy logic, obtaining an adaptive version that showed better performance than the
fixed repetitive version. This was clear, as the harmonic distortion factor decreased from
35.1% to 3.1%. The authors of [123] describe a modified adaptive FLC—more specifically,
a Lyapunov-based fuzzy control. The authors compare the proposed controller with two
methods from the literature through simulations. Additionally, they built a prototype
that was tested in the laboratory. All tests showed that the proposed method was better,
reducing the THD from 26.04% to 4.14%.

Reactive power control plays a crucial role in maintaining voltage control and power
system stability. Hence, researchers often associate reactive power regulation with voltage
variations and develop control systems that solve both issues simultaneously. This is the sit-
uation in [83], where the authors used a type-1 FLC to control the reactive power produced
by distributed generation units. Similarly [144] describes the use of a type-1 fuzzy to adjust
the SVC’s capacitance for better control of reactive power and voltage control. In [145],
a fuzzy self-tuning PI control together with two other regulation methods performed a
three-layer coordinated reactive power compensation, and the results showed the better
stability of reactive power variations than a PI-based control strategy. The reactive power
control in power systems with wind generators is reflected in [93,133]. A fuzzy-PID where
two FLCs give the k parameters of the PID controller plus a modulated hysteresis method is
proposed in [133], and the authors show that the proposed method gave a 50.23% reduction
in reactive power ripples in comparison to the conventional approach. A type -1 fuzzy with
three inputs and one output is described in [93] to reduce the ripples of reactive power.
All these studies used simulations to demonstrate the efficacy of the proposed methods
and compared the FLCs with conventional approaches, i.e., the sensitivity method [83],
no control [144], PI control [73], and conventional control [146]. Indeed, in [146], the
fuzzy-based approach reduces the reactive power ripples by 40.5% in comparison with
the conventional method (direct power control). For electricity consumers, reactive power
control is significant as they must maintain the power factor at the connection point within
a certain limit. Thus [132] presents an FLC that controls an SVC, and shows using MATLAB
simulations the difference between the Mamdani and Takagi-Sugeno inferences strategies.
In [147], the author describes an active power factor correction scheme that contains a boost
converter controlled by an FLC with parameters optimized by a pattern search algorithm.
According to simulations, the proposed method is effective and more efficient (PF = 0.99987,
THD = 1.65%) than a PI controller (PF = 0.99945, THD = 2.35%).

Unbalanced three-phase voltages and currents is an issue that appears in three-phase
power systems. In the literature, this problem is treated together with other PQ issues
that often occur in single-phase power systems as well. For example, the authors of [99]
demonstrated, through simulations, the usage of a three-phase shunt APF controlled by
a self-tuning control system containing an FLC in decreasing the THD and balancing the
three-phase systems of currents and voltages. The authors of [148] present an adaptive
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hysteresis and FLC that controls a three-phase APE This PQ improvement system proved to
give superior results in simulations and experimental laboratory tests than a PI controller.

Considering a holistic approach to PQ improvement, that is, a reduction in all PQ
disturbances, the selection of a proper control apparatus is essential. The literature demon-
strates that using UPQCs controlled by hybrid FCSs is an excellent choice. The authors
of [87] present the use of three type-1 fuzzy controllers to obtain switching signals for
PWM logic control that command the UPQC. Simulations showed the efficacy of the pro-
posed method in reducing THD (current from 26.58% to 5.76, and voltage from 46.93%
to 3.67%), voltage sags/swells, and unbalance. A multi-feeder UPQC controlled by two
FCSs is described in [67], in which a type-1 fuzzy and a fuzzy-PI controller are designed
and compared through simulations. The hybrid FCS performed better in decreasing THD,
unbalance, and voltage variations. The authors of [113] propose a hybrid FCS that uses
two FLCs (Mamdani and Takagi-Sugeno) and the feedback integral phase-locked-loop
(PLL) strategy to control a UPQC. They showed the results of the experimental assessment
which proved that their method is superior to a Takagi-Sugeno-modified PLL technique in
improving harmonic distortions, voltage sags, and unbalance. Indeed, with the proposed
method, the THD was 2.13%, and the Takagi-Sugeno method gave a THD of 3.56%.

The tendency in recent years has been to study and propose fuzzy control inverters
that connect distributed generation units but also reduce PQ issues. For example [100]
describes a fuzzy space vector pulse-width modulation technique to control the inverter
and improve PQ in a microgrid, without the need to depend on the utility grid. The
proposed method efficacy was tested through simulations and plotting voltage, frequency,
harmonics, and reactive power characteristics. The authors concluded that their method
is superior to the conventional ST-PWM control, as the THD was 1.18% in comparison to
1.53%, and there were less ripples in reactive power. An FLC-based Improved Second-order
Generalized Integrator (I-SOGI) scheme that controlled the assembly of a Z-source inverter
that compensated a DVR solved PQ issues like balanced and unbalanced voltage sags,
swells, and harmonics [131]. Additionally, the authors used the FLC (2 inputs-3 outputs) to
tune the PID controller’s k parameters. The simulation showed that the proposed method
gave better results than other approaches from the literature. The proposed method’s THD
was 2%, and the results for the other methods were as follows: ANN—7.5%; RFA—5.5%;
and ASO—4%.

Based on the literature review, it can be noted that type-2 and hybrid fuzzy controllers
are more effective in improving PQ. Additionally, the use of membership functions that are
tailored to a range of quantities, such as the type, width, and nucleus of membership func-
tions, selected after careful examination, has also demonstrated better outcomes. Similarly,
the defuzzification method and inference strategy have a significant impact on the results.
For future directions in PQ improvement using FCSs, researchers should consider the use
of UPQCs and other similar devices that address a large range of PQ issues.

5. Conclusions

This paper presents a comprehensive review of fuzzy-based control system applica-
tions for PQ improvement, highlighting the importance of efficacy demonstration, efficiency
assessment, and improvement for FCSs. A proposed literature classification outlines seven
criteria for evaluating papers that examine the characteristics of FCSs and PQ issues. The
classification also presents statistics and tendencies in this area. Additionally, the most
pertinent papers are selected and described in detail to provide a comprehensive overview
of the subject matter.

Control systems that use hybrid fuzzy control and employ adaptive functions, op-
timization algorithms, and self-tuning techniques have been found to provide the best
results for addressing specific issues. Such approaches have been proven to be superior to
conventional and simpler fuzzy-based control methods.

To ensure the effectiveness of FCSs, it is crucial to conduct efficacy testing using
a combined approach of simulations and experimental tests. This approach provides a
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more comprehensive understanding of the system’s performance, which is essential for
ensuring the safety and reliability of FCSs. To enhance the efficiency of FLCs, it is important
to explore all features and inference strategies and make sure they are the right choice
for the application. To demonstrate the efficiency of the proposed methodologies, it is
imperative to explore the various simulation methods mentioned in the literature and
conduct experimental tests that cover a range of scenarios. By doing so, we can gain
valuable insights that can help us optimize our processes and achieve better results.

This study has relevant implications not only for researchers, but also for participants.
From an academic point of view, the main contributions of this paper are linked to the
characteristics of fuzzy-based control systems, in particular, aspects regarding the structure,
features, and inference strategies of FLCs, as well as combinations of fuzzy logic and
other techniques that increase the performance of control systems. Additionally, the paper
presents an analysis of the literature regarding efficiency testing, thus helping researchers in
understanding new directions and tendencies. From a practitioner’s viewpoint, this work
presents studies from a more practical point of view, focusing on PQ issues and control
devices, and including studies that describe experimental implementations and prototypes.

In conclusion, maintaining PQ within standard limits is crucial for power systems.
However, due to the unpredictable and nonlinear nature of power systems, it is challenging
to achieve this. Fuzzy logic, along with optimization techniques and adaptive strategies, is
an appropriate approach for improving PQ. This work aims to simplify the understanding
and use of fuzzy logic control in power quality issues and power quality control devices.

Regarding future directions for research, we consider further assessing published
research that focused on power quality control using ANFIS and similar methodologies
(data-driven fuzzy-based control) that were omitted in this research.
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Abstract— The research presented in this article had as
objective to analyze how diverse types of fuzzy numbers,
decision-making and defuzzification methods affect the
efficiency of an FLC dedicated to reactive power compensation.
The opening step of the research was to develop a model for the
electricity consumer and determine the needs regarding the
reactive power compensation. Next, the fuzzy logic controller is
designed and diverse types of fuzzy numbers, decision-making
and defuzzification methods are used, to decide upon the more
appropriate ones. In the research MATLAB/Simulink and
MATLAB/Fuzzy Logic Toolbox were employed to realize the
simulations and testing of the fuzzy logic controller. The analysis
uses twenty-four variants of the FLC, and the results show that
the type of fuzzy sets affect the most the efficiency of the
analyzed FLC.

Keywords—  reactive power compensation, electricity
consumer, fuzzy logic control, fuzzy sets, shunt compensation

1. INTRODUCTION

The reactive power compensation at consumers iS a
practice used to control the power factor and rise its value
above the imposed threshold (by Romanian standards is 0.9).
This is because electricity consumers (except domestic and
the ones connected with them) will pay differential for their
electrical energy consumption in accordance with the value
of the power factor. Power factor is strictly connected to the
circulation of reactive power, which on the other hand is a
cause of the functioning of inductive and capacitive elements
of the power systems [1].

The reactive power circulation is a characteristic of AC
power systems. However, a large quantity of reactive power
that moves though the power system can cause instability and
diminish the quantity of active (useful) power that reaches the
consumers. This is the main cause that leads the electricity
consumers to use different methodologies and devices to
offset the reactive power caused by their loads [2].

Power engineers and researchers study the problem of
reactive power compensation and power factor correction,
and it is related to power quality. Reactive power
compensation, known in literature as VAr compensation is
the management of reactive power [3]. The VAr
compensation at consumers’ side one can make using shunt
compensation that provides reactive power near the resistive-
inductive loads, thus the line current is minimized, so the
power losses decrease, and voltage is stabilized at the load’s
terminals [4].
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Fuzzy logic is an Artificial Intelligence Technique that
copies the logic manner of humans when solving problems.
It also has the capability to work with uncertainties, thus
being ideal to deal with real data that one often finds in power
systems [5]. The most successful and feasible applications in
power systems of fuzzy logic are in control. Consequently,
there are articles that propose fuzzy logic controllers (FLC)
for VAr compensation [6-20]. These papers present the
results of studies in which capacitor banks, SVCs,
STATCOMs and / or UPFC were employed and compared in
the process of VAr compensation. Additionally, the
researchers compared FLCs with simple PI (proportional-
integral) or PID (proportional — integral - differential)
controllers [6, 8, 9, 20]. In all literature, results show that
FLCs are more efficient than other controllers. In the research
described in [11] two distinct types of FLC, i.e., Mamdani
and Takagi-Sugeno-Kang, are used and evaluated. The
authors underline the superiority of the Mamdani approach.
In [15] the authors present the results of a simulation-based
study, in which they assessed a FLC using triangular and
trapezoidal fuzzy numbers. At the end, the conclusion was
that the use of trapezoidal numbers gives better results. The
above-mentioned studies do not analyze the influence of
diverse types of fuzzy numbers and defuzzification methods
on the FLC efficiency. Consequently, the research presented
in this article had as goal to analyze how diverse types of
fuzzy numbers, decision-making and defuzzification
methods affect the efficiency of a FLC dedicated to VAr
compensation.

The contributions of the research presented in this paper
are assessment of the impact of fuzzy logic numbers,
decision-making and defuzzification methods on the
efficiency of a FLC dedicated to the reactive power control at
consumers’ side.

The rest of the paper has the following structure: second
section, Background, contains aspects regarding VAr
compensation and fuzzy logic controllers. The third section,
Design of fuzzy logic control, describes the structure of the
FLC and diverse types of fuzzy numbers, decision-making
and defuzzification methods. The fourth section, Results and
Discussions, presents and analyzes the obtained results and
finally the fifth section, Conclusions, ends the paper with the
main findings of the research.
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II. BACKGROUND

A. Reactive power compensation devices

The simpler method to realize VAr compensation is by
using fixed steps capacitor banks (FCBs). Other electronic
based technologies for VAr compensation are the Static VAr
Compensators (SVCs), and the newest ones: Static
Synchronous Compensators (STATCOM), and Unified
Power Flow Controllers (UPFC). These devices are connected
in parallel with the loads, as Fig. 1 illustrates. One can observe
in the picture that the VAr compensator is a fixed capacitor
(FC) or an SVC that consists of a capacitor and reactor
switched using thyristors or a STATCOM that can have
diverse architectures. The role of the devices, indifferently of
their construction, is to inject in the common-coupling point
reactive power and balance it; thus, to have the power factor
above the required threshold. The control of these devices one
can does employ conventional controllers like PI / PID or
FLC. An example of FCBs controlled with thyristors that get
the firing angles from a FLC is proposed in [15]. The authors
from [11] suggest an SVC that is a combination of a TSC and
TSR for VAr compensation where the capacitor is simple-
switched, and the reactor is controlled with the help of the
thyristors to which the firing angles are fed by a FLC. Again,
[9] suggests simple FCBs that compose the VAr compensator
whose steps the authors control using a FLC.

B. Fuzzy logic controllers

Fuzzy logic controllers consist of three blocks: (1)
Fuzzification block, (2) Inferences block and (3)
Defuzzification block, which Fig. 2 illustrates. The
fuzzification block contains the fuzzy numbers for the data
that the FLC works with. The most utilized fuzzy numbers are
triangular and trapezoidal, due to their simplicity. But there
are other kinds of fuzzy numbers that one can use for the input
and output data. The choice of the types of fuzzy numbers
depends on the variations of the data that are being fuzzified.
Table 1 presents five types of fuzzy numbers with their
analytical and graphical representations. The Inferences block
contains rules which describe the relations between the inputs
and outputs. Here, during the functioning of the FLC, it is
described the way the rules should be analyzed, more
specifically how the key words “and,” “or” and “then” are
seen, as “minimum,” “maximum,” “summation” or “product”
(decision-making process).
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|
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Fig. 1. Principle of shunt VAR compensation at consumers’s side
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Fig. 2. Structure of a typical fuzzy logic controller
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a— Membership function of the fuzzy number from the fourth column

The defuzzification block is the FLC’s component that has
as input data the fuzzy surface obtained after the rules’
execution and outputs a single data that one can use further.
There are different methods to realize the defuzzification, like,
center of gravity, center of surface and heights methods.
Hence, when building and using a FLC, one must choose
between diverse types of fuzzy numbers, defuzzification and
decision-making methods; the choices differ on the
application of the FLC.

In literature, the most used method to present the
usefulness of FLC is by simulations. Addressing this
approach, one can employ the Fuzzy Logic Toolbox (FLT)
offered by MATLAB and assess it with the help of Simulink /
MATLAB. This methodology one can find also in [6, 9, 11,
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15, 20]. The FLT gives the possibility to use a wide variety of
fuzzy numbers, decision-making and defuzzification methods.
Consequently, in this research FLT is utilized, by employing
four types of fuzzy sets: triangular (“trimf” in FLT),
trapezoidal (“trapmf”), gaussian (“gaussmf”), and product of
two sigmoidal (“psigmf”) fuzzy sets; Min-Max, Max-Prod
and Sum-Prod decision-making methods and center of gravity
(centroid) and center of surface (bisector) [21]. Regarding the
decision-making methods that one can select with the help of
the “And method,” “Or methods,” “Implication” and
“Aggregation” fields (1 to 4 from Fig. 5), the FLC applies
three types of decision-making methods: Max-Min, Max-Prod
and Sum-Prod with the following characteristics:

e Max-Min: And methods is min, Or method — max,
Implication — min, and Aggregation — max.

e Max-Prod: And methods is min, Or method — max,
Implication — prod, and Aggregation — max.

e Sum-Prod: And methods is prod, Or method — sum,
Implication — prod, and Aggregation — sum.

Concerning the defuzzification methods (5 from Fig. 5),
the FLC utilizes two methods: centroid and bisector.

III. SIMULATION MODEL

To realize the analysis of the FLC, a Simulink model of a
distribution power system that the authors from [11] propose
is used. From Fig. 3 that illustrates the Simulink model, one
can observe a single-phase ac power source (230 V), an
electric line and three inductive-resistive loads connected to
the distribution system through switches, having the loadings:
Load 1 — P =650 W, Q =500 VAr; Load 2 - P =200 W, Q =
600 VAr; Load 3 -P =50 W, Q =200 VAr. The two switches
work as follows: the switch of load two is on at 0.4 s and off
at 1.2 s and the switch of load three is on 0.8 s and off at 1.6 s.
Fig. 4 pictures the variations of the active, reactive, and
apparent powers respectively, and the values of the power
factor at the loads side in the case that no VAr compensation
is made.

The model also includes a VAr compensator, more
specifically an SVC. The SVC contains two types of branches:
simple switched capacitors and a thyristor-controlled reactor
(TCR). The FLC, displayed in Fig. 5 controls the functioning
of the TCR. The functioning of the VAr compensator is as
follows: the capacitors that have the corresponding
capacitance to balance the reactive power of the loads are
switched on when the power factor is below the 0.9 threshold.
Next, the reactor with its inductance balances the capacitor
bank to maintain the power factor above 0.9. The FLC is the
component that gives the thyristors the correct firing angle to
obtain the matching amount of reactive power.

The fuzzy logic controller, named FLC_Q is of Mamdani
type and has two inputs and one output. The inputs correspond
to the reactive power and initial firing angle of the thyristors
and the output is the final firing angle for the thyristors. Fig. 6
and 7 illustrate the membership functions of the inputs and
output, and the fuzzy surface. The FLC is like the fuzzy logic
controller presented in [11]; the difference is that it uses
diverse fuzzy sets, decision-making and defuzzification
methods. More specifically, it uses the four memberships
functions above-mentioned, also the three decision-making
and the two defuzzification methods. Accordingly, the
research uses twenty-four variants of the FLC Q, with the

Electric Line

Load 1

L

e WA

Fig. 4. The variation of the active, reactive, aparent power and power factor
at loads side with no compensation
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Fig. 5. The structure of the Mamdani fuzzy logic controller. /-And methods,
2 — Or method, 3 — Implication, 4 -Aggregation, 5 — Defuzzification
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Fig. 6. Fuzzy membership functions of inputs and output for reactive power

observation that a variant contains a singular type of fuzzy
sets for both the inputs and output. Table 2 enumerates the
characteristics of the twenty-four FLCs.

The pictures from Fig. 6 and Fig 7 needs some
explanations: Fig. 6 displays the trapezoidal fuzzy sets of the
input 1 (reactive power Q) memberships functions; Fig. 7 A)
shows the Gaussian fuzzy sets of the input 2 (initial angle)
memberships functions; Fig. 7 B) illustrates the Product of
two sigmoidal functions fuzzy sets of the output (final angle)
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membership functions; and Fig. 7 C) displays the fuzzy
surface obtained when the inputs and output are using
triangular fuzzy sets for their memberships functions and the
decision-making method is the Sum-Prod method.
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gle

final_an

0

Fig. 7. Fuzzy membership functions of inputs and output for A) Initial
angle, B) Final angle, and C) Fuzzy surface

TABLE II. THE 24 Fuzzy LOGIC CONTROLLERS
Fuzzy sets * Decision-making Defuzzification
No method ” method ©
1 2 [ 3 4 1 11 111 A B
1 + + +
2 + + +
3 + + +
4 + + +
5 + + +
6 + + +
7 + + +
8 + + +
9 + + +
10 + + +
11 + + +
12 + + +
13 | + + +
14 + + +
15 + + +
16 + + +
17 | + + +
18 + + +
19 + + +
20 + + +
21 | + + +
22 + + +
23 + + +
24 + + +

2 1-trimf, 2-trapmf, 3-gaussmf, 4-psigmf.
b. 1 — Min-Max, [I-Max-Prod, [II-Sum-Prod.

© A-centroid, B-bisector

IV. RESULTS AND DISCUSSIONS

The first step of the analysis is to assess the FLC Q
applying the approach used in [15] and the data from [11],
named test-data. Fig. 8 illustrates the results that show the
output of the FLC Q and underline the accuracy of the
designed FLC. One can see that there is no distinction between
the results obtained by the authors from [11] and FLC_Q.

Next in the analysis, the FLC_Q’s twenty-four variants are
run on the test-data. The graphics from Fig. 9 demonstrate that
there are significant differences between the results. One can
detect that the type of fuzzy sets has the biggest influence upon
the FLC’s outputs. Between the FLC’s variants with the same
fuzzy sets, i.e., 1, 5, 9, 13, 17, and 21, the defuzzification
method has a greater impact, in comparison with the decision-
making method. Indeed, one can see minor differences
between 1, 9 and 17. But, in the case of other types of fuzzy
sets, i.e., 3,7, 11, 15, 19, and 23, it is the opposite. Thus, there
is a close correlation between the type of fuzzy sets and the
decision-making and defuzzification methods, that they are
associated with.
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Fig. 8. Comparison of the outputs of FLC_Q and test-data
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At the end of the research, the twenty-four variants of the
FLC _Q were used to control the VAr compensation in the
circuit from Fig. 3 and data (simulation-data) from Fig. 4.

Fig. 10 illustrates the output values when running the
FLC _Qs on the Simulink model. One can see that there are
differences between the results, principally in relation to the
fuzzy sets. This is evident especially during the intervals 0 —
045,08 —1.2s,and 1.6 - 2 s in all twenty-four scenarios.
Significant variations appear also because of the decision-
making methods, which have a bigger influence on the outputs
in contrast to the defuzzification methods. The 1.6-2 s interval
shows this aspect very clearly. Thus, analyzing the decision-
making methods’ results, one can observe that more
differentiations between the outputs appear in the case of the
Sum-Prod method, i.e., cases 17-24. Regarding the
defuzzification methods, the results show diverse tendencies,
that are related with the type of fuzzy sets.

Fig. 11 shows the power factor values, having as main
criterion the decision-making methods, then the
defuzzification and finally the types of memberships fuzzy
sets. The first thing that attracts the attention is that in not all
cases the FLC Q variants control properly the VAr
compensation, as the reactive compensator does not maintain
the power factor above the threshold of 0.9. This phenomenon
appears especially in the cases when the FLCs use gaussmfs
and psigmfs memberships functions (see cases 3, 4, 11 and
12). When comparing the defuzzification methods, the
bisector method gives better results than the centroid method
(see cases 4 and 8). Assessing the decision-making methods,
the Sum-Prod method gives the best results, whereas the Max-
Prod has the worst.
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Fig. 10. Comparison between the outputs of FLC_Q’s 24 variants using the
simulation-data. A) 1-8, B) 9-16 and C) 17-24
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Fig. 11. Comparison between the power factor’s values of FLC Q’s 24
variants using the simulation-data. A) 1-8, B) 9-16, C) 17-24

V. CONCLUSIONS

The paper presents an application of fuzzy logic control in
VAr compensation at the consumer’s side by employing
Simulink and Fuzzy Logic Toolbox from MATLAB, and the
analysis of the efficiency of the FLC. A simple single-phase
model and a Mamdani fuzzy logic controller are designed for
this purpose. The FLC has two inputs and one output; it
commends the firing angle of an SVC used in the VAr
compensation process. The FLC has twenty-four variants
obtained by combining four types of fuzzy sets (triangular,
trapezoidal, gaussian and product of two sigmoidal functions),
three decision-making methods (Max-Min, Max-Prod and
Sum-Prod) and two defuzzification methods (center of gravity
and center of surfaces). The efficacy of the FLC is evaluated
and demonstrated clearly. The results of the simulations
demonstrate that the FLC gives a reliable performance in the
power factor correction. The efficiency of the FLC’s variants
is evaluated and the results show that the type of fuzzy sets
influence the most the FLC’s efficiency. The defuzzification
and decision-making methods impact the FLC’s performance
depending on the type of fuzzy sets they associate with.

The contributions of the research presented in the paper in
comparison with the literature are the clear presentation of an
FLC’s features that one should consider when using fuzzy
logic control and the analysis of a FLC’s performance used in
VAr compensation regarding the controller’s characteristic
components.

The main conclusion of the study is that when designing
an FLC, one must study diverse types of fuzzy sets,

Authorized licensed use limited to: Universitatea Tehnica din Cluj-Napoca. Downloaded on September 25,2024 at 12:21:16 UTC from IEEE Xplore. Restrictions apply.



defuzzification and decision-making methods to determine the
most appropriate for the application.

A future work that the authors consider is the analysis of

the combination of diverse types of fuzzy sets in a FLC, as the
proposed FLC contains in a variant only a single type of
membership function.
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ABSTRACT

Due to the significant share of the induction motors (IMs) in global electricity consumption, the
study of the IM in different power supply regimes is the aim of this work. In practice, these electri-
cal receivers are not supplied from ideal voltage systems, therefore the power quality (PQ) is an
important aspect in analysing the operation of this type of motors. We proposed a methodology
for analysing the effects of unbalanced distorted voltages not only on the technical parameters
of the IM but also on the power supply as well as on the driven mechanical system. We identified
some dependencies, in analytical forms, between the sizes of interest and the considered PQ dis-
turbances. The results showed that the supply voltage disturbances have significant effects on
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the induction motor, both electrically and mechanically. These effects are amplified if the IM is

running at loads below 50% of the rated load.

1. Introduction

Power Quality (PQ) is an important aspect regarding
the electromechanical receivers due to the significant
share of these receivers in general electricity consump-
tion. Electric motors and the systems they drive are the
largest electrical end-use. Itis estimated that the electric
motor-driven systems (EMDS) account for more than
half of the electricity consumed worldwide [1].

Induction motors (IMs) account for around 70% of
the energy consumption of industry worldwide; thus,
improving their efficiency will reduce the global con-
sumption of electricity. There is a huge potential for
energy efficiency in EMDS - around 30% of EMDS elec-
tricity use could be saved cost-effectively — which would
reduce total global electricity demand by about 10% [2].

The mechanical speed of the IMis directly coupled to
the frequency of the supply voltage, which limits its flex-
ibility when supplied directly from the grid. Only about
25% of the installed IMs are supplied from power con-
verters [3]. For IMs supplied directly from the grid, it
is important to establish the tolerability limits for the
different PQ disturbances, and to identify those distur-
bances leading to power losses, both in the machine
itself and in the power grid.

The voltage unbalance represents a condition in
which the three-phase voltages (or currents) differ in
amplitude or displaced from their normal 120° phase

relationship or both [4]. This is a common situation
in three-phase systems, and the operation of an IM is
affected by the positive and negative sequence com-
ponents. The negative sequence currents create a flux
rotating in the direction opposite to the rotor. This flux
causes increased heating, additional losses, and addi-
tional torque operating in the opposite direction to the
torque produced by the positive sequence flux [4].

Harmonics is another common phenomenon in
power systems. A harmonic is defined as a compo-
nent with a frequency that is an integer multiple of
the fundamental frequency [4]. Rotating machines are
exposed to thermal effects from harmonics. Additional
torque ripples are induced by the interaction between
the fundamental component of the air gap flux and
the harmonics currents, of the positive and negative
sequences [5].

There are many studies about reducing losses and
increasing the efficiency of the IM. For instance, the
increasing of the IM efficiency can be achieved at every
design parameter of the machine, and the PQ of the
power supply should also be considered. The impact of
voltage unbalance on the performance of the IMs and
the systems they drive was studied [6-11].

The effect of two voltage unbalance conditions on
the losses in the core of the IM was analysed [12]. The
results showed that the positive sequence voltage level
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has more influence on the core losses of the IM than
the voltage unbalance. Whereas the effects of the posi-
tive, negative, and zero components on the torque and
efficiency of the three-phase IM were evaluated [13].
Moreover, the effects on the operation performance of
an IM for different unbalanced situations, considering
both the negative and positive sequences are analysed
[14-16].

There was a procedure presented [17] that was based
on the equivalent circuits with losses segregation and
using a bacterial foraging algorithm (BFA). The addi-
tional harmonic losses of the IM with the machine initial
efficiency rating are evaluated in [18,19]. It was found
that the increase in losses is higher in the SCIM IE3 than
in the SCIM IE1. The derating factors for IM when sup-
plied with harmonics are studied in Ref. [20]. They stated
that for lower loading of the IM, the derating factors, like
the NEMA MG1 or the IEC 60034-17, can underestimate
the losses.

Prior research cover algorithms for efficiency estima-
tion of IMs operating with unbalanced and distorted
voltages [21,22]. In addition, the effects of harmonics
and voltage unbalance on the useful life of electri-
cal motors are presented using a simplified equivalent
circuit to calculate the additional heat losses caused
by power supply distortions [23]. The electromagnetic
loss properties of the induction motor under unbal-
anced and distorted supply voltage were studied also
[24].

Another study presented a comparison of the life
expectancy of IE2, IE3, and IE4 Class motors under the
distorted unbalanced power supply [25]. They stated
that the high-efficiency motors offer an increased level
of reliability and reduced maintenance requirements.
The effects of voltage unbalance and harmonics on the
losses of the IMs in different efficiency classes were stud-
ied [26]. It was concluded that the losses of the IM due
to voltage unbalance and harmonics are greater in the
higher efficiency class of IMs.

However, many of the above-mentioned studies
that are based on practical experiments usually have
the percent voltage unbalance or harmonic content
introduced by a programmable power supply. Even
if the practical setups for simulating the mentioned
disturbances are chosen to reproduce common situ-
ations encountered in industry, it is not enough to
achieve a systematic simulation of the PQ disturbances,
considered.

In our previous work [27], we analysed the harmonic
consequences on the IM. The harmonic distortion of sta-
tor current, the electromagnetic torque, the power fac-
tor (PF), and the efficiency of IM, operating in harmonics
were followed.

In this work, we propose a systematic analysis of the
effects of voltage unbalance and harmonics on the IM.
For analysing the IM operating under unbalanced dis-
torted voltages, we consider the following hypothesis:

Table 1. Parameters of the IM.

Symbol Quantity Value

Py nominal power 4 kW

Vn nominal line-to-line voltage 400V

fn nominal frequency 50Hz

Np rated speed 1430 rpm
R stator resistance 1.405Q
Lys stator inductance 0.005839 H
R,’ rotor resistance 1.395Q
L,,’ rotor inductance 0.005839 H
Lm mutual inductance 0.1722

J inertia 0.0131kg-m?
F friction factor 0.002985 N-m:-s
P pole pairs 2
(o7 nominal power factor 0.82

Mn nominal efficiency 88.5%

— The reference case, when the stator of the IM is
supplied from balanced sinusoidal voltages, at grid
frequency; the motor operates static at determined
constant torque and speed.

— The case when the IM is supplied from unbalanced
sinusoidal voltages.

— The case when the IM is supplied from balanced
non-sinusoidal voltages.

— The case when the IM is supplied from unbal-
anced non-sinusoidal voltages, at different load
percentage.

Section 2 presents the methodological aspects, and
Section 3 is devoted for analysing the simulation results
of the IM operating under different unbalanced con-
ditions. Section 4 presents the consequences of the
harmonics on the IM behaviour. The results obtained
for the case when the IM is supplied from unbal-
anced distorted voltages are presented and discussed
in Section 5. Finally, the conclusions and future research
are presented in Section 6.

2, Methodological aspects
2.1. Modelling of the IM

We used the MATLAB/Simulink programming environ-
ment to simulate the IM under voltage unbalance and
harmonics. We chose a medium-size squirrel-cage IM
with a nominal power of P, = 4kW. Stator and rotor
windings are star connected to an internal neutral point.
The parameters of the IM are presented in Table 1.

The physical model is linear, regarding the induc-
tivities, which are considered constant, so the phe-
nomenon of saturation of the magnetic circuit is not
considered here. The effective power factor (PF) for
a three-phase non-sinusoidal and unbalanced system
was calculated from the relation

P P

PP =
Se 3Vl

(1
where P is the total three-phase active power, includ-
ing each frequency component, in W; S, is the effective
apparent power in the three-phase system, in VA; V, is



the equivalent three-phase voltage, in V; I is the equiva-
lent three-phase current, in A. The expressions for effec-
tive three-phase voltage and current shall be calculated

from
V2 4+ V2 4+ V2
Vo=, 2—b € (v (2)
3
2+ 12+ 12
=\ —F5—® (3)

where the voltages and currents represent the total
rms phase values, including the fundamental and the
harmonic content.

For the efficiency of the IM, we used the direct
method, calculated as

P Py —
out 100 = M _Pm 100 (%) )

n n
where Pyt represents the output power, in W; Py, is the
active input power, in W; Py is the total power devel-
oped by the motor, in W; and pn, is the mechanical
losses, in W.
We compute the output power with the equation

Py =Te - om (W) (5)

where T, is the electromagnetic torque, in N-m; and
wm is the angular velocity of the rotor, in rad/s. The
mechanical loss is determined from

pm = F - @2, (W) (6)

with F represents the friction factor, in N-m-s.

2.2. Voltage unbalance

The rigorous appreciation of the unbalance regime can
be made only with the symmetrical components, deter-
mined on the Stokvis-Fortescue Theorem. The voltage
unbalance factor (VUF) was calculated with the follow-
ing relationship [28]

neg

VUF = V— -100 (%) (7)
Vpos
where Vpneq is the negative sequence voltage com-
ponent and Vpos is the positive sequence voltage
component.

We analysed the effects of the unbalance regime
on the IM for VUF € 1, 2, 3, 4, 5%. Given that for the
same value of VUF there are possible several situations,
we considered three different conditions for each value
of the VUF (1) different amplitudes and equal phase
shifts; (2) equal amplitudes and different phase shifts;
and (3) different amplitudes and different phase shifts.
Because the magnitude of the positive sequence influ-
ences the IM behaviour differently for the same VUF,
the above-mentioned unbalance conditions were cho-
sen with the relation between the positive sequence
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Table 2. VUF and the three-phase supply voltages for different
types of voltage unbalance.

Unbalance
Conditions VUF (%) V, vy V.
different ampli- 1 21520°  211.354-120°  207.7.£120°
tudes, equal 2 222,07 212014-120°  207.57.£120°
phase shifts, 3 22940° 213241200 207.25/120°
Vpos < Vphn 4 237/0° 216.14£-120°  207.38/120°
5 246/0° 222.14/-120°  207.38./120°
equal amplitudes, 1 230£0° 230£-119° 230£122°
different 2 230£0° 230/-122° 230£116°
phase shifts, 3 230£0°  230£-123° 230£114°
Voos = Vohn 4 230£0°  230£-1239° 230£1122°
5 230£0°  230/-1249°  230/1102°
different ampli- 1 240£0° 2352/-119.7° 232.8£120.6°
tudes, different 2 24040° 235.2/-118.3° 232.8/123.4°
phase shifts, 3 240£0° 2352/-117.3° 232.8£125.4°
Vpos > Vohn 4 240.0° 2352/-116.2° 232.8/127.6°
5 240£0° 2352/-115.1° 232.8£129.8°

component and the nominal phase voltage V), as
follows:

(1) different amplitudes and equal phase shifts, with
Vpos < Vphn,'

(2) equal amplitudes and different phase shifts, with
Vpos = Vphn;

(3) differentamplitudes and different phase shifts, with
Vpos > Vphn-

The considered unbalanced scenarios, for simulat-
ing the IM under voltage unbalance, are presented
in Table 2. In the table are shown the modules and
displacement angles of the three phase-to-neutral
voltages.

2.3. Harmonics

Harmonic distortion of a non-sinusoidal waveform can
be determined by calculating the total harmonic distor-
tion (THD), which represents the ration between the rms
of the harmonic content and the rms value of the funda-
mental, expressed as a percent of fundamental, with the
relation [28]

hmax y/2
h=2 Yh

THD = -100 (%) (8)

1
where Y}, is the rms of the harmonic component of h
order of quantity Y, which can be a voltage or current
waveform. For analysing the IM behaviour under har-
monics, in the supply voltages we superimposed har-
monics of order h € 5, 7, 11, 13, over the fundamen-
tal. The harmonics of the 5th and 11th orders are of
negative sequence, and the 7th and 13th orders are of
positive sequence. Firstly, we injected each considered
harmonic one by one, and then combinations of them,
with THDy € 5,10, 15, 20%, as presented in Table 3. The
total rms value of voltage, including the fundamental
and the harmonics, was maintained at nominal value.
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Table 3. Harmonic content in the supply voltage.

Harmonic Orderh Vj (% of fund.) V5 (V) V4 (V) THDy (%) Vims (V)

57,11;13 5.0 1149 22971 5 230.0

10.0 22.88 228.85 10 230.0

15.0 3411 227.40 15 229.9

20.0 45.07 22535 20 229.8

5+7) 4.0 9.20 229.71 5 230.0
3.0 6.90

(5+7) 8.0 1840 228.85 10 230.0
6.0 13.80

5+7) 12.0 27.60 227.40 15 230.0
9.0 20.70

(5+7) 16.0 36.80 22535 20 230.0
12.0 27.60

5+7+11413) 39 9.00 229.71 5 230.0
2.6 6.00
13 3.00
0.9 2.00

5+7+11413) 7.8 18.00 228.85 10 230.0
5.2 12.00
2.6 6.00
1.7 4.00

5+7+11413) 11.7 27.00 227.40 15 230.0
7.8 18.00
3.9 9.00
26 6.00

5+7+11413) 15.7 36.00 225.35 20 229.9
10.4 24.00
5.2 12.00
35 8.00

Table 4. VUF and THDy of the selected scenarios.

THDy (%)
VUF (%) 5 10 15 20
1 S1 S2 S3 S4
3 S5 S6 S7 S8
5 S9 S10 S11 S12

2.4. Unbalanced and non-sinusoidal voltages

We chose to simulate the IM behaviour up to these limits
of VUF = 5% and THDy = 20%, even if they exceed the
admissible values from standards, because these limit
values may occur in practice [29]. For studying the IM
supplied from unbalanced distorted voltages we con-
sidered the following combinations of the VUF and THD,
as presented in Table 4. For the unbalanced type, we
used the case with different amplitudes and symmet-
rical angles with Vpos < Vpp. In the case of harmonic
content, we considered that in the voltage waveforms
are present both harmonics of orders 5 and 7, having the
levels (percentage of fundamental) shown in Table 3.

3. Effects of voltage unbalance on the IM

In this section, we analyse the effects on the IM supplied
from unbalanced voltages, running at 75% of rated
load. The total harmonic distortion of the stator current
(THDy), the electromagnetic torque, the PF, and the effi-
ciency of the IM are followed. For the three unbalanced
situations, presented in Table 2, the results are further
presented.

i
[

—e—Vpos < Vphn ——Vpos = Vphn Vpos > Vphn

0
<)

—
(=]

Average THD; (%)
"

e
in

=
IS

VUF (%)

Figure 1. The average THD; of the stator current with VUF.

3.1. Harmonic distortion of the stator current

The first analysed quantity is the harmonic distortion of
the stator current. Due to voltage unbalance, the values
of the stator currents of the three phases are different,
so we compute the average value of the total harmonic
distortion (THD;,y) of the three phases. Figure 1 shows
the dependency of the average value of THD; for the
three phases of the stator current with VUF, for the
considered unbalanced situations. Due to the voltage
system unbalance in the stator current is found in the
harmonic of the third order. It can be observed from
Figure 1 that the THD,y increases almost linearly with
increasing VUF. Another observation is that for the same
degree of unbalance, the values of THDy,y differ with the
magnitude of the positive sequence voltage. For exam-
ple, when VUF = 3%: THDjay = 0.9%, for Vipos < Vpnn;
THDjay = 1.16%, for Vpos = Vphn; and THDjay = 1.27%
for Vpos > Vphn.

3.2. Electromagnetic torque of the IM

Voltage unbalance generates oscillations of electro-
magnetic torque at a frequency of two times higher
than the nominal frequency. This torque component of
the frequency of 100 Hz is due to currents of the nega-
tive sequence [30]. Figure 2 shows the amplitude (maxi-
mum absolute value of the difference from the dc com-
ponent) of the torque oscillations, expressed as a per-
centage of the dc component of torque, with VUF. It can
be observed that the torque oscillations increase lin-
early with increasing VUF. For VUF = 5%, the frequency
component of 100Hz of the electromagnetic torque
can reach: 54.4% of nominal torque for Vpos < Vphni
57.6% for Vipos = Vpnp; and 61.2% for Vipos > Vipny. To
be noted that for the same value of VUF, the amplitude
of the torque oscillations differs for two different unbal-
anced situations, Vpos < Vphp and Vpos > Vpnp, respec-
tively, with values in the range of 11.02% to 22.75%.
For example, for VUF = 2%, the amplitude of torque
oscillations represents 19.32% of dc component, when
Vpos < Vphn,and 25.01%, for Vpos > Vphn, which means
a difference of 22.75% between the two values of the
amplitude of torque oscillations.
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Figure 2. The amplitude of torque oscillations due to voltage
unbalance.
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Figure 3. PF of the IM due to voltage unbalance.

3.3. Power factor of the IM

Furthermore, we analyse the influence of the voltage
unbalance on the PF of the IM. The PF variation with
VUF is represented in Figure 3. In cat be observed that
the PF decreases with increasing the VUF. To be noted
that for the case when the Vo5 < Vphp, the values of PF
are higher than the nominal value PF, = 0.76, for VUF
€ 1, 2, 3%; the values of PF are 0.75 and 0.72 for VUF of
4% and 5%, respectively. For the other two unbalance
situations, the PF is lower than the nominal value (rep-
resented with the horizontal dashed line, in Figure 3).
The differences obtained for the PF, in the considered
types of unbalance, can be observed in Figure 3.

3.4. Efficiency of the IM

The efficiency of the IM running at 75% of rated
load decreases with the increasing of VUF, as can be
observed in Figure 4. The variation curves have a sim-
ilar decreasing slope for the cases when Vo5 > Viohns
but with lower values for Vpos = Vppp. In the case of
Vpos < Vphn the variation range of efficiency with VUF
is narrower, but with values lower than the other two
situations. The efficiency variation for the same unbal-
ance factor, decreases with increasing of VUF and tend-
ing towards close values of efficiency for VUF = 5%.
The efficiency values for VUF = 1%, for the cases,
when Vs < Vipny and Vies > Vinp, respectively, dif-
fer with 1.21%. To be noted that for VUF = 5%, when
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Figure 4. The efficiency of the IM due to voltage unbalance.
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Figure 5. THD; of the stator current with harmonic content and
THDy.

Vpos < Vphn, the efficiency is 87.74%, which means a
decrease of Ang = 2.13% from the reference value
nn = 89.65%. Another observation is that in the case
of Vpos > Vphn for VUF = 1%, the efficiency is 89.79%,
which is higher by 0.15% than the nominal value.

4, Effects of harmonics on the IM
4.1. Harmonic distortion of the stator current

The THD; of the stator current depending on the voltage
harmonic contentand the THDy, is presented in Figure 5.
The first remark is that in the stator current waveform
are found harmonics of the same orders as those intro-
duced in the supplying voltage. As can be observed in
Figure 5, the values of THD; depend on the order and
level of the harmonics, but not on its sequence type,
positive or negative.

The constant of the ratio between the level of an indi-
vidual current harmonic (percentage of fundamental)
Ing% and the level of an individual voltage harmonic Vo
is observed, for a given constant order h, of the har-
monic present in voltage waveform. The values of this
ratio are given in Table 5.

We propose a relation for permitting the calculation
of the level of an individual harmonic of the stator cur-
rent, of order h, when is known the level of the individual
voltage harmonic, of the same order h, from the supply



386 H. G. BELEIU ET AL.

Table 5. The values of the ratio 4o / Vho related to the har-
monic voltage order.

Harmonic Order h Ino / Voo
5 19
7 14
11 0.9
13 0.7
voltage
Vho
Ihoo %10 =2 (%) 9)

based on the graphs in Figure 5, which cross the line
corresponding to the ordinates with the values Vpq,
adopted for a fictive order h ~ 10. Equation (9) high-
lights that the current harmonics with order h < 10
have higher levels in the current waveform than the
voltage harmonic of the same order; instead for orders
h > 10, the level of current harmonics decreases (10/h)
times, with that of corresponding voltage harmonic.
The levels of stator current harmonics for each volt-
age harmonic, present in the stator voltage waveform,
can be calculated with Equation (9) and the THD, can be

determined from
THD, = /Y 12, (10)

4.2. Electromagnetic torque of the IM

The electromagnetic torque of the IM is the next anal-
ysed quantity. The torque interacts with the mechani-
cal system of the driven machine. Figure 6 shows the
amplitude (maximum absolute value of the difference
from the dc component) of the electromagnetic torque
oscillation T.pe, expressed in percentage of the nom-
inal torque Tep, with the harmonic content and THDy.
As it can be observed the electromagnetic torque oscil-
lations decrease inversely proportional to the voltage
harmonic order and increase directly proportional to
their level, according to the proposed relation
Teh%%12'%(%) (amn
The electromagnetic torque is plotted together with
the harmonic spectrum of both the stator current and
the supply voltage, in Figure 7. To be noted, the occur-
rence of electromagnetic torques at the intermediate
frequencies of harmonic pairs 5+ 7 and 11 £13.

The elevated torques at these frequencies can be
regarded as mechanical resonant spectral components
when coinciding with the assumed natural frequencies
of the system [5]. This situation may lead to a severe
increase in vibration amplitudes.

4.3. Power factor of the IM

From the electric power supply point of view, the PF of
the IM represents a priority, because of the significant
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Figure 6. The amplitude of the torque oscillations with
harmonic content and THDy,.
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Figure 8. PF of the IM versus harmonic content and THDy.

share of these electrical receivers in the global elec-
tricity consumption. Figure 8 shows the PF versus the
harmonic content and the THDy,.

As a first remark, PF is maintained constant, at
PF = 0.75, for THDy € 5, 10%, regardless of the order or
harmonic content, except the case of the fifth order har-
monic, when the PF = 0.74; if THDy > 15%, there are
relatively significant decreases of PF, especially when
in the voltage waveform exist individual harmonics of
lower orders hi5, 7, or when there exist combinations
of harmonics with the orders and levels mentioned in
Table 2. For individual harmonics of higher orders hi11,
13, the PF is less affected.
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4.4. Efficiency of the IM

In terms of energy, the efficiency is also essential along
with the PF, so that its variations with harmonic content
and THDy are plotted in Figure 9. As in the case of the
PF, the lower values of THDy, 15, 10% are felt to be imper-
ceptible or to a very small extent at the efficiency level
of the IM, regardless of the harmonic order or composi-
tion. Also, it can be noted that for individual harmonics
of orders hi11, 13, even at THDy = 20%, the efficiency of
the IM does not decrease with more than about 0.5% of
the nominal value.

More significant decreasing in the efficiency of the
IM due to the harmonics are recorded in the case of
fifth-order harmonic as follows: Aney = 0.97%, when
THDy = 15%; and Ane = 1.68%, when THDy = 20%.
In the case when in the supply voltage waveform exists
harmonics of 5th and 7th orders, with the correspond-
ing levels, mentioned in Table 2, the efficiency of the IM
decreases: with Any, = 0.81%, when THDy = 15%; and
with Ang, = 1.42%, when THDy = 20%.

5. Effects of unbalanced distorted voltages on
the IM

5.1. Harmonic distortion of the stator current

Figure 10 shows the average THD; of the stator current,
on the three phases, depending on the unbalance and
the harmonics, for the considered scenarios presented
in Table 3. As it can be observed in Figure 10, the more
significant variations of the THD,,, are due to the har-
monics. For the same degree of unbalance, the values
of THDy,y increase with increasing of THDy, while for
the same value of THDy on different values of VUF, the
variations of THDy,, are insignificant.

When the IM is supplied from unbalanced distorted
voltages, in the harmonic content of the stator current
are found harmonics of 3rd, 5th, and 7 orders, as pre-
sented in Figure 11, for VUF = 3% and THDy = 10%
(containing voltage harmonics of both 5th and 7th
orders). The presence of the 3rd harmonic in the stator
currentis due to the voltage unbalance, whereas the 5th
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Figure 11. Harmonic spectrum of the stator current, for
VUF = 3% and THDy = 10%, when in the voltage are present
harmonics of both 5th and 7th orders.

and 7th current harmonics appear due to the voltage
harmonics of the same orders. In Figure 11 are pre-
sented the values of THD, for each of the three phases
of the stator current. It can be observed that the mag-
nitudes of the 5th and 7th harmonics are greater than
the 3rd harmonic, which justifies the above observation
about the more significant influence of the THDy than
the VUF on the harmonic distortion of the stator current.

5.2. Electromagnetic torque of the IM

The amplitudes (maximum absolute value of the differ-
ence from the dc component) of the electromagnetic
torque, expressed as a percentage of the dc component,
depending on VUF and THDy are shown in Figure 12.
It can be observed that the graph could be delimited
in three increasing levels, corresponding to the three
degrees of unbalance of 1%, 3%, and 5%. There is a
jump between each consecutive level, with a higher
growth slope than the growth slopes inside each level.
This highlights the fact that the unbalance regime has a
greater influence on the oscillations of the electromag-
netic torque than the harmonics, under the given con-
ditions. Another observation is that the jump between
S8 and S9 (degree of unbalance from 1% to 3%) is
almost two times higher than the one between S4 and
S5 (degree of unbalance from 3% to 5%).
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The harmonic amplitudes, as a percentage of the
useful components, of the stator current, supply volt-
age, and electromagnetic torque, for VUF = 3% and
THDy = 10%, are presented in Figure 13. The torque
oscillations of the frequency of 100 Hz, due to the volt-
age unbalance, represent 29.86% of nominal torque,
not being influenced by the harmonics (Figures 2 and
13). The magnitude of the frequency component of
300 Hz, associated with harmonics (including harmon-
ics of 5th and 7th orders), represents 8.04% of the nomi-
nal torque and it is not influenced by voltage unbalance
(Figures 6 and 13). The torque oscillations at 4 and 8
times the fundamental frequency are generated due
to the combined effect of the voltage unbalance and
harmonics [30].

5.3. Power factor of the IM

Figure 14 shows the dependence of the PF on the com-
bined effect of the voltage unbalance and harmonics.
It can be observed that: for a degree of unbalance of
1% and for THDy of 5%, 10%, and 15% (S1, S2, and
S3) the values of PF are higher than the nominal value
PF, = 0.76 (represented with the horizontal dashed
line, in Figure 14); for VUF = 3% and THDy = 5% (S5)
the PF = 0.77, and in S6 the PF = PF,, = 0.76. Another
observation is that PF decreases almost linearly from
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Figure 14. PF of the IM under voltage unbalance and
harmonics scenarios.
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Figure 15. The efficiency of the IM under voltage unbalance
and harmonics scenarios.

S5 to S12, with the minimum value of PF = 0.68 in 512
(VUF = 5% and THDy = 20%).

5.4. Efficiency of the IM

The efficiency of the IM, running at 75% of rated load,
with the considered scenarios is plotted in Figure 15.
As in the case of torque oscillations, the values of the
efficiency can be spread on three levels correspond-
ing to the three degrees of unbalance of 1%, 3%, and
5%. The efficiency of the IM decreases both with the
increase of the voltage unbalance and with the increase
of the harmonic distortion of the voltage waveforms.
The decreasing slopes of each level, from S1—54,S5—-S8,
and S9—S512, respectively, are almost of the same value;
this means that the decrease associated with the har-
monics (increasing THDy from 5% to 15%) is almost
the same for each considered degree of unbalance. In
S8 the efficiency of the IM is 87.49%, with 0.3% lower
than the efficiency value in S4, and in S12 the decrease
compared to the value from S8 is 0.9%; this means that
the efficiency of the IM is more affected by the increas-
ing of VUF from 3% to 5% than the increasing of VUF
from 1% to 3%. In S12 (VUF = 5% and THDy = 20%)
the efficiency of the IM is n = 86.7% which represent:
a decrease of 3.29% compared to the nominal value
N = 89.65%.



D
(=}

——Motor Load = 100% —®—Motor Load = 75%

W
o

Motor Load = 50% Motor Load = 25%

'S
o
T

Average THD; (%)
8 3

—_
o
T

o

SO S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 SI12

Scenarios

Figure 16. THD; of the stator current under voltage unbalance
and harmonics scenarios, at different load percentages.

—
0
(=}

—e—Motor Load = 100%

—o—Motor Load = 75%
Motor Load = 50%
Motor Load = 25%

_ o = e
D A& Q ® O W & O
S O O © © © © ©

Torque Oscillation (% of fund.)

o

SO S1 S2 S3 sS4 S5 S6 S7 S8 S9 S10 S11 SI2

Scenarios

Figure 17. The amplitude of the torque oscillations under
voltage unbalance and harmonics scenarios, at different load
percentages.

0.90
0.85
0.80
0.75 ¢
0.70
0.65

0.60 E
T

—e—Motor Load = 100%

~o—Motor Load = 75%
Motor Load = 50%
Motor Load = 25%

Powe Factor

0.50
0.45
0.40
0.35
0.30

L . |
S9 S10 SI11 S12

S4 S5 S6 S7 S8
Scenarios

SO S1 S2 83

Figure 18. PF of the IM under voltage unbalance and
harmonics scenarios, at different load percentages.

5.5. IM running at different motor loads

Further, we analyse the IM behaviour under non-
sinusoidal and unbalanced voltages at different load
percentages, of 25%, 50%, 75%, and 100%, for the con-
sidered scenarios. The scenario SO from Figures 16-19
represents the reference case when the IM is supplied
from an ideal power supply (balanced and sinusoidal
voltages).

Regarding the harmonic distortion of the stator cur-
rent, the THD,,y increase with decreasing the load per-
centage, as can be observed in Figure 16. It can be noted
that for the IM running at 25% of rated load the values
of THD,,y exceed 50%.
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In the case of the torque oscillations, it is observed
that they are lower in amplitude the higher load per-
centage of the IM, as shown in Figure 17. To be noted
that when the IM is loaded below 50% of rated load,
the torque oscillations significantly increase, reaching
amplitudes of about 170% of the nominal torque when
the motor load is 25%.

Figure 18 shows the variation curves of the PF with
the considered scenarios for different load percentages.
It can be observed that the PF decreases with decreas-
ing the motor loads. The PF takes values from 0.54-0.64
for the considered scenarios, while the IM load is 50%.
For motor loads below 50%, the PF values decrease sig-
nificantly, reaching the value of 0.33, if the IM load is
25%; this value corresponds to a decrease of 59.76% of
the nominal value PF, = 0.82.

The efficiency of the IM depending on the consid-
ered supplying conditions and on the percentage of
motor loads is shown in Figure 19. It can be observed
that IM operates at higher efficiency in case it is loaded
between 50 and 75% of the rated load. For motor loads
below 50%, the efficiency decreases significantly, reach-
ing n = 79.26% in S12 (VUF = 5% and THDy = 20%),
which represents a decrease of Ang, = 10.42% com-
pared to the nominal efficiency of the IM, running
at nominal load, and supplied from an ideal voltage
system.

6. Conclusions

For a detailed analysis of the effects of voltage unbal-
ance on the electrical and mechanical parts of the IM, it
is not enough to know only the percent voltage unbal-
ance, but it is also important to know the magnitude
of the positive sequence component. We showed that
for different situations of unbalance, e.g. Vpos < Vphn
and Vpos > Vpnn, for the same value of VUF, the torque
oscillations can differ in amplitude by up to 22%, and
the values of the efficiency differ by 1.21%. For the case
of a lower value of the positive sequence component,
were obtained lower values of the efficiency, but higher
values of the PF.
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From an electric point of view, the harmonics are
felt both at the level of IM, by the variations of the PF
and the efficiency, as well as at the level of the power
supply system, by the current harmonics introduced in
it and by the decrease of the PF. The harmonics can
also cause oscillations of the electromagnetic torque.
This can affect product quality where motor loads are
sensitive to such variations. In cases in which substan-
tial inertia is coupled to the rotor shaft, the electri-
cal harmonics can excite a mechanical resonance. The
resulting mechanical oscillations can cause shaft fatigue
and accelerated aging of the shaft and connected
mechanical parts.

Regarding the considered scenarios, when the IM is
supplied from unbalanced and non-sinusoidal voltages,
we showed that the voltage unbalance has a greater
influence on the electromagnetic torque than the har-
monics. For example, for VUF = 3% and THDy = 10%,
the torque oscillations of 100Hz frequency, due to
the unbalance, is more than three times higher than
the torque oscillations of 300 Hz frequency, due to the
harmonics.

By simulating the considered IM under unbalanced
distorted voltages at different percentage loads, it was
observed that the performances of the IM are strongly
affected, both electrically and mechanically, if it oper-
ates at loads below 50% of the nominal load. For
VUF = 5% and THDy = 20% in the supply of the IM,
running at 25% of rated load, the amplitude of the
torque oscillations reaches about 170% of the dc com-
ponent, the PF decreases with almost 60% of the nom-
inal value, and the efficiency decreases with more than
10% of the nominal efficiency.

The proposed methodology for estimating the
effects of voltage unbalance and harmonics, both sep-
arately and simultaneously, on the induction motor
behaviour follows the basis for a generally applicable
method to assess the overall effects of the considered
PQ disturbances, for any application.

As future research, we plan: (1) to adapt the current
physical model of the IM to track the effects of satu-
ration on the current unbalance and harmonics devel-
oped in the motor; and (2) to analyse the consequences
of voltage unbalance and harmonics on drive systems
with IMs fed by power converters.
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Abstract— In recent times, globalization and energy
efficiency policies have further required temperature control
applications in different daily activities, especially with the
greenhouse effect. In residential buildings, water and living
space heating consumes most of the primary energy. The paper
presents a method to keeping the comfort temperature in living
space by using an approach based on an artificial intelligence
technique, namely fuzzy logic. The support for the proposed
method is an electrical hot-water radiator heating system with a
tankless heater. The fuzzy logic controller makes a continuous
regulation of the indoor temperature by adapting the
temperature of the heating agent regarding the indoor and
exterior temperature. To validate and test the proposed method,
MATLAB-Simulink was employed. The comparison with an
On/Off controller that is the most used control device due to
financial benefits showed the efficiency of the fuzzy logic
controller.

Keywords—fuzzy logic, indoor temperature, hot-water
radiator heating, energy efficiency

I. INTRODUCTION

Households use 63% of their energy consumption in
space heating [1]. In living space heating (LSH), the
residential users utilize diverse types of energies: biomass,
fossil fuels, electrical energy, and renewable resources.
According to [2], biomass, e.g., wood, was the main primary
energy source for LSH in Europe until 2015. However, in
countries like Italy and Netherlands, natural gas was used to
obtain thermal energy for LSH.

The global energy efficiency, ecological, and climate
change policies sustain the usage of renewable and
sustainable forms of energy. So, the future of LSH and water
heating will imply consuming electricity from renewable
resources and direct heating using renewable resources.
Indeed, the results from [3] sustain that in the next 30 years,
electrical energy, along with renewable resources, will be the
predominant form of energies employed in LSH.

LSH with electricity (electric space heating, ELSH) can
be realized through resistance, hot-water, infrared, and dry
heating. Among these ELSH alternatives, hot-water heating
is the most utilized because the electric heater can easily
replace a natural gas heater.
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Hot-water radiator heating systems (HWRHS) employ
hot-water as the heating agent, radiators as the thermal energy
sources, and heaters that transform the main form of energy
in thermal energy. The heaters can function with natural gas,
biomass, or electrical energy. HWRHS are systems for
individual and central heating. In individual heating systems,
two devices can produce the hot-water: tank-style heater, i.e.,
boiler, or a tankless heater.

Energy efficiency approaches are fundamental in all
processes, as they sustain the ecological and sustainable use
of resources. In LSH, through hot-water electric heating, an
energy efficiency approach is to adapt the functioning of the
heat source to the users' exact needs. Automatic control of the
indoor temperature can complete this process. Other aspects
that lead to the increase of the heating system efficiency are
(1) sound isolation of the external walls of the living space,
(i1) efficient electrical heaters, (iii) clean radiators, and (iv)
low temperature of the heating agent.

The paper presents a method to control the temperature of
the living space, i.e., indoor temperature, using fuzzy logic.

The research's suppositions are:

e A hot-water individual heating system is the support
for the FLC testing,
The hot-water source is an electric tankless heater,
Cast iron radiators are the heat source used to increase
the indoor temperature,
The heat is transmitted through convection,
The external walls of the living space are made of
brick and are uninsulated.

The remainder of the paper is as follows: the second
section describes the main theoretical parts with concern to
the hot-water heating systems, the control of indoor
temperature, and fuzzy logic control, respectively. The
proposed method is presented in the third section, whereas
the following section describes its testing. The fifth section
discusses the results. The paper ends with the conclusion
section, where the most critical aspects of the study's findings
are enumerated.
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II. BACKGROUND

A. Hot-water radiator heating system

ELSH assumes the consumption of electricity to obtain the
thermal energy necessary to heat a living space, more
specifically, the air, objects, persons, and all other creatures in
the living space and the walls, windows, and doors. The
thermal energy can be transferred through conduction,
convection, and radiation. In the case of hot-water radiator
heating, convection is the phenomenon that transmits thermal
energy, whereas a minimal amount goes through radiation [4].

HWRHS has two variants: central (district) and individual.
In district heating, a boiler-consuming natural gas typically
generates the heat destined for an entire building [5]. The
alternative, individual heating, is designed for a single
household. The system’s heater can be on natural gas or
electricity. Since for the research, the support heating system
is the second variant based on electricity. Further, all
information presented is about this type of heating system.

An electric heater with or without a tank produces the heat.
The first alternate is called a boiler, and the second is named
a tankless electrical heater (TEH). Fig. 1 presents both types.

The heat is obtained using electrical energy, more
precisely heating elements which temperature rises due to
Joule-Lenz law. This heat is distributed by hot water (heat
agent) to the radiators. The radiators heat the air in the living
space; thus, the heat transfer is made using convection.
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Fig. 1. Electric boiler and tankless heater
A)l-electric supply, 2- hot water outlet, 3- thermostat, 4-hot
water, 5- cold water, 6-dip tube, 7- electric heating element, 8 -
water; B) 1- electric heating element, 2-electronic board, 3-
display, 4-power terminal block, 5-hot water, 6- cold water

In a household with multiple rooms, each heated place has
installed radiators. The hot water is circulated by a water
circulation pump, which operates continuously [4]. The
radiators sit next to the cold surface of the envelope; thus, they
influence the thermal comfort meaningfully. Fig. 2 illustrates
an HWRHS.

The factors that influence the LSH are [4, 6]:

e The envelope of the household, i.e., the material of the
exterior walls and their isolation;

e The types of windows and doors to the exterior;

e The distribution of the living space, especially in the
case of big houses. Thus the use of temperature zones
is recommended;

e The efficiency of the electrical heater;

The temperature of the heating agent;
The exterior and indoor temperature.

B. Contol of indoor temperature

Control of the indoor temperature refers to the process
dedicated to maintaining the temperature in the living space at
a certain maximum (in the case of LSH) level or within a
specific range. The automation of the process is qualified as
the best approach in any application, minimizing or excluding
human involvement. Consequently, the temperature is
automatically controlled [7]. The results showed in numerous
studies underline that the temperature is effectively and more
accurately controlled compared to the manual or
semiautomatic control.

In the case of LSH, the indoor temperature can be
regulated with the help of On/Off, PI (proportional-integral),
PID (proportional-integral-derivative), or Al (artificial
intelligence) controllers. Numerous studies compare these
methods in various situations [5, 7-20].

An On/Off controller is the simplest form of temperature
control device [7]. The output from the controller is either on
or off, with no in-between state. This device will switch the
output only when the temperature goes below or above the set-
point. Consequently, the output is on if the temperature's value
is below the set-point and off when it is above the set-point.
As the temperature crosses the set-point to modify the output
state, the indoor temperature will repeatedly be cycling, going
from the under to the above set-point and back. This type of
regulator is utilized where accurate control is not necessary,
such as when the system's mass is so great that the
temperatures change very slowly. To eliminate the weak
points of cycling linked with On/Off control, the researchers
invented the proportional control.

Fig. 2. Hot-water radiator heating system
1-hot-water electric heater, 2- electric supply, 3- hot water pipe,

4-radiator, 5- cold water pipe
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A proportional controller reduces the average power
delivered to the effector as the temperature approaches the set-
point. This procedure has the effect of slackening the heater,
so the control is steadier, as the temperature will not exceed
the set-point but will approach it slowly. This proportionating
action occurs within a proportional band. Outside of this band,
which has the central set-point, the controller functions as an
On/Off unit. More advanced units were built from this type of
control device, from which the PID controllers are the best.

The PID unit makes two extra adjustments than the
proportional controller, integral, and derivative expressed in
time-based units [7]. The proportional, integral, and derivative
parameters must be individually adjusted to a particular
system using trial and error. The controller is suggested in
systems where the load changes often, so the control unit is
expected to compensate automatically due to regular changes
in the set-point. The PID controllers are not appropriate for all
processes, as mentioned in [8]. These control units'
performance can be improved with other approaches that
complement them, e.g., fuzzy controllers, as in [9], where the
authors demonstrate that the hybrid is better than the
conventional one. Comparing the PID and FLC devices in[10,
11], the articles conclude that the last one is faster.

C. Fuzzy logic control

Fuzzy logic control is the base of fuzzy logic controllers
(FLCs). Compared with the classic controllers, which use the
data with the help of precise mathematical relationships, FLCs
employ inferences between several rules built with linguistic
variables. The variables are fuzzy sets defined by membership
functions as (1). The rules show the relations concerning the
regulated quantity and the factors that influence it. Usually,
these factors are the inputs to the controller. The inferences
connect the quantities with which the controller works and are
interpreted with the help of logic operators. Fig. 3 presents the
scheme of an FLC.

The scheme describes the principle of the Mandami
configuration [21]. The FLC has three blocks: fuzzifier,
inference engine, and defuzzifier. The fuzzifier realizes the
preliminary transformation of the input data X and treats the
quantities with the help of linguistic variables (cold, warm,
and v_warm, like the ones from Fig. 4). The exit of the
fuzzifier is the fuzzy sets A defined by their membership
functions. These fuzzy sets relate to the raw input data and
represent the inputs to the inference engine.

The inference engine selects the rules that correspond to
its input data. It applies them, obtaining at the end a
combination of fuzzy sets B. These sets sum up as a fuzzy
surface that the defuzzifier utilizes to obtain the command
output data Y of the controller.

The main advantage of FLCs is the possibility to regulate
multi-parameter and non-linear processes and work with
incomplete data.

I

Fig. 3.

Inferences

Engine

B ) Y
Defuzzifier 2
Scheme of an FLC

X- Input data vector, A- input fuzzy sets vector, B —output fuzzy
sets vector, Y —output data vector

A
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Fig. 4. Example of linguistic variables and fuzzy sets
1 — membership functions, cold, warm and v_warm — linguistic

variables, X - quantity
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III. PROPOSED Fuzzy LOGIC CONTROLLER

Several studies propose fuzzy logic controllers dedicated
to regulating indoor temperature [15-20]. The control of
indoor temperature and humidity is made with
groundwater/air source reversible heat pumps and two FLCs
in [15], whereas in [16] with a compressor/fan system. The
system was simulated and tested with MATLAB/Simulink.
Reference [15] concludes that the approach solved a complex
problem without involving intricate relationships between the
physical quantities. In [17] and [18], the authors compare
several types of control devices, e.g., PID and PID-FLC, to
determine the best solution towards obtaining the efficiency
of a building by regulating the indoor temperatures. In [17],
two heat sources imply the consumption of fossil fuels and
renewable energy, wherein [18] a hot-water floor heating
system was considered. The proposed control units were
tested through simulations that showed that the combination
PID-FLC is operating better than the conventional PID [17].
An attempt to develop an FLC using the MATLAB dedicated
fuzzy toolbox is presented in [19]. The application has six
inputs (cloud-content, outside temperature, rainfall, wind,
humidity, and pressure) and an output (indoor temperature).

The proposed method has the following differences in
comparison with the previous studies found in the literature:

e [t considers individual hot-water radiator heating
systems, with tankless electric heater;

e There are necessary two sensors for the indoor and
exterior temperatures;

e The FLC continuously controls the indoor
temperature by changing the temperature of the
heating agent.

Further on are presented the components and the

MATLAB/Fuzzy Toolbox implementation, the FIS model of
the proposed FLC.

A. Fuzzifier

The FLC has the current indoor temperature and the
outside temperature as inputs and the hot water temperature
as output. Fig. 5 describes the linguistic variables of the
controller's quantities. As the graphics show, the quantities
are defined by triangular and trapezoidal fuzzy numbers

Authorized licensed use limited to: Universitatea Tehnica din Cluj-Napoca. Downloaded on September 25,2024 at 12:12:08 UTC from IEEE Xplore. Restrictions apply.



associated with the linguistic variables. Table I presents the
FLC's parameters.

B. Inferences

The inferences show the relationships between the inputs
and the output. They are presented in Table II and are
interpreted as rules: IF Tout=cold and Tin=warm, Then
Theat=vvwarm or IF Tout=cold and Tin=cold, Then
Theat=vhot. In the operational mode, the realization of the
inferences is made through the Max-Min approach. This
approach means that the predefined words have the following
meanings: "and" as a minimum, "then" as a minimum, and
"or" as a maximum. The combination of all rules determines
the 3D surface from Fig. 6, which shows how the output
varies concerning the two inputs. On the other hand, for a
specific input data set, the inferences engine builds a specific
fuzzy surface. Fig. 7 illustrates this procedure.

Membership function plots %t %S 181

‘ cold cool warm vwam

input variable *Tin"

Membership function plots °! °7t: 181
frost veold cold Icold cool

input variable *Tout"

Membership function plots 2! 2 131

warm wwam wavam hot vhot whot

output variable *Theat™

Fig. 5. Fuzzy representation of the FLC parameters
Tin — indoor temperature, B) Tout — exterior temperature, C) Theat
— heating agent temperature
E
=
X (input): Tin | Y (input): Tout o | Zlutput):  qnea v
X Mesh Points: 45 Y Mesh Points: 15 Evaluate

Fig. 6. Fuzzy surface of the FLC rules

C. Defuzzyfier

The last block of the FLC extracts the command parameter
from the final fuzzy surface obtained after the corresponding
rules were applied in the previous block. The defuzzification
procedure uses the Centroid method that supposes the
utilization of (2).

Ix g (x)dbx

o BI H ()l

2

In (2) the parameters have the following meaning: ¥ —
command output found after the de-fuzzification, B — fuzzy

TABLE L. FLC PARAMETERS
Characteristics
Parameter Definition L .
/ Confidence interval Linguistic variables
Tout exterior temperature frost, vcold, cold, Icold,
[ -25,16] cool
. current indoor temperature
Tin cold, cool, warm, vwarm
[15,26]
Theat agent heat temperature warm, vwarm, vvwarm,
[30, 80] hot, vhot, vvhot
TABLE II. FLC RULES
Inputs Output
No.
Tin Tout Theat
1 cold frost vvhot
2 cold veold vvhot
3 cold cold vhot
4 cold Icold vhot
5 cold cool hot
16 vwarm frost vvwarm
17 vwarm veold vwarm
18 vwarm cold vwarm
19 vwarm Icold warm
20 vwarm cool warm
Tin= 205 Tout=-4.5 Theat = 53.3
1= == ] ]
2= = ] ]
3 (= = 1 ]
4 (= =1
5 (= |
6 == ]
7 =< ] }= ]
B~ ] [ = [ ]
9N N ] | ] [ ]
10 C== ] [ = [ ]
1 [ ] C= ] [ ]
12 [ ] — N ] [ =
18 [ ] [ Fa— [ -~—
14 ] [ o [ ]
15 [ ] [ | [ ]
16 [ = | — ] [ ]
17 [ — | [ = ] | ]
18 [ =1 [ = ] [ ]
19 [ ] [ N | L ]
20 [ = [ = [ ]
15 26 25 16 [ —— —~—
Input: 120 5:4.5) "P‘ﬂmi 101 ||"We: left | right | down| up 1
r 1A e =}
Fig. 7. FLC’s inferences engine operation
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output (surface) obtained after the inferences, us —
membership function of B.

IV. TESTING THE PROPOSED FLC

The validation of the proposed method was completed
using MATLAB/Simulink. Fig. 8 illustrates the schematic
implementation of the model, which contains three main
blocks with the following features:

e Thermostat — has an indoor temperature sensor and
commands the heating process. The set-point of the
indoor temperature is 20°C. The heating begins when
the temperature drops below 18°C and ends when the
temperature exceeds 23°C;

e Heater — has the heat source and introduces the
necessary heat to increase the temperature. The heater
is a 24 kW tankless electric heater with four heating
elements. The heating agent temperature, in the case
of the FLC, varied between 80°C and 30°C,
depending on the supply voltage and the number of
operating elements;

e House — is the model of the house thermal system. The
house has a 30 m x 30 m, with brick walls of 20 cm
with no isolation. The windows have 1 c¢m, and the
roof also has 20 cm.

The FLC was tested regarding a daily variation of the
exterior temperature that is showed in Fig. 9, A). The
performance of the FLC was tested and compared with a
classic On/Off controller that was also implemented. The
basic difference between the method is the temperature of the
heating agent, that for the FLC is variable, whereas for the
classic method is constant. Three scenarios with the constant
temperature of the heating agent were considered, i.e., 40°C,
60°C, and 80°C, to have a clear picture of the process
controlled by the FLC. This aspect can be seen in Fig. 9, B),
which is the hot-water temperature variation. Therefore, the
efficacy of the proposed FLC was successfully tested. The
following section discusses the efficiency of the suggested
approach.

V. DISCUSSIONS

The validation and testing of the proposed controller were
positive. The results show the influence of the heating agent
on the indoor temperature. Further analysis was performed on
the results to have a precise picture of the impact of the
proposed method in comparison with the alternative. Thus, for
each controller, i.e., FLC and On/Off with three different heat
agent temperatures, the heater’s duration operation, electricity
consumption, and daily price were calculated. Table III
presents the obtained data. The results’ analysis outcome
shows that the heating process with an On/Off controller and
low temperature for the heating agent has the longest
functioning duration but the lowest energy consumption and
the cheapest approach.

[j Exterior temperature N |
X Indoor temperature
Exterior temperature

variation

onf-po | L Tatm
> i »{ On/Off
orf! 4 [Feateommand®| " L
neat Heat Troom|——¢

Heater thermostat
Switch Traom

| Troom

Heater

Heating

The tat
Amase Heater Results

House

Fig. 8. MatLab/Simulink model for FLC validation

The FLC approach gets second place in energy
consumption and third place for the operation duration. The
other two cases have higher energy consumption, but the HLS
is much quicker.

VI. CONCLUSIONS

In this paper, a fuzzy logic controller for indoor temperature
regulation was proposed. The FLC has two inputs, the indoor
and exterior temperatures and an output, the temperature of
the heating agent.

The support heating system used is a hot-water radiator
system with a tankless electric heater. The controller was
developed using MATLAB/Fuzzy toolbox and tested with
MATLAB/Simulink. The implemented model demonstrates
the efficacy of the proposed FLC. The comparison with a
classic On/Off controller that uses constant temperature for
the heating agent shows that if one uses a low temperature in
terms of the economy, it is the best solution. However, the
comfort temperature is obtained slower in comparison with
much higher temperatures. On the other hand, the FLC adepts
the heating agent, offering both low consumption and quick
LSH. These aspects are the strong points of the FLC.

The current model of the FLC has the disadvantage of
indoor temperature cycling. A combination with a PID
controller or a more complex FLC should be utilized to

A)Indoor temperature

Time [samples]

Fig. 9. Proposed method testing results
TABLE III. CONTROLLERS COMPARISON
b
Controller T_heat* tTll:si:'esr E° Price
[°C] . > [kWh] [Euro]
minutes]|
On/Off 40 3 h 45 min 37,5 4,56
On/Off 60 2 h 30 min 40 4,86
On/Off 80 1 h 45 min 42 5,11
FLC variable 3h 39 4,74

% Heat agent temperature
b Duration of the heater daily operation

¢ Electrical energy consumption
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eliminate this weak point. Other aspects about the features of

the

living space could be studied, e.g., the construction

materials to expand the research.
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Abstract—Voltage fluctuations of low frequency that can
cause light flicker are a power quality issue that affects several
parts of the national distribution networks. In the most cases the
flicker indices exceed the standards-imposed thresholds and the
source of disturbance is unknown, thus becoming a troublesome
situation. Considering these aspects, a knowledge-based system
prototype was developed. It is dedicated to analyzing the voltage
disturbances that occur in distribution networks, mainly voltage
fluctuations. The paper presents the power quality issue of
voltage fluctuations and flicker and the proposed artificial
intelligence system.

Keywords— power quality, electric distribution networks,
knowledge-based system, voltage fluctuations, light flicker

L INTRODUCTION

Today’s society is based almost entirely on electricity,
since it is the most versatile form of energy. The importance of
power quality has increased very much in the recent years due
to several aspects: (i) the new generation of equipment are
more sensitive to low power quality; (ii) the modern apparatus
causes the decrease of power quality due to its components
and/or functioning; (iii) the electrical energy is considered a
product that must be quality assured. Accordingly, the power
quality is very important for consumers and power network
operators, as well.

Power quality for the networks operators is imperative for
two reasons: they are compelled by standard to deliver the
electrical energy with specific parameters, consequently the
power quality indices must be in between imposed thresholds;
and a low level of power quality negatively affects its
components. Therefore, the power quality indices are
permanently supervised in important nodes of the distribution
and transmission networks.

The indices of the power quality are classified accordingly
to their source so there are variations (power frequency,
voltage magnitude, harmonics, unbalance and flicker) and
events (voltage dips and swells, transients and voltage
interruptions). Some of these parameters are well known by
many (power frequency and voltage magnitude), but others
like flicker are not.

Light flicker or simply flicker is a small repetitive change
in the intensity of a light source that can be very annoying for
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the human eye and to very sensible individuals can cause
serious health problems. This phenomenon is determined by
voltage fluctuations that vary with a specific frequency that is
between 3 and 100 Hz (in standards frequency is considered
under 35 Hz) [1]. Historically, only incandescent lamps were
considered to suffer from voltage fluctuations. However, tests
have been performed on other types of light sources like
electromagnetic ballast fluorescent lamps and compact
fluorescent lamps (CFL) and the results showed that those
light sources can also generate flicker [1, 2, 7]. Recently, it
was demonstrated that the LED lamps which are not very well
designed can also suffer from flicker, because of the supply
voltage fluctuations.

Voltage fluctuations may originate from the power system
due to switching operations, but usually they are produced by
consumers that have loads with fluctuating power. Such loads
are: arc furnaces, rolling mill, motors, welders etc. The
renewable generation units like wind turbines and wave power
stations can also be sources for light flicker. To mitigate or
eliminate this power quality disturbance, diverse methods
were proposed, but there are three basic methods used in
practice: (1) strengthen the network; (2) increase the short
circuit power level; (3) install an active mitigation device.

In the infield power quality literature, the issue of flicker
and consequently the voltage fluctuations are not very popular.
The most approached aspects are the functioning of fluctuating
loads [3-5], determining the source of voltage fluctuations [1],
impact of voltage fluctuations on lamps [7, 9-11] and flicker
measurement [1, 7, 8, 14-21].

The measurement of flicker is a complex process as it must
connect the changes in the amplitude of voltage to the
subjectivity of human eye and brain. Consequently, the
development of flicker meter has been made in accordance
with results obtained after many tests. During the experiments
it was observed the impact of light flicker produced by
variations of the supply voltage on human subjects. Being
such a complicated measurement process, it needs expensive
apparatus. A cheaper and elegant alternative to determine the
existence of voltage fluctuations that are sources of flicker is
the use of artificial intelligence techniques, like knowledge-
based systems.
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Knowledge-based systems (KBS) are computer programs
that manipulate the knowledge that resides in them to solve
complex problems. These systems can be successfully utilized
where there is a large quantity of data about the problem that
needs to be solved. The applications of these systems are very
vast, and power systems is one of them.

The paper presents the results obtained after a study
performed to find a simple method, which doesn’t involve the
use of expensive and complicated apparatus, with the main
goal to identify if the flicker level is exceeding the standard
limits. Thus, a prototype of a knowledge-based system
dedicated to analyzing the voltage disturbances that occur in
distribution systems was developed. The system has an
inference engine, a knowledge base, and a graphic user
interface. To be more efficient in collecting and mathematically
manipulating data, the system is connected to a virtual
instrument (VI) that can acquire data directly from an
acquisition board or from data files.

The paper is organized as follows: the 2" section describes
the voltage fluctuations and flicker issue, as the 3™ section
presents the characteristics and components of the KBS. The
4™ section contains the prototype’s description of the proposed
KBS and VI, plus it’s testing. The paper’s final section
enumerates the conclusions of the research, about the use of
artificial intelligence in power systems and power quality.

II.  VOLTAGE FLUCTUATIONS AND FLICKER

Voltage fluctuations are electromagnetic disturbances
characterized by small variations of the rms value, between -10
% and +10 % of the rated voltage, that can appear with a low
frequency or random during a specified unit of time. This
supply voltage disturbance is associated with light flicker at the
end users’ lamps.

The primary cause of voltage changes is at the consumers’
side, when there it is a time variability of the reactive power
component of fluctuating loads, like arc furnaces, rolling mill
drives, main winders etc. Typically, these loads’ power has a
high level of variation with respect to the short-circuit capacity
at the point of connection to the supply. In other situations,
when the light sources are close to small loads with varying
power demand such as induction motors, welders, boilers,
power regulators, electric saw and hammers, pumps and
compressors, cranes, elevators etc., these installations became
sources of flicker. Examples of the influence of such loads are
presented in articles like [3-5]. In [3] a study case where the
connection to the supply network of a welding machine is
analyzed to find the total severity factor. There are proposed
two mitigation solutions: to install a compensator device or to
build a second line to strengthen the short-circuit power at the
connection point.

On the side of the power system’s operators, voltage
fluctuation can be caused by capacitor switching and on-load
transformer tap changes, which can change the inductive
component of the source impedance. Variations in the
generation capacity of wind turbines can also have an effect.
Indeed, in [6] authors analyze the impact of wind turbines is
analyzed using different techniques. In some cases, voltage

fluctuations can be caused by low frequency voltage inter-
harmonics [1, 5].

Voltage fluctuation can cause many technical problems in
power systems, but the physiological effect of light flicker is
the most important one. This phenomenon affects directly the
human beings causing fatigue, reduce of concentration levels
etc. and indirectly it affects the ergonomics of the working
environment.

A definition of light flicker is “impression of unsteadiness
of visual sensation induced by a light stimulus whose
luminance or spectral distribution fluctuates with time” [1, 7].
Over the past years numerous studies have been conducted to
understand the mechanisms behind the light flicker
occurrence. There are at least three different mechanisms
influencing the light flicker perception by a human. These are:
(i) the characteristics of the light source; (ii) the frequency
response of the eye-brain of a human; (iii) the time constant of
the eye-brain. In the case of lamps, the same quantity of
voltage fluctuation will determine different responses.
Certainly, a 60 W 230 V incandescent lamp will generate
more flicker than a 60 W 120 V incandescent lamp. This is
since the 60 W 120 V lamp has a thicker filament and the
thermic inertia is higher. Using the results of the experimental
studies the curves of irritability for incandescent lamps (Fig. 1
and 2) were established. These graphics were considered when
establishing the standard flicker-meter [8, 9].

The curves from Fig. 1 indicate the dependence between
the voltage fluctuation and modulation frequency of the
supply voltage that causes a light flicker for an incandescent
lamp of 60 W and 230 V that 50 % of people are susceptible
to be negatively affected by. One can observe that the worse
modulation frequency is 8.8 Hz, even for the voltage
fluctuation is less than 0.5 %.

In case of random fluctuations, the worse scenario is when
there are approximately 1000 changes per minute.

As new types of lamps, like CFL and LEDs, were more
widely utilized, the impact of voltage fluctuation on them was
analyzed. Indeed, there are described the results obtained from
studying fluorescent lamps and CFL in [1, 2, 7-11] and lamps
with LEDs in [12, 13].

Sinusoidal modulation

WVatage fluctuation [%]

LENg \ /, - |
T~ 7"~ Rectangular modulation

[/} 5 10 15 20 25 1] ]
Modulation frequency [Hz]

Fig. 1. Perception curves according to IEC 61000-4-15/A1 for flicker
sensation sinusoidal and rectangular modulation (60W/ 230V/50Hz filament
coiled lamp).
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Fig. 2. Perception curves for different voltage levels

The outcomes from [9] show the average perceptibility of
six human subjects for three different levels of frequency
modulation of the voltage supplied to five types of light
fixtures. It may be noted that with exception of a CFL with
magnetic ballast, the incandescent lamp was the most sensitive
to flicker. The other studies got similar results. As conclusion
to these studies, in [7] it is underlined that the current standard
flicker-meter is not suitable in the case of lamps different from
the incandescent lamps.

The method for measuring and quantification of light
flicker that is in use and widely recognized is described in [8].
The flicker-meter consists of 5 blocks, each of them having a
specific role. The block diagram of the flicker-meter is
described in Fig. 3.

The 1% block is a voltage adaptor that scales the input
voltage with respect to its average value [7]. Thus, the flicker
measurement is made based on the percentage ratio and the
independence from the input voltage is guaranteed.

The 2™, 3 and 4™ blocks represent the lamp-eye-brain
chain model:

e Block 2 simulates the behavior of a 60 W 230 V
incandescent lamp (standard’s reference lamp) by
squaring the input to separate the low frequency
(0.5...30 Hz that produces the luminosity variations)
voltage fluctuation from the main voltage signal.

e As the human eye has a selective, frequency —
dependent behavior to the change in the light
luminosity, its functioning is made through block 3. The
block eliminates from the signal given by the previous
block the continuous and above 100 Hz components.
This block contains two in cascade filters: a first-order
high-pass filter with a cutoff frequency of 0.05 Hz, and
a 4" order band-pass filter that has the purpose to
weighting based upon the characteristics of the lamp.
This filter is based on the threshold curve of
perceptibility obtained experimentally.

¢ Block 4 gives the instantaneous response to light flicker.
It consists of a squaring multiplier and sliding mean
filter. The first component simulates the nonlinear
response of the eye-brain chain and the second
simulates the short-term storage effect of the brain.

Block 1 Block 2 Block 3
u(t) -
Voltage ” Squaring Range selector
adaptor multiplier HP-LP and weighting
Block 4 Block 5
Squaring multiplier & Statistical
Shding low-pass filter evaluation

Fig. 3. Block diagram of the standard flicker meter

The 5™ block statistically processes the output from the
former block. The input data (instantaneous flicker levels) is
divided in classes regards to the values that exceed the
perceptibility value during a certain percentage of the
observation time. There are two observation periods: short time
— 10 minutes and longtime — 2 hours.

The indices for the flicker quantification are P and Py, that
represent the flicker severity for short-term, and long-term
periods. The mathematical relationships of the indices are listed
below.

Pt = J0.0314 Py 1 + 00525 Pyg + 0,0657- Pag +0,.28- Py + 0,08 Psgs 1

where the constants are the weighting coefficients and Py is
the instantaneous sensation of flicker exceeded during 0.1% of
the observation period and the index s refers to the average
values: Pis =Po7 + P1 + P15, P3s =P22 + P3 + P4, Pios = Ps + Ps
+ Pio + P13 + P17 and Psos = P3o + Pso + Pso.

(@)

where N is the number of short-term severity indices over the
long-term observation period that is 2 hours and Psri are the
values of the indices.

The standard EN 50160 specifies the index to be used for
flicker is Prt over a week, which is the minimum measurement
period. It must be less than 1 during 95 % of the observation
period.

Over the years, different methods for measurement of
flicker were proposed [1, 14 - 21]. In [14] the authors suggest a
graphical method; the use of LabVIEW and wavelet transform
is suggested in [15] for monitoring the level of the voltage
fluctuations that can cause light flicker. A method based on
Kalman filters is proposed in [16, 17]. Algorithms based on
Fourier transform for the calculation of light flicker are
suggested in [18-21].

The conclusion of the recent papers is that in the present
flicker-meter, the block that simulates the lamp behavior to
voltage variations is not accurate in all cases. Hence, the
standard should be reviewed and updated, and the block should
be changed, according to the todays’ lamps.
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III. KNOWLEDGE-BASED SYSTEMS

Knowledge-based systems are artificial intelligence
techniques that use specialized information and logic-based
reasoning to solve problems from a specific domain. The
objectives of KBS are [ 22]: (1) provides a high intelligence
level; (2) assists people in discovering and developing
unknown fields; (3) offers a vast amount of knowledge in
different areas; (4) aids in management of knowledge stored in
the knowledge base; (5) solves social problems in a better way
than traditional computer-based information systems; (6)
acquires new perceptions by simulating unknown situations;
(7) offers significant software productivity improvement; (8)
significantly reduces cost and time to develop computerized
systems. Considering these aspects, the main characteristics of
a KBS are: it works for narrow domains in a reactive and
proactive manner, the data manipulation is symbolic/
connectionist and nonalgorithmic, it takes decisions based on
knowledge and uses partial and uncertain information, data or
knowledge.

The KBS consists of a Knowledge Base (KB) and a search
program called Inference Engine (IE) that employs the
information available in the KB. The KBS communicates with
the users through a User Interface (UI). These three
components represent the basic structure of a KBS. As one can
see in Fig. 4 a general KBS can also contain explanation and
self-learning modules. Other modules can be added to a KBS
leading to form more complex architectures: data acquisition
module, dynamic module, explanation base etc.

There are several types of KBS. Most applications in
economy, medicine, engineering, education, military etc. are
expert system, linked systems, case-based systems, database
with an intelligent user interface and intelligent tutoring
systems. The weak points of these software tools are the lack of
imagination and ingenuity in solving problems and usage of
symbolic characters that in some situations is difficult to
handle.

The applications of KBS in power systems are many, some
of them are presented in papers like [23-29]. The authors in
[23] present an integrated expert system for analyzing and
classification of all useful data regarding an electricity
company’s clienteles. Its purpose is to determine which
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Fig. 4. General structure of a KBS

Another example is a prototype of a case-reasoning expert
system which is recommended in [25].

The KB of the system was developed using info from
various situations. The system was build using CLIPS as the
logic programming program. In [29] a hybrid system that
contains two units: an expert system and a fuzzy logic system
is proposed. To determine the condition of a transformer, the
input data is first analyzed and classified by the expert system
which output data is fed to the fuzzy logic system that gives the
state of the transformer.

Development of KBSs can be done using two approaches;
the choice depends on the final product required features. The
tendency is to use expert system shells when developing
prototypes, like EXYS, and specific logic programming
languages, like PROLOG and LISP. The main difference
between the two methods is that a KBS developed using a shell
has limited features regarding the UI and IE. In comparison a
KBS made from the ground with a dedicated logic language is
efficient by means of user interaction and reasoning strategy.
The main strong point of using shells is the rapidity in
obtaining KBSs.

IV. PROPOSED SYSTEM

The proposed system is a prototype that has the main
purpose to determine if the flicker severity index exceeds the
standard imposed thresholds that is Pt < 1, for at least 95 % of
the minimum observation period, a week.

The system uses a virtual instrument and a knowledge-

customer is susceptible to have caused fraud, and  pased system. The data flow and system’s algorithm are
consequently increase the non-technical losses. described through the diagram from Fig. 5.
. > > . >1 Flicker
¢ Analyfll module % — | 3! in/out of
(i u(t) IEC | Ultomed| Uromin, Utomax — stﬁ.ndard
Data 0 :Iﬁ * xls file | _W u® i
Nurchase / s
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v Output KB —p»  Logic
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Fig. 5. Proposed system algorithm and data flow
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The VI was build using LabVIEW graphical programming
environment. It consists of a frontal panel and a diagram block.
The frontal panel communicates with the users, being the
component through which the VI acquires the input data and
displays the results. Fig. 6 shows the frontal panel of the
developed VI. The VI can operate on-line when in connection
to a data acquisition board (u(t), Fig. 5) or off-line in which
situation it reads the input data from sheet-spread files (U(t),
Fig. 5). The VI’s task is to prepare the measurement data for
the KBS (Uiomed, Uiomin and Ulomax, Fig. 5), as the later one
can’t make complicated calculus. In the on-line state the VI
acquires the instantaneous voltage values and calculate
according to standard the rms voltage values. Then again in the
off-line case it is supposed that these values are already
measured, so the VI only reads the data. In the next step the VI
calculates the average, minimum and maximum rms voltage
values over sample periods of 10 minutes and transfers the
information for a period of a week to the KBS.

The KBS was developed with the help of CLIPS expert
system shell. The KBS contains a KB, an IE and a Ul The
KBS is the result of the research of data regarding the voltage
fluctuations in the local distribution networks over an
observation period of one year, namely 2018. This large
amount of data was used to build the knowledge base of the
KBS, namely the rules base.

The KB is the main part of the KBS. It contains two types
of data: rules and facts. The first ones form the rules base and
contain knowledge about the relationship between the voltage
fluctuations and flicker’s level. The rules base was build using
production rules for the knowledge representation. The form of
a rule is: “IF condition THEN action”. In the stage of the KB
development more than 100 sample periods mostly
characterized by a flicker index Prr between 0.8 and 3 were
studied. It was observed that in most of the situations the
dependence between the rms voltage and flicker level is
obvious and proper rules could be implemented. However,
there were found special cases, which were implemented as
examples. Some of the rules used to build the KB are
enumerated in Fig. 7.

The facts of the KB represent the input data that
characterize the issue, so their values change according to the
stage of the problem, contrary to rules.

The IE of the knowledge-based system is based on the
forward chaining inference. The inference structure consists of
the following actions:

e selection of the rules, which have in the “IF”
section the facts acquired;

e conflicts solving that leads to one executable rule;

e execution of the action in the “THEN” section of
the selected rule.

The working of the KBS is ended with the answer to the
question: “During the evaluation week the flicker level is
according to standard or not?” The result obtained by the KBS
is transferred to the VI that displays the result.
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Fig. 6. Virtual instrument’s frontal panel

R1: IF Uny(t)>35 and Umx(t)>0.5 THEN Ppr=2.4;
R2: IF Unx(t)>31 and Umx(t)>1.1 THEN Pir=2.1;
R3: IF Unx(t)>31 and Umx(t)>1.1 THEN Pir=2.1;
R4: IF Uny(t)>31 and Umx(t)>1.1 THEN Pir=2.1;
RS5: IF Uny(t)>31 and Umx(t)>1.1 THEN Pir=2.1;

where Umx(t) = Umedx(t) — Uminx(t);
UMx(t) = Umaxx(T) - Umedx(t);
x represents the index of the arrays that contain the

rms voltages.

Fig. 7. Selective rules of the KBS’s rules base

The UI of the KBS is predefined by the expert system
shell. In the proposed system this component is not accessible
to the user, but it becomes visible to the user if the KBS is
operating independent from the VI. In this situation the user
interacts directly to the KBS: giving the facts, asking
questions etc.

The KBS receives data from the VI and transfers the
results using temporarily created data files that after using are
deleted from memory.

The proposed system was tested using data samples from
spread-sheet files that were both like the special and general
situations implemented in the KB. The results show that:

e System identified correctly in all cases if the
standard limits for flicker have been exceeded;

e The Prr presents an error of maximum +9% for
values above 1.5. This is because when building
the KB, more concern was taken for the situation
where Prr is between 1.01 and 1.5.

V. CONCLUSIONS

The voltage fluctuations affect the fundamental quality of
utility service — that is, the ability to provide lighting that is
steady and consistent. Flicker is a subjective phenomenon that
is caused by the amplitude variation of the supply voltage,
thus its measurement is provide with the help of complex and
expensive apparatus. A cheaper approach to determine the
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existence of voltage fluctuations that determine light flicker is
by means of artificial intelligence techniques, like KBS.

The proposed method uses a VI and a KBS. The role of the
VI is to acquire and prepare input data for the KBS. The
decision regarding the flicker severity is made by the later.
The system’s KB was build using data regarding the flicker’s
level over a year observation period. For representing the
knowledge were used production rules, and with the help of
more than 100 preparation samples were written more than 20
rules.

Validation samples were prepared from the acquired data.
The system’s testing showed its efficiency in the identification
of the long-term flicker index.

Future research is planned for the identification of the
flicker’s sources and the growth of the KB to recognize more
voltage disturbances.
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Abstract— The paper presents the results obtained at the end
of a study whose main goal was to answer the question: What will
happen in a distribution network if there will be a large injection
of power from a big number of small PV units? This situation is
typical for rural distribution networks where the domestic
consumers have their own PV generation units, thus becoming
prosumers. The study began with the modeling of the usual
domestic consumer from rural regions. After this step being
finalized, the implementation of the distribution network in a
simulation software followed. For this stage MatLab/Simulink was
used. Thus, different situations were simulated in order to
determine a full understanding of the possible problems that can
appear, and consequently to be able to take the proper actions to
minimize the negative impact. The results of the simulations show
that in a typical summer day, when the PV units produce
electricity at 100% of their capacity and the loads’ consumption is
the lowest, the voltage in the point of injection in distribution
network can reach values that will determine the faulty operation
of the pronsumers due to the protection apparatus’ activation.
Various configurations for the grid have been considered. Also, the
study points out that integrating PV units by residential
consumers can also help the electric grid to better maintain voltage
variations in cases of larger distribution lines.

Keywords— distribution network; PV unit; domestic consumer;
power quality; computer simulation; prosumer

1. INTRODUCTION

In the latest years, because of the environmental problems,
financial advantages and technical development, the number of
small generation units, that use renewable energy, has increased
very much and keeps rising. In Romania, this fact is encouraged
by the creation of governmental regulations supporting the use
of renewable energy. In addition, it is the decreasing of the
prices of these ,,green energy” generation units, especially PVs
(photovoltaic panels). Thus, a questionnaire in a Romanian
rural region performed to determine the domestic consumers’
behavior showed that more than 20 % of the consumers from
the sample study reflect about the installation of an on-roof PV
units to decrease their electricity bill.

The paper presents the results obtained at the end of a study
whose main goal was to answer the question: What will happen
in a distribution network if there will be a large injection of
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power from a big number of small PV units? This situation is
typical for rural distribution networks where the domestic
consumers have their own PV generation units (i.e. farms with
rooftop installation, local agricultural businesses, and
households).

The impact of PV units on distribution networks is
researched worldwide [1-12]. In [1] the authors present the
effects on the grid of PV-home systems in the Palestine region.
The effects that were observed are: the decrease of technical
losses, the increase of the voltage level near the consumers that
have the PV units and the decrease of the power factor from
0.866 to 0.802 on the consumers’ side of the transformer.

Using high resolution solar resource assessment with sky
imager and quasi-state distribution system simulation, the
authors of [2] write about the effects of high PV penetration on
distribution networks and conclude that: (1) the impacts of high
PV penetration depend on feeder topology and characteristics;
(2) the use of a single PV generation profile overestimates the
tap operation number up to 260% resulting from an
overestimation of power ramp rates and magnitudes — therefore,
multiple realistic profiles should be used; and (3) distributed PV
resources increase the feeder hosting capacity significantly
compared to a centralized setup. In comparison with this study,
other one that is described in [3] whose focal target was to
determine the opportunities and challenges of PVs, underline
the advantages of these small generation units: benefits in
voltage profile, low power losses etc.

The problem of voltage stability in distribution systems with
large-scale PV generation is analyzed in [4-6]. The simulations’
results from [4] show that reactive power prioritization (without
any reactive current limits) is not effective for long term voltage
stability, as it will lead to voltage collapse due to significant
active power reduction in the power network. An application of
phasor measurement units is used successfully in [6] for the
analysis of the Japanese power system dynamics with high
penetration of PVs.

The impact of voltage fluctuations produced by PVs because
of cloud transients are studied in [7]. The results demonstrate
that the phenomenon can cause light flicker, but its level won’t
exceed the thresholds from the imposed standard.
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Other power quality problem caused by the PV inverters,
namely harmonics, are discussed in [8]. At the end of the study,
the authors conclude that “Despite the current THD of PV
system is higher for low solar irradiance conditions, the voltage
distortion for these conditions are lower than in high solar
irradiance conditions. When the high solar irradiance
conditions are considered, the higher harmonic voltage
distortions are observed since the PV system output power
increases for these conditions.”

In [9] and [10] the impact of energy storage components of
PV systems is researched. Thus, the authors from [9] began
their study with the question: “Are PV battery systems causing
ramping problems?” At the end, they determined that the
answer is “No”, the PV battery systems don’t cause ramping
problems.

In [12] the authors demonstrate that an unfavorable situation
happens in the winter period on cold sunny days due to low
temperature and high solar radiation, the PV panels have peak
yield and generate a great amount of power in the grid. Low
consumption in the power line (low voltage) will require in
order to evacuate the energy, a higher voltage in the PCC (point
of connection) to be able to transport the energy in the nearest
power station.

Considering the already made studies and their results
presented in the infield literature, the research described in the
paper was realized by performing three steps: (i) modelling of
the usual domestic consumer from rural regions (Romanian
situation); (ii) implementation of the distribution network that
was used as support for the research; (iii) simulation of diverse
scenarios in order to determine a full understanding of the
possible problems that will appear, and subsequently to be able
to take the proper actions to minimize the negative impact.

The main contributions of the study are:

*  Modelling of the rural domestic consumer based on a
questionnaire whose results express the behavior of
Romanian rural consumers from rural regions;

»  Implementation of the distribution network considering
real domestic consumers and PV units, accordingly
with their harmonic contents;

e Scenarios based on the situations found in an actual
Romanian distribution network.

The rest of the paper is organized as follows: Section 2
describes the first step (domestic consumers modelling) of the
study and its results. Section 3 presents the implemented
distribution network that was used to realize the simulations and
the scenarios that were considered. The simulations’ results are
enumerated in the fourth section, and the conclusions of the
study are underlined in the last section of the paper.

II. DOMESTIC CONSUMERS MODELLING

The modelling of the domestic consumers began with a
questionnaire completed by 60 domestic consumers from a rural
region. The consumers answered questions regarding their
electrical apparatus characteristics, the way they use this
apparatus and their intentions concerning the decrease of their
electricity consumption and consequently the electricity bill. In

table 1 the most used electrical apparatus by the consumers is
listed, and how often they are used during a usual week all-
round year. Other apparatus that were found at 20 — 40 % of the
consumers are heating devices like induction hob, hair dryer
and kitchen appliances. Domestic apparatus that were used by
less than 10 % of the consumers are: freezer and diverse small
appliances. Regarding the electric lamps, it can be observed
from the table that more than half of the consumers use light
devices with LEDs and CFLs (compact fluorescent lamps), and
only 25 % still use incandescent lamps.

Concerning their behavior, more than 86 % of the
consumers have specified that they don’t use the apparatus if
not needed, i.e. forget to shut down the lamps. So, it can be
concluded that they are responsible and act efficiently regarding
the electricity consumption.

To the question “What will you do to decrease the electricity
consumption”, more than 20 % of the consumers answered that
they consider the installation of rooftop PV generation units,
about 70 % of them think to change their apparatus with new
ones that have a higher class regarding the energy efficiency
and the rest consider to use their devices more effective.

In conclusion to the questionnaire, it can be said that the
rural domestic consumer is “energy responsible”, he/she uses
modern appliances and is opened to increase energy efficiency.

The data from the questionnaire was used to obtain the rural
domestic consumer universal model (RDCUM), that was used
to simulate the distribution network.

TABLE L. DOMESTIC CONSUMERS’ APPARATUS
No. Apparatus Consumers Frequency of
[percentage from P
60]

1 Refrigerator 100 % Daily

2 Battery charger 100 % Daily

3 In% 100 % Daily

4 Washing machine 100 % Daily to once a
week

5 Vacuum cleaner 95 % Twice — once a
week

6 Microwave oven 90 % Daily

7 PC / Notebook 90 % Daily

8. Mixer 88 % Once a week /

rare
9 Hair dryer 83 % Three times /
twice a week

10 Electrical boiler 50% Daily

11 Resistance oven 45% Once / twice a
week

12 Lamps with LEDs 56.7% Daily

13 CFLs 55% Daily

14 | Incandescent lamps 25% Daily

15 Fluorescent lamps 6.7% Daily
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The model contains the apparatus from table 1 and other
appliances that were mentioned by the consumers and it can be
adapted to the contents of the real consumers. Furthermore,
RDCUM’s apparatus are considered with their harmonic
content that was obtained from previous studies [13-20].

The RDCUM can be seen in Fig. 1., where the apparatus is
represented as loads on the fundamental frequency and current
sources for the harmonics. The harmonic characteristics of four
appliances are illustrated in Fig. 2.

III. DISTRIBUTION SYSTEM IMPLEMENTATION

The second stage of the research was to implement the
distribution system in the simulation software. For this purpose
were used:

e the model from the previous step,

e data from a real Romanian distribution network
(electric lines and transformer’s features),

e the model of the PV system.

The distribution network is typical for Romanian rural
regions and consists of a main transformer and the
corresponding electric lines that connect the consumers with the
main power system. In table 2 are enumerated the distribution
network elements and their features.

The distribution system implementation is illustrated in Fig.
3. It can be seen that the consumers are supplied through three
feeders and they are distributed along the network accordingly
with a real situation, i.e. unbalanced on the three phases of the
three-phase distribution network.

All 60 domestic consumers were designed as single-phase
loads of 1 kW and accordingly with their options from the
questionnaire.

TABLE IL DISTRIBUTION NETWORK ELEMENTS

No. Network’s element Element’s characteristics
1 Transformer, T DYn, 20/0.4 kV

2 Electric line, L1.1 0.037+j0.02 Q

3 Electric line, L1.2 0.037+j0.02 Q

4 Electric line, L1.3 0.05+j0.006 Q

5 Electric line, L1.4 0.099+j0.04 Q

6 Electric line, L1.5 0.091+0.035 Q

7 Electric line, L.2.1 0.037+j0.02 Q

8. Electric line, L2.2 0.073+j0.013 Q

9 Electric line, L2.3 0.05+j0.006 Q

10 | Electric line, L2.4 0.08+j0.035 Q

11 Electric line, L3.1 0.037+j0.02 Q

12 | Electric line, L3.2 0.07+j0.013 Q

13 Electric line, L3.3 0.09+j0.04 Q

14 | |
15 Electric line, L3.8 0.068+j0.011 Q
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Fig. 2. Harmonic currents of RDCUM’s appliances. a) Refrigerator’s b)
Notebook’s, ¢) Lamp’s with LEDs and d) Washing machine’s current
waveform.
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Fig. 3. MatLab/Simulink implementation of the research’s support distribution network (without the PVs).

As regards the PVs and in view of the consumers preferences
(the 13" consumers that considered to install PVs), two different
classes of PVs were implemented: 4x240 W and 4x380 W.

The PV systems were considered as sources of harmonic
currents, as their connection to the network is by an inverter that
distorts the waveform of the current and consequently the
voltage. For this purpose a typical single-phase inverter was
used. Fig. 4 presents the current’s harmonic spectrum of the
inverter.
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Fig. 4. Current’s harmonic spectrum of the inverter.

IV. SIMULATIONS’ RESULTS

The final stage of the research was performed in
concordance with the profiles of the typical consumer’s average
daily consumption and the peak power generated by a PV system
from the considered rural region. The active power profiles for
the consumption and generation are illustrated in Fig. 5. From
them, one can observe that:

(1) there are two peaks in the consumption, at § am and
7 pm, whereas at 1 pm is the lowest level;

(2) the PVs generate the maximum power at around
mid-day in January, in March and October between
10 and 12 am, and in July from 9 am until 2 pm.

Considering the variations in consumption and generation,
12 scenarios were build: A, B, ..., M (Table III). For the
simulations, the 13" PV systems were positioned at the end of
the feeders, i.e. consumers connected at nodes 6, 7, 12, 19 and
21.

TABLE IIL SCENARIOS
Consumption
Scenario
Peak 8 am Minimum Peak 7 pm

January A B C

PV March D E F
generation July G H I
October J L M
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From the obtained data, the followings can be observed:
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Fig. 5. Average profiles for (a) consumer’s consumption, (b) PV generation.

Fig. 6 shows the voltage profiles obtained from the

simulations.
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Fig. 6. Voltage profiles for scenarios A to M in nodes 0...21.
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At the consumption peak, at 7 pm there is no PV
generation. Thus for scenarios C, F, [ and M the rms
voltage can drop below -5% of the nominal voltage
(Uyn), but within the £10% U, (imposed though
Romanian standard). This happens at the end of
feeder 3, because node 21 is the furthers from the
supply node;

At the first consumption peak, 8 am, in January
(scenario A), the PV generation is very low, that it
is neglected, so the voltage can drop close to -5%
Us;

In the other similar scenarios, D, G and J the PV
generation can reach 50 % from the peak that is July
mid-day, thus the voltage profile becomes
smoother. Indeed, the voltage varies between +1%
Un, in all nodes of the networks;

At the lowest consumption time, which it is the time
of the highest generation level, scenarios E, H and
J, from March to October the voltage level can
grow dangerously close to +5% U, (that is the limit
imposed by standard for prosumers). In scenario J
the level exceeds the imposed threshold, thus the
protective  apparatus  will  disconnect the
corresponding prosumer.

N,
\‘_.A\

9 10 11 12 13 14 15 16 17 18 19 20 21

Networks’ nodes
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Regarding the harmonic pollution, even though the
consumers have many loads that are sources of harmonic
currents, the voltage THD highest value was 2.67 %, so it didn’t
exceed the imposed threshold.

V. CONCLUSIONS

In the late years, the domestic consumers have the
possibility to become prosumers. Thus, a questionnaire realized
in a Romanian rural locality shows that 21% of the questioned
consumers consider to install PV systems in order to decrease
their electricity consumption from the public supply network
and consequently their electricity bills.

The results of the questionnaire show that the typical rural
domestic consumer has mostly modern appliances, i.e. LED
lamps and microwave ovens, and has a responsible behavior
(considering the use of electrical energy).

A real Romanian distribution network with the
corresponding consumers and the PV systems were simulated
considering the consumers’ consumption profiles and PV
systems generation in the studied Romanian region. The results
show that the voltage level can exceed the +5% Un and
consequently activate the protective apparatus. This event
happens in July at mid-day, when the consumption level is the
lowest and the generation is the highest, and affects only the
prosumer or the near consumers, but the rest of the feeders are
not affected. The same conclusion was reached regarding the
harmonic pollution: a consumer that has many harmonic
pollution sources will affect its neighbors, on the same feeder,
but not the entire distribution network.

At the end of the study, it can be concluded that the
installation of multiple small PV systems in the rural region will
increase the voltage level at the end of the feeders, but also its
stability. However, if the PV system is not properly
dimensioned, it can cause the prosumers to be disconnected
from the grid due to the voltage rise.
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Abstract—A software tool dedicated to the analysis of
power signals containing harmonic and interharmonic
components, unbalance, voltage dips and voltage swells is
presented. The software tool is a virtual instrument, which uses
innovative algorithms based on time and frequency domains
analysis to process power signals. In order to detect the
temporary disturbances, edge detection is proposed, whereas
for the harmonic analysis Gaussian filter banks are
implemented. Considering that a signal recovery algorithm is
applied, the harmonic analysis can be made even if voltage dips
or swells appear. The virtual instrument input data can be
recorded or online signals; the last ones being get through a
data acquisition board. The virtual instrument was tested using
both virtually created and real signals from measurements
performed in distribution networks. The paper contains a
numeric example made on a synthetic digital signal and an
analysis made in real-time.

Index Terms—application software, fault detection,
harmonic analysis, signal processing algorithms, time domain
analysis.

I. INTRODUCTION

In the last years, as the computer science and PCs have
rapidly progressed, the power engineers were encouraged to
implicate them in solving diverse problems from the power
systems field, e.g. modeling, simulation, measurements,
process control, protections etc. Furthermore, dedicated
software tools have been developed to sustain and improve
the engineers work: MatLab, ETAP, PSCAD, MathCAD,
LabVIEW etc. [1]

Among these software products, LabVIEW occupies a
special place as it is a graphical programming environment.
This particular characteristic of LabVIEW brings it near the
electrical ~ engineers that don’t need specialized
programming knowledge to work with it. The software
products developed in LabVIEW are virtual instruments
(VIs), which imitate physical instruments like:
oscilloscopes, multi-meters, power quality analyzers etc.
Considering that VIs work like any software, they can be
used as simulation tools in a closed virtual world in which
the user can observe the behavior of complex system (in this
way being of great help in understanding various
phenomena), but also as measurement tools [2].

Virtual instruments bring many advantages: flexibility,
display facilities, data storage capability (computers have
more memory than stand alone instruments) and importing

This paper was supported by the project “Develop and support
multidisciplinary postdoctoral programs in primordial technical areas of
national strategy and research — development - innovation” 4D-POSTDOC,
contract nr. POSDRU/89/1.5/S/52603, project co-funded from European
Social Fund through Sectorial Operational Program Human Resources
2007-2013.
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information methods; whereas the drawbacks are concerning
the need of highly developed hardware.

Recently, in the field of power systems many authors
propose the virtual instrumentation approach in various
situations, such as simulation in [2] and [3], measurement in
[4] — [8], detection in [9] and process control in [10]. Thus
in [2] is showed a virtual instrument developed for the
simulation of different operating states of power systems. A
measurement system dedicated for the harmonics, voltage
transients and flicker is proposed in [4]. The system is
composed of a transducer, a computer with data acquisition
board, a remote server and a virtual instrument that connects
the components and makes the signal analysis. In [5] a VI
build for the frequency measurement is described. The
authors verified different four methods in order to obtain the
best one for the fundamental frequency detection under non-
stationary conditions. The virtual instrumentation is also
used in [6] for the measurement of the fundamental
frequency. In [7] the virtual instrumentation approach is
proposed in order to determine the characteristics of the
passive components under non-sinusoidal conditions. The
authors model R, L and C components using the Z-domain.
Finally, they obtained dynamic models of the passive
components and simulate the non-sinusoidal condition with
the help of a VI. The detection of loads characteristics and
the simulation of power flow using the Park transform
components using a virtual instrument are described in [8].

In this paper a virtual instrument dedicated for the
analysis of power signals, in order to determine the
existence and characteristics of harmonic distortion,
unbalance, voltage dips and voltage swells is proposed. The
processing algorithms are based on time and frequency
domains analysis. The edge detection using Morlet function
is applied to identify the temporary disturbances. A time
approach is considered to extract the characteristics of the
detected voltage dips and swells. As a special algorithm is
used to recover the signals affected by the temporary r.m.s.
(root-mean-square) voltage modification, the stationary
disturbances analysis can also be performed on the entire
analysis window that is of 0.2 s. The Gaussian filter banks
are used to determine the quality indices of harmonic and
interharmonic components. Besides the standard power
quality indices, the VI also calculates new indices that can
quantify in a more appropriate way the real operating state.

The paper is organized as follows: Section 2 describes the
signal processing algorithm proposed for the detection and
analysis of the studied disturbances. The VI components are
presented in section 3, which contains information about the
proposed power quality indices. Some numeric examples
made with synthetic and real signals are showed in section
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4. The paper ends with a section of conclusions where are
described the main aspects and advantages of the developed
virtual instrument.

II. SIGNAL PROCESSING ALGORITHM

Currently, the power signals processing needed to assess
the power quality indices is made by physical analyzers that
have to respect several rules imposed by the in force
standards (series IEC 61000 [11] — [13]). The most precise
of them are instruments of Class A, implicated specially in
measurements that require highly precision and legally
recognition. The other two classes of precision, B and S, are
not so restricted, considering that the manufacturer can use
diverse methods.

Further on, the proposed methodology for the signal
processing is presented in comparison with the conditions
imposed for class A of performance instruments, and the
drawbacks of standard methods are underlined.

The requirement in the case of harmonic pollution is to
use a method (suggested the Fourier transform) that brings
good results for a measurement window of 10 time cycles at
50 Hz fundamental frequency (0.2 s). As the upper order
harmonics have negligible levels (comparing the lower
ones), only the harmonics below the 50" order are
considered of interest, and the parasite frequencies must be
removed using a suitable filter. Regarding the unbalance, the
symmetrical components are used and all the calculi are
performed only for the fundamental component. Concerning
the voltage dips and voltage swells, no method for the
detection is recommended; only aspects about the
disturbance characteristics and quantification are described.
Accordingly, a voltage dip starts when the measured voltage
as the r.m.s. on a cycle and updated every half of cycle is
below the threshold (0.9 from the reference voltage) and
ends when the voltage is above the threshold plus the
hysteresis voltage [11]. On the other hand, in the infield
literature [14]-[24] several methods based on wavelet
transform, S transform and artificial intelligence are
proposed for the detection and quantification of voltage dips
and swells. Indeed, in [15] and [16] the authors apply the
wavelet transform with the Daubechies mother wavelet to
identify voltage dips, voltage swells, outages and transients.
Morlet wavelet is used in [21] to perform a multi-resolution
analysis for detection of transients. In [23] the S transform is
the mathematical basis of the pattern recognition technique
for the detection, classification and quantification of power
quality disturbances waveforms. An expert system
developed for the classification and analysis of power
systems events is described in [24].

As presented in standards, the signal analysis for
disturbances detection and quantification is recommended to
be made individually for each disturbance. This is because
the requested methodologies don’t give accurate results if
the analysis is made considering the coexistence of two or
more disturbances. But using the standard methods,
important information is lost, such as the harmonic
distortion during temporary disturbances, and the influence
of voltage dips and swells on the unbalance.

To eliminate the drawbacks of standard methodologies,
the authors have developed an algorithm for the processing
of power signals affected by harmonics, unbalance, voltage
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dips and/or voltage swells. Regarding the width of the
analysis window, as the standard recommends the algorithm
uses time windows corresponding to 10 cycles at 50 Hz
(Fig. 3. (A)).

The proposed algorithm works as is shown in the flow
chart from Fig. 1. First the input data (the discrete three-
phase signal) is read, and then it passes through an
arithmetic block, that uses edge detection to identify any
sudden change that appeared in the sequence of signal
values. If so, a time domain analysis is performed to check
the type of the disturbance: transient or temporary
disturbance.

[ Discrete three-phase signal ]

dge detection. Appears a
nodification in signal strueture?

Time domain analysis. Voltage
dip / swell?

Voltage dip / swell
characteristics

Signal recovery
Recursive algorithm

Frequency domain analysis
Harmonics power quality I
indices
Symmetrical components
Unbalance indices

L Results display
= ]

Figure 1. Logic diagram of the algorithm for the signal analysis

The existence of a temporary disturbance implies the
quantification of the voltage dip or swell that was detected
by determining its duration and amplitude. The next step
supposes the recovery of the signal affected by the
temporary disturbance, in order to be able to apply the
harmonic analysis on the entire window. After the quality
indices of the harmonics are calculated, the unsymmetrical
components method is applied to quantify the unbalance.

The mathematical basis for the identification and analysis
of temporary disturbances is described in [25]. Further on,
only the mathematical relationships are presented, as they
were included in the signal processing algorithm.
Mathematical expressions (1) and (2) describe the edge
detection method. They represent the convolution between
the analyzed digital signal u(n), and the Morlet function f{n)
[25].

P(k) = Zu(n)-f,r(k,d (1)
ﬁ,<k,n)=f(”;kj @

where P(k) is the string values that contains information
about the sudden changes appearance;
[fw(n) - a translation of the identification function;
M - the number of the electric signal samples;
k=0..M-1.
The amplitude of the voltage dip or swell is calculated
using the r.m.s. value updated every quarter of cycle.
The signal recovery is made using a time domain
recursive algorithm. After the signal passes through this
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stage, the signal has no temporary disturbance, so the
harmonic analysis can be easily performed.

The standard FFT (Fast Fourier Transform) method
brings errors in the case of interharmonics and fundamental
frequency deviation, the use of other methods have been
studied and proposed in the specialty literature [26] — [34].
Thus, DFT (Discrete Fourier Transform) with adaptive
window width and wavelet transform in combination with
Hartley transform are proposed in [26] and [27]. A method
that offers no leakage even under frequency drift based on
group-harmonic energy distribution minimizing algorithm is
described in [28]. The authors from [29] and [30] use
wavelet transform combined with the neuronal calculus and
the support vector machine for the interharmonic estimation.
Reference [31] describes a mixed approach between the
recursive corrected phase wavelet transform and the
frequency depending windowing for tracking harmonics.
The generalized S transform and clonal selection algorithm
are proposed in [32] for the (inter)harmonic estimation. Four
parametric spectral estimation methods are analysed in [33].
The comparison of the methods showed that the covariance
and the modified covariance methods provide relatively
good performances in harmonic detection. Although the
proposed methods have a high accuracy in the distortion
quantification, they cannot properly identify the
interharmonic components.

The method proposed for harmonic and interharmonic
detection and estimation uses FFT and Gauss window. The
method mathematical basis is described in [35] and [36]
where it was used for the processing of speech signals. The
method focuses on the properties of filter banks formed by
the Fourier transform and Gauss window. The estimation
precision is high, as the calculus showed that interharmonics
multiple of 0.05 Hz were properly detected. The advantage
of the method is that it has a computational complexity
much less than the similar methods, but it offers the same
precision. The block diagram of the harmonic analysis
method is described in Fig. 2, and the mathematical
relationships needed for the calculus of the harmonic and
interharmonic orders and amplitudes are:

K=k+05+2 [In(@)~I(@.)l: ()
and
"~ 2
U, =vo - exp[ln[a(k)] MJ (4)
o
where k represents the harmonic or interharmonic order,

ay, — the k™ order Fourier coefficient modulus of the
analyzed signal,
o — constant that determines the width of the Gauss
window,
U’ — k™ harmonic or interharmonic component
amplitude

The harmonic components angles are estimated using the

next mathematical relationships [37]:

@, = sign(a, .)-arctan —Fs ; (5)
|et, .
a, =(H"-H)'H" -s(n); (6)
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; (7

[4-cos(f;-0) .4, -cosf,-0) ..A,-cosf,-0)

=
I

A -cosff;-n) .4 -cosf,-n) ..A,-cosffy-n) ®)

| 4 -cosff; «(M-1))..4, -cosf, -(M—1))..4, -cosff -(M-1))|

In the previous relationships n = 0...M-1 represents the
signal samples index, whereas £ = 1... N is the harmonic
and interharmonic components order.

Ut

tw[r]

Compule

[ = Compute
Relative| = FFT : g
u[rr]_.‘ . }_~ ) harmonic - harmonic |—
g A & 1 ] :
ol 2 F Vsamplesir, [x] order k| amplitude 4y
win] -
l .[)l.!iilfﬂ\'
- - Pk
. - | unit
Genuine Compute
= harmonics ———=| harmonic
extractor |F'+ hase g,
xtra phase gy

Figure 2. Block diagram of the harmonic analysis algorithm

The proposed algorithm for distorted power signals
analysis was verified using the mathematical platform
MathCAD, and applied on synthetic signals. The simulation
data showed very good results in the detection and analysis
of voltage dips/swells, harmonics (interharmonics) and
unbalance. Further on, the algorithm was implemented in a
virtual instrument using LabVIEW graphic programming
environment.

III. PROPOSED VIRTUAL INSTRUMENT

The virtual instrument is a virtual signal analyzer that
processes three-phase electric signals in order to detect and
analyze harmonics/ interharmonics, unbalance, voltage dips
and voltage swells. The digital signals must be sampled with
a frequency of 6.4 kHz, which means 128 samples per cycle.
The sampling frequency can be changed if the user requires
other value, but it cannot be less than 100 samples per cycle.
This is because the algorithm needs at least 5 kHz sampling
frequency to properly indentify interharmonics orders.

The VI is composed of the:

o frontal panel - illustrated in Fig. 3, is the graphic
user interface (GUI);

e Dblock diagram (code source) - is described in Fig.
3 (D);

e icon with connector panel - to identify the
software and to be able to introduce and
subordinate it in other VIs.

The code source was build in four steps corresponding to
the signal reading, temporary disturbances detection and
analysis, signal recovery, stationary disturbances analysis
and power quality indices display. Fig. 3 (D) illustrates the
block diagram in the temporary disturbances detection and
analysis stage.
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Figure 3. Graphic user interface of the virtual signal analyzer
(A) Input signal display, (B) Temporary state quality indices, (C) Steady state quality indices
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The VI input data is the digital signal sequence of values,
which is obtained through a data acquisition board (the
signal can be also transmitted using a data file). In Fig. 3,
(A) is shown the part of the GUI that displays the digital
signal, which was read and prepared to be analyzed. After
processing the signal, the characteristics of the identified
disturbances are displayed in two windows corresponding to
the steady and temporary state, respectively.

In the case of the steady state, the power quality indices
calculated are (Fig. 3, (B)) [38]:

e THD for each phase;

e Harmonic order, magnitude, level and angle for
each phase. The harmonic specific features are
displayed tabular and graphical;

e  Unbalance factors;

e  Generalized unbalance factors.

The temporary state is distinguished by the presence of
voltage dips and swells, which are quantified through: start
time, duration and amplitude for each phase, three-phase
quantification as the standard requires, and three-phase
characterization using the voltage dip/swell matrix.

The generalized unbalance factors were introduced in
order to quantify properly the steady unbalance harmonic
state. The quality indices take in consideration the
fundamentals and the harmonic components, too. The
mathematical relationships are detailed described in [38]:

e Generalized zero unbalance factor
0

U
ko =—%-100 [%] ©)
Ué’

¢ Generalized negative unbalance factor

U-

kg =—2--100 [%] (10)
g

where

wif (ot +losf +
2cos af’_ab)~U1” UP +
ZCos(altbc)~U1b U +

2c0s(a1+_ca)-U1” Ut

THORES (11)

aay =91 ~ 9!

e =9 0

A =P O
e +wef + (2 +
ZCos(a,?fub)Uk“ Up +

% 2cos(a,?fbc)-U,f Up +
Zcos(a,?fm}U,f U}

(12)

1
0
CHORSS (13)

a Vs
ap =0t -0} =
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U () =~ (15)
¢ 3 % 2cos(a,;bc)-U,f Us +
2cos(a,;m)~U,f~U,f
. . 2
ap = PF — P +(2‘k)'77[
g =0 =i +(4k)- 2 (16)

3
_ ¢ a 2w
Apca = Pr — Pk +(1_2k)?
and k=1,...,00.

In order to underline and quantify the influence of
positive sequence harmonic components, the positive

unbalance factor was proposed [38]:

+ +

w27 Y 00w
ST [%]

4

)

A three-phase quantification of the voltage dips and
swells using a temporal-quantitative approach is used in
order to have detailed characterization of the way the
temporary event varies in time. Thus, the voltage dip/swell
matrix is proposed to describe more accurately the
temporary disturbances in distribution networks. It is
defined as follows:

Duration Amplitudine
di 100% Ui inst%
dj lim% Uj lim%
somgei Us pas

Figure 4. Voltage dips / swell matrix

where  d; 900, = 100 [%],
d; jimy,= (dyy / d,,) - 100 [%0],
dy oy = (d, 1 d,,)-100 [%]
The temporal quantities are defined as:
* d,, =14, 1, is the duration of the event that

3 maj% maj

iinst
happened between the moment that the r.m.s.
voltage begins to change, leading towards the
disturbance and the moment when the r.m.s.
voltage is stable showing that the disturbance

ended;

® dyy, =lpyn — Ly - duration of the disturbance
itself;,

e d,; =14, 1l -time duration when the r.m.s.

voltage has its lower or higher value.
The matrix quantitative parameters have the mathematical
expressions:
e Minor precentage amplitude Us; ;e

maj
Upios = 2 -100 [%] (18)
Urz?f
e Major precentage amplitude U,
Uma'
Umqj% = U ’ 100 [%] (19)

ref
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e Standard precentage amplitude Uj;,,

Ulim Uma‘
—lin 7100 [%]
ref
This quality index can be used to classify voltage dips and
voltage swells, consequently to take the adequate measures.

(20)

Ulimy, =

IV. NUMERICAL EXAMPLES

The virtual instrument testing process was made in two
stages. In the first stage several digital signals comparable
with the ones found in distribution networks, and complex
signals that can be hardly found in practice were virtually
build. The 2™ category of signals was chosen to verify the
accuracy for interharmonics and voltage dips/swells
detection and quantification. On the other hand, the standard
methodologies for harmonic analysis and voltage dip
detection were implemented as VIs in order to make a
proper comparison between the recommended methods and
the proposed ones. Further on a representative numeric
example performed on a synthetic digital signal is
illustrated. Fig. 3, (A) illustrates the three-phase analyzed
signal that is non-sinusoidal (with harmonic and
interharmonic components), unbalanced and contains a
voltage dip. The signal analytic expression is:

55 (1) =¥2 D U sinQr 50 k-t +9"%) (21
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information about the real situation of the distribution
networks steady state.

w B B B B
L 8 8 8 2

Harmonic magnitude [V]

\\Hhm.m.”.‘
o 1 2 3 4 5 & 7 & 9§ W 11 12 13 14 15
Harmonic order

Figure 4. Harmonic spectrum on phase — line 1, using the standard FFT
analysis

Analyzing the same signals by using the VI containing
the proposed algorithm (where the existence of all
disturbances is taken in consideration), the following results
were obtained: harmonic spectrum (Fig. 6), voltage dip
characteristics and allure (Fig. 7), which use graphics for
presentation, whereas a more detailed display is made
through Table III.

The output data that characterizes the harmonic pollution,
presented in Table III, indicates a accurate estimation of the
harmonic and interharmonic components, i.e. their order,
magnitudes, levels and phase angles, too.

The voltage dip allure shows that both the standard and
the proposed methods give precise results concerning the

L llszghe harmonic or 1nterharm0n10 orQer, amplitude of the disturbance. A closest analysis highlights
U’ - harmonic or interharmonic component hat th d hod i hd 2
tude that the proposed method 1s more accurate 1n determining
mlazg3n1 ’ ) the start and end moment, that is the duration and the
@k — phase angles of the harmonic or . ,
: s disturbances’ shape.
interharmonic component for each phase.
The quantities values, voltage dip instantaneous iz
characteristics (start time %3, duration d"** and magnitude m-
A'*?) are enumerated in Table I. =187
+ 160
TABLE L. ELECTRIC SIGNAL CHARACTERISTICS ;1‘;
Harmonic components 100-
k 1 3.25 5.5138 7.72 11 80-|
Uy [V] 220 66 44 22 2 -, j j j j j j j j j ,
Uzk [v] 242 77 48 19 1 0 002 0.04 0.06 0.08 Tmﬂé[s] 012 014 016 018 0.2
[ 217 70 33 26 1 } o _ o
0" [degrees] 0 0 0 0 0 Figure 5. Digital signal time variation using r.m.s. values. Standard method
o’ [degrees] 240 240 240 240 240
0> [degrees] 120 120 120 120 120 TABLE II. RESULTS OBTAINED WITH THE STANDARD
Voltage dip characteristics METHODS
£ [s] 0.04 d'[s] 0.12 A [%] 30 Phase
£ [s] 0.042 4 [s] 0.11 A [%)] 40 Signal 1 2 3
£o[s] 0.043 4[] 0.1 A°[%] 90 characteristic

The usage of the VI, which incorporates the standard
signal processing methodology brought the results from Fig.
4 and Fig. 5, where is illustrated the harmonic spectrum and
the voltage r.m.s. values, respectively. Considering that the
standard FFT excludes the harmonic analysis in the presence
of a voltage dip, and to be able to make a proper comparison
with the proposed method, the steady state analysis was
made without the temporary disturbance. Table II displays,
for steady and temporary states, the results in a tabular
manner.

The harmonic spectrum obtained using the standard
method shows the fundamental component, but the other
interharmonic components result as interharmonic groups.
Thus, the standard method gives incomplete information
regarding the order, level and phase angles of the
interharmonic components, and consequently improper
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As the validation of the VI was successful for synthetic
digital signals, an application was build to verify the VI
using real signals. Thus a data acquisition board (DAB) was
used and a special VI was developed to make the connection
between the virtual signal analyzer and the DAB. The
results, obtained using the VI, were compared with the ones
obtained using a physical power quality analyzer.

\ \ |
0 0.02 004 0.06 008 01 012 014 016 0i8 02
Time [s]

Figure 7. Electric signal time variation using rms values. Proposed method

TABLE III. RESULTS OBTAINED USING THE PROPOSED VI

Phase
Signa 1 2 3
characteristi
k 1, 325, 55138, 7.72, 11
123 220, 66, 44, | 242,77,48,19, | 217, 70,33,
UV 2.2 1 26, 1
123 240,240,240, | 120,120, 120,
¢ "k [degrees] | 0,0,0.0,0 240,240 120, 120
1 [5] 0.025 0.025 0
d[s] 0.12 0.109 0
A [%)] 30 40 0

V. CONCLUSION

The paper describes a virtual signal analyzer dedicated for
the harmonic and interharmonic components, unbalance,
voltage dips and voltage swells detection and quantification.
To eliminate the drawbacks of the signal processing
methods that are recommended by the power quality
standards and to raise the accuracy of the steady and
temporary states characterization, the authors propose a new
approach, which supposes the use of new signal processing
methods. The proposed methodology was implemented in a
virtual instrument that performs the temporary disturbance
detection and analysis based on time domain analysis and
harmonic and interharmonic analysis based on frequency
domain analysis, plus a signal recovery action if the signals
are affected by voltage dips and swells. The signal analysis
is made using a 10 cycles interval (0.2 s).

The voltage dips and swells detection is made using the
convolution between the analyzed signal and the Morlet
function. The proposed method offers the advantages of less
calculus and higher precision in disturbance duration and
allure determination.

The harmonic analysis is realized by applying the Fourier
transform on a signal windowed with the Gauss function.
This approach brings a very high precision in interharmonic
components detection, but it has disadvantage of difficulty
in information extraction.

The novelty of the methodology, comparing the standard
one, is the introduction of the signal recovery when the
signal is affected by voltage dips and swells, thus the steady
state analysis can be performed in the same 10 cycles
window, along with the temporary disturbances. The signal
recovery is made using a recursive algorithm that gradually
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modifies the signal magnitude until it is reached the level
before the temporary disturbance occurrence.

The VI besides the standard power quality indices
determines also new indices that were suggested with the
purpose to obtain a more accurate imagine of the real
operation state of distribution networks. Consequently, the
generalized unbalance factors and voltage dip/swell matrix
were introduced.

As the VI was tested using virtual and real digital signals,
the results showed very good detection of (inter)harmonics
and a faithful allure of the voltage dips and swells.

The virtual signal analyzer has the following advantages:
cheaper than physical analyzers, faster, processes both
stationary and temporary disturbances in the same analysis
window and easy to perform modification in its structure.
Regarding the last aspect, in the future the authors intend to
complete the VI in order to detect and quantify more
disturbances.
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Abstract. The paper shows how the surveying of power quality in microgrids working under
unbalanced harmonic distorted operating states with possible voltage dips and voltage swells
existence can be accomplished implying a small amount of time and measurement activities. The
surveying methodology uses the disturbances propagation phenomenon to determine the power
quality indices in all of interest nodes of the microgrid utilizing the voltages and currents
characteristics in one or several strategic nodes. The disturbances propagation is based on the
sequence component theory applied for all detected harmonics and for the microgrids components.
The proposed surveying methodology was implemented in a virtual instrument capable to acquire
the voltages and currents waveforms, to analyze them in order to identify the disturbances
characteristics, to calculate the disturbances propagation and display the power quality indices in all
of interest nodes of the microgrid. The virtual instrument was tested using several microgrid
topologies and scenarios.

Introduction

Microgrids represent the new tendencies that meet the world’s new energy policy that is to
protect and mitigate the impact on the environment. A microgrid is a regionally limited power
system that contains small generation units, energy storage and loads. The microgrid usually
operates connected to a traditional centralized power network, but it can work also in the isolated
mode. The generation units and loads are interconnected at low voltage (LV) or rarely at medium
voltage (MV). Microgrid generation units can include fuel cells, wind turbines, photovoltaic (solar)
panels and other small power installation that use renewable energy resources.

A microgrid has three main characteristics [1 — 4]: it is seen by the main power network as a
single controllable unit, enabling it to deliver the cost of large units; it has a particular topology
imposed by the energy needs (in order to satisfy the power necessities); it needs a high level of
power quality and a high supply safety in order to supply all consumers. This last feature imposes
the knowledge of power quality (PQ) indices in all common coupling points of the microgrid. To
establish accurate values of PQ indices in microgrids, a lot of complex measurements have to be
performed at the same time. It is obvious that, for technological and economical reasons, it is almost
impossible to accomplish this task. On the other hand, the complexity of electromagnetic
phenomena imposes laborious and fineness activities for a truthful modelling of microgrids
elements and of electromagnetic phenomena. An easier approach to determine the PQ indices in all
of interest nodes of the microgrid is to measure the characteristics of PQ indices in the main nodes
and then calculate them in the rest of the microgrid by applying a propagation algorithm. This
methodology can be used because the disturbances propagate through the microgrid influenced by
the microgrid components on one hand and on the other hand by the disturbances type themselves.
Consequently, the PQ indices have diverse values in different points of the microgrid.

The analysis of disturbances propagation is a complex issue, involving many complicated
mathematic calculus, subsequently it is very appropriate the development of software tools that
contain the propagation algorithm and are dedicated for the analysis of PQ. Encouraged by the

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)
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importance of PQ in microgrids and the disturbances propagation approach, the authors have
developed a virtual instrument (VI) that calculates the propagation of electromagnetic disturbances
(basically harmonic distortion, unbalance, voltage dips and voltage swells) in microgrids and the
PQ indices. The propagation of stationary disturbances (e.g. harmonics and unbalance) is a power
flow issue during steady state, whereas the temporary disturbances (e.g. voltage dips and swells)
can be also treated like usual power flow during the stationary periods (when its rms values doesn’t
vary) of the disturbance when the voltage amplitude is the lowest (for dips) or the highest (for
swells). This approach was used because only the PQ indices are pursued, whereas for a more
accurate analysis of the temporary disturbances propagation a time domain analysis is required.

The common power flow analysis methods that are based on the positive sequence
representation, which are usually used for large power distribution systems, are not appropriate for
microgrids and modern LV distribution power networks, because they have an unbalanced and
harmonic polluted working state. Furthermore, the today’s power flow software tools are not
adapted for the microgrids analysis, because they initially have been developed for large systems. A
drawback in the existing technical literature regarding the steady state modelling of microgrids is
that it assumes only positive sequence representation for power flow analysis [5, 6]. Then again, the
concept of three phase power flow analysis has been widely presented in literature [7 - 14], and the
proposed methods were chosen in accordance with the network topology and the applied
methodologies. The compensation methods have been proposed for power flow analysis of radial
networks and weakly meshed grids in [7] and [8], respectively. The power flow analysis of looped
(ring) or general network structures are conducted based on Gauss and/or Gauss-Seidel methods in
[9, 10] and Newton — Raphson method in [11 — 13]. The sequence components theory has been used
in [12 — 15] to develop a three phase power flow solver for general network topologies with
synchronous generating units. Using the sequence components frame in the power flow analysis
effectively reduces the problem size and the computational burden as compared to the phase frame
approach. Moreover, due to the weak coupling between the three sequence networks, the system
equations can be solved using parallel programming [13]. Considering the unbalance and
harmonics, the propagation implemented in the proposed survey methodology is based on the
sequence components theory. Comparing the approaches presented in the literature [13 — 15], the
proposed method adapts the sequence components theory for all harmonics. Thus the microgrid is
decomposed in three independent sequence components, and the power flow is determined for each
sequence harmonic component. In accordance with the proposed approach, all the microgrid
elements are modelled with their sequence components: electric lines, power transformers, linear
balanced consumers (constant power) and distributed generation units (constant power). The
temporary disturbances propagation is made considering the technical literature [16, 17].

In the last years, the computer science development has encouraged the involvement of PCs in
resolving various issues related to power systems, such as protections, control, measurements,
processes control, modelling etc. Thus, specialized dedicated software tools were created in order to
support and improve the engineers work: LabVIEW, DIgSILENT, EDSA, MatLab etc.

The software products developed using LabVIEW graphical programming environment are
virtual instruments (VIs). These software tools emulate physical instruments, but they operate like
usual software and consequently they can be used so. Thus on one side, VIs are utilized to design
the measurement system, but on the other side, they are used as simulation tools in a closed virtual
world in which the user can observe the behaviour of complex systems in different contexts, being
of great help in understanding various phenomena [18]. Recently, in the field of power systems,
many authors have used the virtual instrumentation approach to simulate different operating states
of power systems [19], solve issues related to measurements [20 — 24], to detect the loads
characteristics [25], to design and simulate the voltage fluctuation rate monitor [26], to control
different processes [27]. Analyzing the technical literature, the developed software tool is among
the few VIs dedicated for simulation of power systems processes.

The rest of the paper is organized as follows: the next section describes the proposed survey
methodology, then the developed VI is presented, its usage and a study case that validates the
algorithm and the VI are presented. The paper ends with a section of conclusions where the
importance of developed VI is underlined.
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Proposed power quality monitoring method using disturbances propagation algorithm

The proposed methodology was build on the supposition that the start point of the disturbances
propagation is the injection point of the disturbances, where the measurement have been made, or
the distributed generation units whose characteristics are known are connected. Besides, the
complexity of the propagation phenomenon imposes: (i) the analysis of power signals in order to
determine and quantify the PQ indices, which were performed using novel algorithms [28, 29] and
new indices [30, 31]; (ii) the microgrid to be modelled in accordance with the non-sinusoidal
unbalanced operating state, thus the electric lines and transformers parameters were calculated
considering the skin effect; (ii1) the electric quantities and microgrids parameters were used in per
unit and with sequence components. It must be added that the proposed method can be applied for
both radial and looped microgrid, and typical power networks topologies.

The remainder of the section describes the propagation algorithm, microgrid modelling and the
mathematical basis of the disturbances propagation through the grids components.

Disturbances propagation algorithm. The algorithm for the disturbances propagation is described
in Fig. 1 and supposes the following stages:

e analysis of acquired signals, in order to determine the existence of electromagnetic
disturbances, their types and PQ indices in the measurement points;

e transformation of the electric quantities in per unit and sequence components quantities;

e calculus of microgrids parameters, considering the real operating state (skin effect);

e microgrids topology (radial and looped) identification in order to track the effects on the
disturbances propagation;

e sequence components (positive, negative and zero) of the analyzed microgrid, in per unit
calculus;

e analysis of disturbances propagation using the corresponding mathematical block (Fig. 5).
Calculus block stopping condition is met when all electric quantities (currents and voltages)
in all of interest microgrid nodes are determined;

e computation of power signals characteristics, i.e. the PQ level in all of interest microgrid
nodes.

In Fig. 1 u(f) and i(f) represent the acquired sampled power signals; U5, and "B the
voltages and currents harmonic components on the three phases; U "’Ok and 1" "’Ok the sequence
components for each K™ order harmonic; Ay, k' and THDy symbolize the PQ indices
corresponding the analyzed disturbances; Zr, Z; microgrid electric parameters, whereas Z~r and
7", sequence components of the microgrid electric parameters.

Microgrid modelling. The electric lines (overhead lines and cables) are modelled using only the
series parameters: resistance (R)) and reactance (X;), thus the characteristic impedance, Z;.

Z, =R +joL, =R, + jX, [Q/m)]. (1)

The electric line model is illustrated in Fig. 2. The resistance was determined considering the d.c.
component, and the a.c. gain parameter, k., — relationship (2).

The a.c. gain parameter depends on the frequency, conductor’s type, resistivity and permeability
as mathematical relationships (2) and (3) show [32].
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Fig. 1. Logic diagram of propagation algorithm
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Fig. 2. The equivalent electric scheme of an electric line
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where r is the conductor’s radius, [m]; ¢ — material permeability, [H/m]; R.. — d.c. resistance,
[QQ/m]; R; — a.c. resistance, [Q2/m]; ux — relative permeability; p — conductor’s resistivity,
[Q-mm*/m]; ber si bei — real and imaginary parts of the Bessel functions, which are described

below.
The transformers are modelled considering the electric scheme from Fig. 3. Thus the electric

parameters are determined using the characteristic features of the transformer [33].

— =

Fig. 3. Single-phase scheme of the three-phase power transformer
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The consumers, which are considered linear loads, are modelled using a static model
characterized by series parameters — resistance and reactance (impedance), Fig. 4. The electric
parameters are calculated using the consumer nominal power and voltage.

Z =R +joL =R +jX,, [Q] 4

R, Xe
—{ I

Fig. 4. Equivalent single-phase electric scheme of the linear consumer

Propagation calculus block. In the propagation analysis the following assumptions have been
accepted: (i) the electric lines and power transformers are linear elements, thus they do not cause
harmonic currents or voltages; (ii) the non-linear consumers are considered invariant harmonic
current sources (this means that the harmonic order, amplitude and initial phase don’t vary in time);
(ii1) the microgrid is supplied with a symmetric system of sinusoidal voltages from the power
system (in the connected mode); (iv) the distributed generation units are considered invariant.

- ETAR%’_’OT

1o |z

Upstream calculus of
currents

-0
Tt

A 4

A 4
Voltages in
microgrids nodes

,-0
U~Y
A

No Is accomplished the | Yes
stopping condition ?

Fig. 5. Logic diagram of the disturbances propagation calculus block

The propagation phenomenon study was made using an iterative method (the backward/forward
sweep), which was modified for the non-sinusoidal unbalanced operating state. This kind of
approach supposes a three-phase modelling of the grid elements, in view of the fact that the electric
quantities can be different for the three phases. Consequently the superposition method and the
sequence components theory were implied. Thus each three-phase harmonic current/voltage system
was analyzed as an unbalanced system. Moreover, utilizing this approach and taking into account
the characteristics of sequence components belonging to the microgrid elements, the microgrid is
seen as three sequence independent microgrids: positive, negative and zero sequence. Fig. 6
illustrates a power network along with its three sequence components [35, 36].

The positive and negative sequence components of power transformers behave in the same way,
irrespective of magnetic core type and the connection scheme. The mathematical formula showing
the relationship between the sequence harmonic voltages and currents are:

u,,=0,-Z"+k-U.;
U, =U},-a (5)

+/= +/=
Q(‘,h =QA,h a



132 Interdisciplinary Research in Engineering: Steps towards Breakthrough
Innovation for Sustainable Development

where k is a parameter depending on the transformer connection, # is the harmonic’s order, U, e
- positive/negative primary harmonic phase-to-earth voltages, U :f;/c’,, - positive/negative secondary

harmonic phase-to-earth voltages, Z'' - positive/negative transformer impedance, [ Z;-

positive/negative sequence harmonic currents that flow through the primary windings and are
characterized by the following mathematical relationships:

+ l + - 1 -
lA,h =" la,h B ZA,h =" la,h' (6)

n n

T T

In (6), I,, and I,, are the positive and negative sequence harmonic currents from the

—a,h

secondary winding, and n, is the transformer ratio.

G, T T, Gy
YNyn ‘ ‘ YNd
7, zi zh

Fig. 6. Decomposition of a power grid in its sequence components (grid’s parameters are in per
unit)

The zero sequence components of secondary currents produce important magnetic fluxes only if
they can not appear on the primary side, too.

v, =10,-2"+k-U,,
Qz,h = Q(jl,h (7)
Qg,h = Q(ji,h

0 0 . 0
where U, ;,, and U,,,., are the zero sequence primary and secondary voltages, Z - the zero

. 0 .
sequence transformer impedance; /,, - the primary zero sequence current.

A voltage dip or swell that appears at a voltage level propagates at the same voltage level, at
higher voltage levels and/or lower voltage levels, too. The propagation at lower voltage levels takes
place without a considerable change in amplitude; in contrast, when it propagates upstream the
source point suffer a amplitude decrease. The first step in the propagation analysis of voltage
dips/swells imposes the knowledge of dips/swells characteristics; then it follows the study of the
grid elements influence on voltage dip/swell characteristics and vice-versa. Considering only the
electric lines and transformers, the last ones have the biggest influence on the voltage dips
propagation.

The power transformers working in the power networks have different connections that influence
the voltage dips/swells; as a result, a voltage dip/swell that propagate downstream, from the high
voltage to the low voltage side of a transformer, has different characteristics in the primary if
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compares with the secondary. An accurate analysis of transformers influence upon the voltage dips
propagation is made in [16]. In accordance with this study, transformers can be divided in three
categories: (1) transformers for which every secondary voltages are the difference between two
primary voltages. This category includes transformers with connections Dy, Yd and Yz; (ii)
transformers that eliminates only the zero sequence components; this model applies for transformers
with group connections Yy and Yy, and Dd, Dz, respectively; (iii) transformers that do not
modify the voltage. For this kind of transformers, the secondary voltage (p.u.) is equal with the
primary voltage (p.u.). This category encompasses transformers with Yxy, connection.

Virtual instrument

The proposed methodology was implemented in a VI, named PowerDiNet PQMo, capable to
determine the PQ indices in a microgrid functioning under non-sinusoidal unbalanced operating
state, with possible voltage dips or swells appearance. The VI can work off-line (taking the data
from a file that contains the measurements) or on-line (with the help of an data acquisition board the
input power signals are acquired). The graphic user interface is illustrated in Fig. 7, whereas the
source code is presented in Fig. 8.

1 2 3 4 5

Format  Metwork elements ] Disturbance sources | Power quality indices I Help I Errors J

| Generators

Powar systam
@ ¢
1]
b
Bl | Power-system
£l
@ T Electric lines

0
T .0 1ok
e Connection |Dynd
Type |LEA Cu35 %0 [Ohmt
c4

L1 L2 L3 E fmi]) O 4 3 < b

ol 4
Consumers
T1 T2 T3

Bg 2 e syikval (o

= Transformers Transformers pa!ameté!s

R= 0 [Chm
[Chm]

“ ¥

Electric lines parameters

Consumers parameters:

9! Lingar
Mon-finear

B1L |
13

Y3 Capaditars Batteries

connection D

Fig. 7. PowerDiNet PQMo graphic user interface

PowerDiNet PQMo usage is easy and sequential: first the user has to choose the microgrid
topology (predefined or custom), the electric parameters calculus (typical or complex), the power
quality analysis (standard and/or custom) and the way the data should be displayed (standard and/or
report) by accessing submenu “Format” (Fig. 7 — 2). In Fig. 7 — 1, is illustrated a predefined
microgrid topology, whereas the custom topology supposes the user builds its microgrid using a
special support grid and power system elements. The typical electric parameters means the calculus
of microgrid parameters is performed without the skin effect, contrary the complex option implies
the calculus of the electric parameters considering the skin effect. Standard power quality analysis
is as [37] recommends, and the custom analysis is using the methods described in [28, 29] able to
identify interharmonics and three-phase voltage dips and swells. On the next step, the microgrid
components (generation units, transformers, electric lines, consumers, capacitors and batteries)
characteristics have to be introduced (Fig. 7 — 3), whereas the input power signals, u(¢) and i(¢) are
introduced in the 3" step (Fig. 7 — 4). After these 3 stages, the VI processes the input data and
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calculates the power quality indices at all busbars, which can be seen by accessing the submenu
“Power quality indices” (Fig. 7 — 5). Someone can also observe the “Help” and “Errors” sub-menus
that have the roles to help and support the VI usage and to display the errors that appear when the
input data are incorrect introduced.

Fig. 8 illustrates a part of the VI source code, which corresponds to the calculus stage.
Consequently, sub-VIs 1 and 2 transform the electric quantities in per unit, sub-VI 3 calculates the
propagation and sub-VIs 4 and 5 transform the per unit sequence components to real phase
quantities.

'I:II:II:II:II:II:II:IEII:II:IEIDEIEIEIEIEIDEIEIEIEIEIEIDEIEIDI:II:II:II:II:II:II:II:IEIEIEIEIEIEIE}‘I]_[U3]vlr..IIJEI:IFIDI:II:II:IEIEIEIDEIEIEIEIEIEIDEIEIEIEIEI
+ - ds[ef+
|
Calculus
1000000
Display]
N4 5
FE=0 | o .
7 ﬂ% B B e
=)
e Gl | m
—

U+,-0 3U‘[ ]
110 G@‘ Tlur]
Ay

Fig. 8. PowerDiNet PQMo source code

Simulations and results

To evaluate the performance of the proposed technique and developed VI, tests were made using
possible microgrids topologies with virtual scenarios. The example presented in this section to
demonstrate and evaluate the effectiveness, estimation accuracy and computational speed of the VI
includes the microgrid from Fig. 7 — 1. The microgrid is connected to the main distribution network,
and contains three sub-grids that supply LV consumers of diverse powers and a MV consumer. To
the 2™ sub-grid is connected a distributed generation unit (solar panels) that is considered the
disturbances source. This is because the interface between the solar panels and microgrid is made
through a three-phase inverter which is a harmonic voltage source. The characteristic of the
microgrid components, generation unit and consumers are presented in Table 1. It has to be added,
that the characteristics of the inverter were obtained from in situ measurements on real solar panels
of 100 kW, whereas the input u(¢) and i(¢) were introduced from external files at busbar B10.
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Table 1. Microgrid elements characteristics

Microgrid ~ Characteristics
element

Gl P, =20 MVA, Uy=110kV
T Sy=1.6 MVA, U/U~=110/20 kV, u,= 6%, AP,,= 21.05 kW, AP;=2.1 kW, Yynd-11
T1 Sy=0.4 MVA, U/U,=20/0.4kV, u,= 4%, AP,= 4.3 kW, AP= 0.8 kW, Dy,-11
L1 Over-head line, / = 20 km, s= 70 mm’, Steel - Aluminum
L4 Cable, / = 0.1km, s= 150 mm’, Copper
Cl1 Py=300kW,PF=0.8, Uy=04kV
T2 Sy=0.1 MVA, U,/U,=20/0.4kV, us,= 2%, AP,= 1.5 kW, APy= 0.29 kW, Yy,-0
L2 Over-head line, / = 2 km, s= 70 mm’, Steel - Aluminum
L5 Cable, /= 0.1 km, s= 50 mm”, Copper
C2 Py=80kW,PF=0.8 Uy=04kV
T3 Sy=10.63 MVA, U,/Uy= 20/0.4 kV, u,= 5%, AP,= 6.2 kW, AP;= 1.2 kW, Dy,-0
L3 Over-head line, / = 10 km, s= 70 mm?, Steel - Aluminum
L6 Cable, /= 0.1 km, s= 240 mm”, Copper
C3 Py =500kW, PF=0.8, Uy=04kV
G2 Py, =100 kW, Uy = 0.4 kV
C4 Py =500kW, PF=0.9, Uy=20kV

The scenario settings are: predefined microgrid, typical calculus of the microgrid parameters,
standard PQ analysis and indices, and standard-window display of results. Processing the input data,
the VI identified harmonics and unbalance, thus the PQ indices and their propagation through the
microgrid are illustrated in Table 2; Fig. 9 presents the load flow. As the calculus was made for
each phase, in the scheme are illustrate only the maximum values that indicate the worse situation.
It can be seen that the voltage unbalance is very low, and the other consumers are not influenced by
the non-linearity or unbalance of the solar panels.

Table 2. Power quality indices

Busbar THDy [%)] k' [%] Ky [%]
Bl 0 0 0
B2 2.7 0 0
B3 0 0 0
B4 11 0.1 0
BS 0 0 0
B6 0 0 0
B7 12 0 0.1
B8 0 0 0
B9 0 0 0
B10 12.1 0 0.1
BIl 0 0 0

THDy [%] — voltage’s total harmonic distortion factor,
k'y — voltage’s negative unbalance factor,
K’y — voltage’s zero unbalance factor.
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Fig. 9. Load flow through the microgrid

Summary

The authors proposed a low-cost and time saver methodology for power quality monitoring in
microgrids working under non-sinusoidal unbalanced conditions, with possible voltage dips and
swells existence. The method is based on the disturbances propagation phenomenon, which was
analyzed with the help of sequence components applied for all detected harmonic components. The
propagation algorithm was implemented in a virtual instrument that offers the possibility of
analyzing the PQ in microgrids, but also to simulate their functioning. The VI was tested using
diverse microgrids topologies with different scenarios (regarding consumers, distributed generation
units and disturbances levels). The paper describes a functioning scenario of a microgrid that
supplies four types of consumers from the main power network and solar panels. As a result of the
performed analysis on the showed example and on other microgrids, the followings have been
observed:

e The disturbances propagate entirely along the electric lines, but their characteristics change

when they pass through the grid’s transformers, depending on the transformer connection;

e The zero sequence components of harmonics from the secondary side of transformers that
have the Dy, connection, cannot be found on the primary side;

e The disturbances source doesn’t influence the other consumers because the power system is
strong enough to reduce its effects. In the situation the microgrid is working in isolated mode
and the generation unit is of big power comparing the consumer near it, its influence can be
sensed.

The usage of the presented software tool offers the following advantages:

1). Low-cost and time saver comparing the classical measurement apparatus and survey

methodologies;

2). Analysis of microgrids power quality indices using both the standard methodology but also
an advanced analysis for interharmonics identification that uses novel algorithms. It can be
observed that the VI can easily be used for arbitrary distribution power networks;

3). Friendly graphic interface;

4). Workable results in a short time.
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Abstract—Interharmonics represent those electrical signals
whose frequencies are not integer multiples of the supply
fundamental frequency. They correspond to electrical
components that are not synchronized with the systems
fundamental frequency; due to this fact, they have a more
destructive impact than harmonics on the elements of the power

system. International organizations like IEC and IEEE
International Force Task Committee have defined the
terminology, limits and measurement guidelines for

interharmonics; even though, there still are difficulties in their
detection and measurement with an acceptable accuracy. The
paper presents the mathematical basis of Fourier transformation
and some general aspects regarding a new algorithm that authors
propose for interharmonics analysis. The classic Discrete Fourier
Transform is adjusted using windows with different widths
accordingly to the interharmonics spectrum. The paper also
contains a numerical example and the description of the virtual
instrument developed specifically for interharmonics detection
and evaluation.

Keywords - interharmonics, Discrete Fourier Transform,
detection and evaluation, virtual instrumentation

L INTRODUCTION

Due to the increasing use of electronic and switching
devices, power quality is deteriorating in the electric
distribution grids. A major aspect of power quality is the
harmonic pollution, whose effects negatively influence all
grids elements.

Harmonics represent spectral components of frequencies
that are integer multiple of the fundamental frequency.
Interharmonics are defined by the IEC Interharmonic Task
Force as “Any frequency which is not an integer multiple of
the fundamental frequency”.

978-1-4244-5172-2/09/$26.00 ©2009 IEEE

By now, many standards and procedures were developed
to identify and limit the unnecessary harmonics, but mostly of
them for the integer multiple harmonics.

In the scientific literature there are a lot of studies
regarding interharmonics sources, modeling, simulation, limits
and measurement [1-6]. However the most problematic issue
is the accurate determination of interharmonic frequency and
amplitude, which still raises many questions.

The interharmonics emerge in all power switching
converters and inverter drives. The characteristic of the
switching converters (for instance, ac/dc supplies and power
factor correctors) is that they are not synchronized to the
power supply frequency. On the other hand, the inverter drives
cause variations of the amplitude and/or phase angle of the
fundamental component and/or of the harmonic components.

Today, recognized interharmonic sources are:
e Static converters, in particular direct and indirect
frequency converters;
Variable—load electric drivers;
Arcing loads;
Ripple controls;
Control and protection signalling in electric lines.

Interharmonics introduced by these sources have the
following possible effects:
e Noise in the audio amplifiers;
e Additional torques on motors and generators;
e Disturbe zero crossing detectors (dimmers);
L]

Additional noise in inductive coils (magneto-
striction);

e Blocking or unintended operation of ripple control
receivers.
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The main difficulty in the interharmonics analysis is that
they are not synchronized with the fundamental frequency.

The paper firstly reviews the mathematical basis of
interharmonics analysis. A new adapted algorithm based on the
Fourier Transform is proposed. The paper also presents a
virtual instrument (VI) for interharmonic detection and
evaluation whose working principle is based on the proposed
algorithm. The last part of the paper presents some numerical
examples.

1L INTERHARMONICS ANALYSIS

The mathematical basis of the harmonic and interharmonic
analysis is based on the Discrete Fourier Transform (DFT).

The Fourier analysis can be used on non-sinusoidal
periodical signals and decomposes them into a series of
sinusoidal components. The classic Fourier transform can be
applied with properly results only on a periodical signal f{t)
with period of 7, where T is the period of the fundamental
frequency:

() =y +Yla, -cos(n-@-1) + b, -sin@-a-£)]; (1)

here, ¢, is the continuous component of the periodical signal,
while ¢, =a’> +b> is the amplitude of the »” order
harmonic. The harmonic angle in its working space n-@-1f,

) . . ) ) a, )
with an initial origin arbitrary chosen, is &, = arctgb—; this

n

#

value, reported to the fundamental space (@-¢)is «a, = —=

If f{n) is a sampled signal with a rate of N points per cycle,
and the period 7T is sampled in 2p intervals of Ar=T/(2p),

the Fourier coefficients can be obtained using the Discrete
Fourier Transform (DFT), by the following mathematical
relationships:

1T l 2p )
A== Ojf(t)dt ~ le_llﬂt,. ); 2)

An :zzj-f(t)Cos(n(gt)dlzlzzpf(l)cosnEla (3)
T, p = p

B, :sz'f(t)-sin(n-(:)-t)dt:slzzpf(i)-sinn-x-i; @
To P i=1 P

where w is the fundamental angular frequency. As the signal
An) is assumed to be on one fundamental period cycle, every
sampled value will theoretical repeating itself every N points.
In practice, the sampled non-sinusoidal signal is frequently
written as:

y=YO+ix/§-Yn-sin(n-wl-t+;/”), %)

n=l

where Y, is the r.m.s. value of the n™ order harmonic, and ¥,
is its initial angle.

The above presented relationships are used to found
harmonics. The IEC Interharmonics Task Force was the first
international team that tried to standardize the evaluation of
interharmonics [1].

The proposed method utilize a Discrete Fourier Transform
performed over a time window of exactly 10 cycles for 50 Hz
systems, corresponding approximately to 200 ms. This new
approach fixes the frequency resolution at 5 Hz. Using this
procedure, interharmonics with frequency integer multiple of 5
Hz can be obtained. Thus, interharmonics components that are
in between the integer multiple of 5 Hz would split primarily
into adjacent interharmonic bins with a minimum of leak into
harmonic bins. In summary, a necessary condition in
interharmonic detection is that the sampled data for DFT
operation must cover multiple fundamental cycles.

Two major problems appear in the interharmonic analysis:
e  The non-integer multiple components calculated from
DFT do exist?
e The magnitudes and frequencies of the
interharmonics are correctly evaluated?

A solution for these problems is to select a time window
large enough to include the periods of all signal components.
This synchronization to the interharmonics is very difficult
because it means to choose a window width too large. Thus
the interharmonics analysis encounters many difficulties.

The authors propose a new method for interharmonic
detection and analysis. It is based on the DFT with a variable
time window depending on the interharmonic spectrum firstly
detected. The algorithm assumes the realization of several
steps:

1.  Analysis is made with a window of 10 fundamental

cycles;

2. Spectrum is analysed and spectral leakages are looked
for. Regarding the interharmonics, there can be found
three possible cases:

a. multiple integers of 5 Hz interharmonics
(genuine interharmonics);

b. multiple integers of 5 Hz interharmonics
(genuine  interharmonics) and  spectral
interharmonics groups surrounding specific
frequencies;

c. spectral interharmonics groups surrounding
specific frequencies.

3. After the previous stage, depending on the results, this
3" step may perform the following:

a. Interharmonics order, amplitude and angle are
presented and displayed. The signal analysis

ends;
b. The genuine interharmonics are memorized
and the spectral groups are taken in

consideration for another analysis;
c. Spectral groups are taken in consideration for
another analysis.
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4.  This step is necessary only in the cases 3.b. and 3.c.
The window width is enlarged, and a more detailed
analysis is performed. To reduce the number of
Fourier coefficients that have to be calculated, only
the frequencies that form the spectral groups are
considered.

5. Algorithm continues until there are only genuine
interharmonics.

This method diminishes the huge amount of calculus that
must be made if the window width is constant and raises the
accuracy of amplitude and phase determination.

The above presented algorithm was implemented to create
a virtual instrument in the graphic programming environment
LabVIEW. Further on, the virtual instrument (VI) and its
working principles are presented.

III.  VIRTUAL INSTRUMENT FOR INTERHARMONICS ANALYSIS

The virtual instrument reads the electrical signals through
an acquisition data board, analyzes them using DFT and
evaluates the harmonic and interharmonics components.

The LabVIEW graphic programming environment was
used to create this VI. LabVIEW environment helps to build
applications as testing and measurement, data acquisition,
instrument control, data logging, measurement analysis and
report.

Forward, the two main components of the VI are presented,
namely the passive (graphic user interface) and the active
(operating modules) one.

A.  Graphic user interface

As the graphic user interface (GUI) represents the part of
the VI with which the users come in contact, a simple and easy
to understand GUI was built up. Through it, users can
introduce the input data and visualize the obtained results.

Frontal panel is composed of graphic objects used for
making choices, introducing input data (controls) and
presenting results (indicators). First of all, user must choose
the way of reading signals — from a file or directly from the
network through a data acquisition board, by using button 1.
The figure 1 presents the off-line variant, when user has to
introduce source file path. Once he made this choice, the
virtual instrument reads data and illustrates the signals through
window 4.

Button 3 is the control with which user can start the signals
analysis. The results of this analysis are presented in a grafic
(indicator 4) and tabular (indicator 5) form. For instance,
Table 5 contains the characteristics of signal components:
order, r.m.s., angle and level in percentage. The total harmonic
distortion is presented through the indicator 6.

B. Block diagram

The bloc diagram is the active part (engine) of the VI, i.e.
the VI’s component that is not seen by the users. The
hierarchy tree of the VI is illustrated in figure 2; it can be seen

that for each module a suggestive icon was build up (except
for the ones already created and assumed); the connections
between the operating modules are also illustrated.
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Figure 1. Frontal panel of the VI for interharmonics detection and analysis

The main program (underlined in red) has diverse sub-VIs
with different roles:

e Identification of signal period;

e Determination of harmonic spectrum;

e Detection of genuine interharmonics;

e Calculus of Fourier coefficients;

e Determination of harmonics and
r.m.s., angles and levels;

e  Conversion of angle units from radians to degrees;
Calculus of the THD (Total Harmonic Distortion).

interharmonics

The working algorithm of the virtual instrument is as
follows:

e The user selects the source of signals — file (Off-
line) or data acquisition board (On-line);

e For the first variant, user must introduce the data
file path for the file in which the measured data was
saved;

e Read data are shown in the illustration window;

e User can start the analysis by pushing button
“Analyze”;

e The read signals are processed and the results are
sent to the adequate frontal panel components;

e The harmonics and interharmonics components are
graphically illustrated in the window 4 and
numerically in the table 5;

e Total harmonic distortion is calculated and sent to
the proper indicator.

In figure 3 a capture of the block diagram is presented. The
most important aspect of this virtual instrument is the
detection of interharmonics and the evaluation of their main
parameters: order, amplitude and angle.
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Figure 2. Virtual instrument hierarchy tree

The procedure steps are further presented:

e A period (cycle) corresponding to the fundamental
frequency is taken, and the signal is analyzed;

e The obtained spectrum is verified: if there are
spectral leakages, the window width is raised to 10
cycles;

e The spectrum is analyzed again and if there are
genuine harmonics and interharmonics, they are
memorized;

e The existence of spectral leakages imply another
analysis, this time for a 100 cycles window, but only
for the frequencies where these leakages were
identifies, and so on, until there are only genuine
interharmonics of significant r.m.s. (> 0.001 units).
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Figure 3. The block diagram of the virtual instrument

The last step is essential, because it shortens the time
calculus even if the window width is very large.

A numerical example shows the working principle. A non-
sinusoidal waveform sampled was analyzed; the results of first
step are presented in figure 4, highlighting an important
spectrum leakage. The final analyze, put in evidence some
interharmonics, as shown in figure 1.
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Figure 4. Interharmonics spectrum leakage after the first step analysis

IV. CONCLUSIONS

Interharmonics have become an important aspect of power
quality. They are defined as “Any frequency which is not an
integer multiple of the fundamental frequency”. Because of
the fact that they are not synchronized with the systems
fundamental frequency, they have a more destructive impact
than harmonics on the elements of the power system.

The international power quality committees have defined
the terminology, limits and measurement guidelines for
interharmonics; even though, there still are difficulties in their
detection and measurement with an acceptable accuracy.

The paper presents general aspects about interharmonics
analysis using the Discrete Fourier Transform and the
standardized method of interharmonics measurement. A
virtual instrument developed for interharmonics detection and
analysis is also described.

The working principle of the virtual instrument is based on
an adapted Fourier transform, its use bringing many
advantages:

e “accurate” detection and analysis of interharmonics;

e short time analysis even for large window width;

e friendly graphic interface, easy to use even by the
non-specialized engineer. Authors and Affiliations
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Abstract—Power quality has become an important issue for
electric power engineering. Nowadays, the distribution electric
networks have unbalanced operating regimes, mainly produced
by the great number of single-phase loads. Unbalanced line
currents produce unbalanced voltage drops on the three phases
of the supply system. Consequently, the voltage system within the
supply network will become unbalanced. Voltage unbalance
influences different components of the electric networks: the
effects on the motors are the growths of losses, supplementary
heating, and finally, the motors life is shorted. In the distribution
and transmission electric networks the main effect of the
unbalanced currents is the existence of additional power losses.
Taking into account the above mentioned aspects, it is necessary
to study the propagation of unbalance through the electric power
system, upstream from the LV distribution level. By using the
symmetrical components theory, transformers with different
types of connections were studied, and their influence on the
unbalance propagation was analyzed. A numerical example is
presented for the propagation of unbalance from the secondary
side of a transformer with Yz, connection to its primary side.

Keywords — power quality, unbalanced regime, unbalance
propagation, power transformers

L INTRODUCTION

The modern three-phase distribution systems supply a great
diversity of customers; among them, those having single-phase,
two-phase and unbalanced three-phase loads have become
preponderant. The operation of these consumers imposes to the
distribution network a permanent unbalanced running state,
characterized by different parameters of the three phases.

The unequal distribution of loads between the three phases
of the supply system determines the flow of unbalanced
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currents that produce unbalanced voltage drops on the electric
lines; as a result, the voltage system within the supply network
becomes also unbalanced.

In power systems supplying asymmetrical (unbalanced)
loads, appear supplementary negative and/or zero sequence
currents that cause additional power losses and faults in the
electric power system and the unacceptable overheating of
three-phase asynchronous machines belonging to different
customers [1].

The paper presents a study regarding the propagation of
unbalance distortion through electric networks, upstream from
the LV to higher voltage levels.

The paper (I) summarizes some theoretical aspects
regarding unbalance distortion in three-phase distribution
networks; (II) describes the methodology of the investigation
and (IIT) analyzes the influence of types of connections and
magnetic cores on the voltage unbalance propagation through
transformers, with a numerical example for a Yz, case. In the
end, conclusions about the studied phenomenon are derived.

II.  UNBALANCE IN THREE-PHASE DISTRIBUTION NETWORKS

To study the unbalanced operation of a power system, the
symmetrical components theory is used. According to Stokvis-
Fortescue theorem, every three-phase asymmetrical system of
phasors can be decomposed into three symmetrical systems of
positive, negative and zero sequence respectively. This aspect
can be seen in figure 1 where every sequence system contains
three phasors characterized by equal magnitudes; in the case of
positive and negative sequences, components are rotated
between them with 120 electrical degrees in counter-clockwise
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direction and negative clockwise direction, respectively. In the
case of zero sequence components, there is no rotation between
phasors. If an asymmetrical system of line currents is taken into
consideration, the relationship between the initial system and
the symmetrical sequence systems can be written as follows:

Ll oo
I,1=]1 a® al|l], 1)
I.| 1 a a’l |1

. +

where I ,,[, and I are the line current phasors; [ , [
0 .. . .

and [ are the positive, negative and zero symmetrical

. 1200 . .
systems, respectively; a = e’ is the rotation operator. The
reverse relationship is:

I 11 a a I,
s =§1 a’® al|l, )
A O T A

Ia

Figure 1. Decomposition of a unsymmetrical phasors system in three
symmetrical phasors systems

These sequence systems are not only theoretical, they
correspond to the reality: the positive sequence components are
created by the synchronous or asynchronous generators while
the negative and zero sequence components appear at the place
of unbalance. Each of them can be separately measured and
influences in a different way the power system. For example, in
the case of motors, the positive sequence components produce
the useful torque while the negative sequence components
produce fields that create braking torques. On other hand, the
zero sequence components is the one that get involved in the
cases of interferences between the electric and the
telecommunication transmission lines [1].

Other influences on balanced elements (generators and
loads) connected to the power system are as follows:

- Negative sequence currents can produce the
overheating of synchronous generator rotors, the
transformers saturation and ripples in rectifiers;

- Zero sequence currents cause excessive power losses
in neutral conductors and interferences with protection
systems;

- In unbalanced electric systems, power losses grow and
the loading capacity of the transmission networks
diminishes.

To quantify the amount of imbalance, a set of different
parameters is implemented. For illustration, the current
unbalance can be quantified using the following definitions:

- I
- Unbalance factor: k, = —; 3)
1 I +
7°
0 _
- Asymmetry factor: k; = G ; “)
- Total unbalance factor: k, =k, +k;j ; &)
- I
- Complex unbalance factor: kK, ==—; (6)
Ay I+
7°
o_ 1L
- Complex asymmetry factor: kK, = I_+ , ()

where 17,1 and I°are the magnitudes of the positive,
negative and zero-sequence current, respectively.

The values of these parameters must not exceed the
planning given limits; e.g. according to [2], the maximum
value of voltage unbalance factor must be 2% during 95%
of the observation period (1 week by default).

III.  ANALYSIS METHOD

To analyze the propagation phenomenon of voltage/current
unbalance from the LV consumers’ level to the next upper
voltage level of the distribution electric system, network
elements must be modeled. Transformers and electric lines
models were determined considering the sequence components
theory. The positive and negative sequence impedances are
equal in the case of the electric lines and transformers and are
represented by the electric line impedances and the
transformers normal leakage impedances. Zero sequence
impedances of electric lines depend on their type (cable or over
head lines) and on the type of the return circuit of the current.
Transformer zero sequence impedances depend on its rating,
constructive and connection type. An electric power system
decomposed in sequence equivalent systems is presented in
figures 2, where the magnitudes are presented in p.u. [5].

From the propagation phenomenon point of view,
unbalance currents and voltages entirely propagate through the
electric lines; consequently, only transformers will be further
on analyzed.

For both positive and negative sequence components,
transformers react in the same way regardless of the magnetic
core and connections type [6].
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Figure 2. Electric power networks: a) Single-phase diagram; b) Positive
sequence equivalent diagram ; c) Negative sequence equivalent diagram, d)
Zero sequence equivalent diagram.

The relationships between voltages and currents in case of
these two sequence components are:

U,=1,-2"-K-U,
U,=U,-a’ ®)
Uc=U,-a

Uu,=1,-2 -K-U,
U,=U,a ©)
Uc=U, d

where K is a generalized coefficient calculated considering
. +/= +/= .

transformer connections, U , p -, U, . are the primary and

secondary positive/negative sequence voltages respectively;

+/- o . .
Z - the positive/negative sequence transformers impedance,

+/- o, . .
I, - the positive/negative sequence primary current and

I = —L-LZ”. (10)

ny

In the I77is  the

a

relationship ~ (10) secondary

positive/negative current and 7, is the transformer voltage

ratio. The values of generalized coefficient K are presented in
table 1 where N, represents the primary turn number while N,
has the same meaning for the secondary windings.

TABLE 1. Transformers ratio depending on its connections

Connection K Connection K
v N P D N P
y y =
N, V3N,
. N
Yd @ Dd —£
N, N,
2-N 2-N
Yz —r Dz —r
V3N, 3-N,

The zero sequence secondary currents produce important
magnetic fluxes only if they can not appear in the primary side.

If the zero sequence secondary currents appear in the
primary side, the total magnetic flux produced by the secondary
and primary components may be neglected [6]. The zero

. 0 . .
sequence transformer impedance, Z~ = R o4 j-X % has big

values for groups of three single-phase transformers or shell-
type transformers and small values for three limb core-type
transformers. In those cases where zero sequence currents can
flow in both primary and secondary lines, the zero sequence
impedance is the normal leakage transformer impedance.
Where zero sequence currents can not flow in both sides of the
transformer, the zero sequence impedance is equivalent to
infinity comparatively to other sequence impedances [7]. The
relationships between the zero sequence voltages and currents
are:

uS=15-2"-K-U!
Uy =U, (a1
0 0
QCZQA

0

0
where U, pc.U,p,

are the primary and secondary zero
0 .

sequence voltages, Z is the zero sequence transformer

. 0 . .

impedance and [, is the zero sequence primary current.

In relationships (8), (9) and (11) the secondary sequence
voltages were calculated using the following formula [5]:

], =lz], -[1], (12)

where &]s , [Z]S, [[]Y are the secondary voltage, network

impedance and
respectively.

current sequence components matrix
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IV. UNBALANCE PROPAGATION

A. General aspects

In the issue of unbalanced voltage and currents propagation
through the distribution system, the main element is the
transformer. Transformer connection influences in different
ways this phenomenon: there are transformers through which
unbalance propagate unchanged and contrary, transformers that
reduce the unbalance factors.

The solving of the unbalanced operating state of a three-
phase transformer means the finding of the following
quantities:

— primary and secondary phase-to-phase voltages;
— primary and secondary line currents;
— current through the neutral conductor (if it is any).

To establish the solution of this problem, the following data
are required:

— transformers rated parameters;
— primary phase-to-phase voltages (considered symmetric);

—  consumers the unbalanced

loading.

parameters that produce

Because finding the solution of this issue in the general case
is complicated, the analysis will be made considering that the
supply voltage system is perfectly symmetric; the transformer’s
magnetization current is neglected and the transformer is a
linear load, in consequence the superposition of effects is
admitted.

B.  Numerical example

In this chapter, the propagation phenomenon of voltages
and currents unbalance through the distribution systems
containing a Yz, transformer is analyzed. This transformer was
chosen because of its special behavior when supplying
unbalanced loads; it has the following features: star connection
on HV side, interconnected star connection with neutral
grounding on LV side, and three limb core-types. Figure 3
presents the transformer voltage phasors diagram.

UA Ua

U =B G

Figure 3. Transformers voltage phasors diagram

For the secondary interconnected star winding, each phase
voltage is composed of voltages of two limbs crossed by
currents that flow in opposite senses; due to this fact, the zero
sequence current produces zero sequence fluxes that mutually
cancel each other, and consequently the global zero sequence
flux for each limb is null. The currents path through the
windings is showed in figure 4 where N,, N, are the primary

and secondary number of turns; I;, I, and I; are the secondary
unbalanced currents.

To investigate how unbalance propagates through the
transformer, mathematical modeling was used. For this
purpose, the electric network presented in Figure 5 was

considered; in this diagram, Z » and Z , are transformers
primary and secondary impedances; Z,; and Z, are the line
and neutral conductor impedances, respectively; Z,, Z, and

Z 4 are the unbalanced consumer impedances.

Figure 4. Line currents flow through the transformers windings

The transformer and electric line have the following
parameters [9]:

— rated power S, =160 [kVA];

— rated primary voltage U, =6 [kV], rated secondary
voltage U =04 [kV] ;

— normal transformer load leakage impedance

Z,=549+i-8.06 [Q];

— transformer zero sequence impedance
Z°=14.77+i-134.19 [Q];

— line and neutral conductor impedances

Z,=2Z,=0143+i-0.017[Q].

Figure 5. Electric distribution network diagram

The distribution network supplies three single-phase
consumers of § =17 [kVA], S, =40 [kVA] and

S, =30 [kVA] with power factor A=0.8. The complex

forms of LV line 1, =28.18—-i-29.30,

currents are:
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I,=-86.33-i-25.74 and ], =19.19+i-65.15, while the
neutral current is 7, =-38.95+i-10.10. Accordingly to the
relationship (2), the following expressions of symmetrical
components on the LV side of the network can be obtained:

- line currents:

I, T =46.82—i-46.8; I, =-5.65+i-1412;

1,°=-1298+i-3.365 k; =22.98[%];

- load voltages
U, =222.49+i-5.89; %7 =-1.05-i-1.92;

U, =1767-i-1.03-

Based on transformer behavior, relationships (8 — 11) allow
calculating the voltage symmetrical components on the HV
side of the transformer as follows:

%+ =-5.23-1-3.03[kV];

0

U, =0[V]-

%_ =0.012-i-0.011 [kV];

These values let us to quantify the amount of voltage
unbalance on the two sides of the transformer. Relationships
(3) to (5) give the value of the total voltage unbalance factors at
the LV and HV level of the studied electric network:

k; , =0.98 [%] for the secondary and k, , =0.28[%] for

the primary. The comparative analysis of the obtained results
shows a decrease of voltage unbalance from the secondary to
primary of the studied transformer. Consequently, it can
conclude that this type of transformer reduces the voltage
unbalance if this type of perturbation propagates from the LV
level to MV one.

In the same way, other types of transformers used to supply
four wires LV networks were studied in order to evaluate their
behavior from the point of view of unbalance propagation from
the secondary side to the primary side. As a result of this
research, the transformers were classified in three categories as
presented below:

— transformers that do not change the unbalance from one
level of voltage to another one: Yywy, (in this case, the
neutral conductors can be loaded 100%);

— transformers that reduce the unbalance level, but neutral
conductor can be loaded only at 10% of the rated current:
Y¥n;

— transformers that reduce the unbalance level and the
neutral conductor can be 100% loaded: Dy,, Yz,.

V. CONCLUSIONS

The main conclusions of this paper relate to the
transformers influence on the unbalance propagation. To
analyze the transformer behavior from this point of view the
symmetrical components theory was implemented. This theory

allows decomposing an unbalanced system of phasors into
three symmetrical systems of positive, negative and zero
sequence respectively. As a result any unbalanced power
system may be studied as the superposition of three linear
balanced systems.

This method was used in modeling the components of the
power systems, namely electrical lines and transformers. Due
to the fact that electric lines do not influence the unbalance
propagation, transformers having different connections and
magnetic core structure were analyzed via appropriate
mathematical modeling.

The paper presents the detailed numerical study in the case
of transformers with primary star connection and secondary
interconnected star with neutral grounding connection. It is
proved that this type of transformer mitigate the voltage
unbalance in the primary side due to its special behavior
regarding the zero-sequence components of the secondary line
currents.

General comments are also presented regarding the
behavior of other types of transformers.
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